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    Abstrak: Pencilan Fusarium telah dipencilkan daripada sampel tanah gambut yang diperolehi dari hutan paya gambut, tanah gambut takung air, dan tanah gambut ladang kelapa sawit. Pencirian secara morfologi digunakan untuk mengenal pasti pencilan tersebut secara tentatif dan penentuan spesies berdasarkan jujukan gen faktor pemanjangan translasi-1α (TEF-1α) dan analisis filogenetik. Berdasarkan padanan yang terdekat carian Basic Local Alignment Search Tool (BLAST) pangkalan data Genbank dan Fusarium-ID, lima spesies Fusarium telah dikenal pasti iaitu F. oxysporum (60%), F. solani (23%), F. proliferatum (14%), F. semitectum (1%), dan F. verticillioides (1%). Daripada analisis filogenetik penyambung jiran menggunakan gabungan jujukan gen TEF-1α dan β-tubulin, menunjukkan pencilan dari spesies yang sama dikelompokkan dalam klad yang sama walaupun variasi intraspesies diperhatikan melalui analisis filogenetik. Spesies Fusarium yang dipencilkan dalam kajian ini adalah penghuni tanah dan tersebar meluas di seluruh dunia, dan boleh menjadi saprofit dan pengurai. Kehadiran spesies Fusarium dalam tanah gambut mencadangkan tanah gambut boleh menjadi takungan patogen tumbuhan di mana beberapa spesies patogen tumbuhan terkenal seperti F. oxysporum, F. solani, F. proliferatum, and F. verticillioides telah dikenal pasti. Keputusan kajian ini juga memberikan pengetahuan tentang kemandirian dan penyebaran spesies Fusarium.


    Kata kunci:Fusarium, Tanah Gambut, Morfologi, Filogenetik


    Abstract: Isolates of Fusarium were discovered in peat soil samples collected from peat swamp forest, waterlogged peat soil, and peat soil from oil palm plantations. Morphological characteristics were used to tentatively identify the isolates, and species confirmation was based on the sequence of translation elongation factor-1α (TEF-1α) and phylogenetic analysis. Based on the closest match of Basic Local Alignment Search Tool (BLAST) searches against the GenBank and Fusarium-ID databases, five Fusarium species were identified, namely F. oxysporum (60%), F. solani (23%), F. proliferatum (14%), F. semitectum (1%), and F. verticillioides (1%). From a neighbour-joining tree of combined TEF-1α and β-tubulin sequences, isolates from the same species were clustered in the same clade, though intraspecies variations were observed from the phylogenetic analysis. The Fusarium species isolated in the present study are soil inhabitants and are widely distributed worldwide. These species can act as saprophytes and decomposers as well as plant pathogens. The presence of Fusarium species in peat soils suggested that peat soils could be a reservoir of plant pathogens, as well-known plant pathogenic species such F. oxysporum, F. solani, F. proliferatum, and F. verticillioides were identified. The results of the present study provide knowledge on the survival and distribution of Fusarium species.


    Keywords:Fusarium, Peat Soil, Morphology, Phylogenetic


    INTRODUCTION


    The genus Fusarium is one of the most important groups of Ascomycetes fungi. They are well-distributed soil inhabitants with the ability to be parasites or saprophytes. The majority of Fusarium survive in plant debris and live close to the soil surface (Nwanma & Nelson 1993). Fusarium species have special characteristics, such as chlamydospores and resistant conidia, which help support their survival in soils and plant debris.


    Peat soils can be obtained from peat land in forests, peat land under crops, and waterlogged peat swamps. Peat land in forests and peat land under crops provide dry areas, while waterlogged peat swamps provide wet areas for Fusarium habitation. These three types of peat soils share similar characteristics, such as acidic environments (pH 2–4), high moisture content, high carbon content, and low nitrogen content. Most of the tropical peat lands in Malaysia are geologically recent, as most of the areas were formed over the past 5,000 years (Yule & Gomez 2009).


    Peat lands are formed by poor drainage, permanent water logging, and slow decomposition of the organic matter in acidic environments due to rainfall and topography. Most lowland peat contains partially decomposed trunks, branches, and roots of trees (Rieley et al. 1996), which result in low nutrient content in soils due to litter build-up as peat (MacKinnon et al. 1996). Peat soil in peat swamps were formed by the accumulation of partially decaying plant debris in waterlogged conditions, high levels of acidity (pH 2.5–4.7), and lack of oxygen. These conditions prevent microorganisms from rapidly decomposing the plant debris (Pinruan et al. 2007). Peat swamp forests are peat land tropical forest and are rapidly being depleted due to conversion into agricultural land and logging.


    The genus Fusarium was one of the fungal genera listed in the compilation of fungi from boreal peatland ecosystems (Thormann & Rice 2007). From a preliminary study conducted by Latiffah et al. (2010), Fusarium species were detected in peat land areas in Perak, Malaysia. Because Fusarium can survive in this extreme environment, the peat ecosystem might be a reservoir for pathogenic Fusarium species. Moreover, many peat land areas are converted to agricultural land, which might provide suitable growth conditions for many species of Fusarium. Information on the presence of various species of Fusarium in peat soil is important, as many Fusarium species are soil-borne pathogens and some plant pathogenic species are cosmopolitan. Therefore, the objectives of this present study are to determine the presence of Fusarium species in peat soils as well as to characterise Fusarium isolates using phylogenetic analysis.


    MATERIALS AND METHODS


    Soil Sampling and Isolation


    Peat soil samples were collected from Perak (Sungai Beriah and Beriah Kecil, Bukit Merah) and Pahang (Sungai Bebar, Pekan) in Peninsular Malaysia. In Perak, soil samples were taken from two waterlogged peat swamp areas and peat soil from an oil palm plantation that was originally peat swamp forest. In Pahang, all the soil samples were collected from peat swamp forest.


    Soil samples from the top surface of the soil (10–15 cm) were taken and kept in polyethylene plastic bags. The soil samples were dried at 27±1°C for one week, ground into fine powder using a mortar and pestle, and sieved through a 2 mm strainer.


    Three isolation methods, soil dilution plates, debris isolation, and direct isolation, were applied to recover Fusarium isolates from the peat soil samples. The three isolation methods were based on the methods described in The Fusarium Laboratory Manual (Leslie & Summerell 2006) for the isolation of Fusarium from soils.


    Morphological Identification


    Morphological identification was performed to sort the isolates into their respective groups before molecular identification was conducted. Isolates of Fusarium were tentatively identified based on the shapes of macroconidia, microconidia, chlamydospores, and conidiogenous cells observed on Carnation Leaf Agar, while pigmentation and colony appearance were observed on Potato Dextrose Agar. Species identification was based on the descriptions in The Fusarium Laboratory Manual (Leslie & Summerell 2006).


    Molecular Identification


    Molecular identification was performed using translation elongation factor-1α (TEF-1α) gene sequences. For phylogenetic analysis both TEF-1α and β-tubulin gene sequences were used. The genomic DNA was extracted using DNeasy® Mini Plant Kit (Qiagen, Hilden, Germany) according to the manufacturers’ instructions.


    The primers used to amplify TEF-1α were EF1 (5’-ATG-GGT-AAG-GAG-GAC-AAG-AC-3’) and EF2 (5’-GGA-AGT-ACC-AGT-GAT-CAT-GTT-3’), which were modified from O’Donnell et al. (1998). The primers used to amplify β-tubulin were BT1 (5’-AAC-ATG-CGT-GAG-ATT-GTA-AGT-3’) and BT2 (5’-TAG-TGA-CCC-TTG-GCC-CAG-TTG-3’), as described by O’Donnell and Cigelnik (1997).


    PCR reactions for both genes were carried out in 50 µL reaction mixtures containing 4 µL 5× PCR buffer, 4 mM MgCl2, 1.2 µL template DNA, 0.2 mM dNTPs mix (Promega, Madison, WI, USA), 1.25 U Taq DNA polymerase (Promega, Madison, WI, USA), and 0.7 mM of both forward and reverse primers.


    PCR was performed in a DNA EngineTM Peltier Thermal Cycler Model PTC-100 (MJ Research Inc., Watertown, MA, USA). PCR cycles for TEF-1α were as follows: an initial denaturation at 94°C for 85 s, 35 cycles of denaturation at 95°C for 35 s, annealing at 59°C for 55 s, and extension at 72°C for 90 s, followed by a final extension at 72°C for 10 min. For PCR cycles for β-tubulin, the cycle started with an initial denaturation at 94°C for 1 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min, followed by a final extension at 72°C for 5 min.


    Agarose gel (1%) electrophoresis was used to detect the PCR products. Electrophoresis was carried out using a Wealtec ELITE 300 (Meadowvale Way Sparks, NV, USA) power supply and GES buffer tank with 1× Tris-borate-EDTA (TBE) buffer and was run for 90 min at 90 V and 400 mA. Ten mg/mL ethidium bromide (0.04 µL) was added to the gel to visualise PCR products. The size of the amplified bands was estimated using 1 kb and 100 bp DNA markers (Fermentas, Vilnius, Lithunia). The gel was viewed using a Bio-Rad Molecular Imager® Gel DocTM Xr system (Bio Rad, Hercules, CA, USA) with The Discovery SeriesTM Quantity One® 1-D Analysis software Version 4.6.5 (Bio Rad, Hercules, CA, USA).


    The PCR products were purified using a QIAquick® PCR Purification Kit (Qiagen, Germany) according to the manufacturers’ instructions with some modifications to the volume of elution buffer used.


    Phylogenetic Analysis


    Sequences of TEF-1α and β-tubulin were aligned using Clustal W included in Molecular Evolutionary Genetic Analysis (MEGA5) (Tamura et al. 2011). After pair-wise alignment, the sequences were compared with other sequences in the GenBank and Fusarium-ID databases using Basic Local Alignment Search Tool (BLAST). Two databases were used in this study for comparison and also to give accurate results for species identity based on the closest match of the BLAST search.


    Phylogenetic analysis was conducted using a combined dataset of TEF-1α and β-tubulin sequences. The phylogenetic tree was generated based on the Neighbour-Joining (NJ) method using MEGA5. Fusarium denticulatum was chosen as the out-group as this species was not closely related to any of the species identified in this study.


    RESULTS


    Isolation of Fusarium Isolates


    A total of 70 isolates of Fusarium were discovered in the peat soil samples, of which 33 isolates were recovered from Sungai Beriah and Beriah Kecil, Perak, while 37 isolates were recovered from Sungai Bebar, Pahang (Table 1).


    Based on morphological characteristics, five species were tentatively identified, namely Fusarium oxysporum (60%), Fusarium solani (23%), Fusarium proliferatum (14%), Fusarium verticillioides (1%), and Fusarium semitectum (1%). The morphological characteristics of the five Fusarium species are presented in Table 2.


    A single band of 750 bp was detected using EF1 and EF2 primer pairs, indicating that TEF-1α was successfully amplified from all 70 isolates recovered from the peat soil samples. A single band of 600 bp was detected using BT1 and BT2 primer pairs, indicating that β-tubulin was also successfully amplified from all 70 Fusarium isolates. All the sequences for both TEF-1α and β-tubulin were deposited in GenBank and the accession numbers are indicated in supplementary files S1 and S2.


    Based on the closest match of BLAST searches of TEF-1α sequences, morphologically identified isolates demonstrated the same species identity with isolates deposited in GenBank and Fusarium-ID databases with 93%–99% similarity (Table 3). Morphologically identified F. semitectum isolates showed 98% similarity to F. incarnatum, which is synonymous with F. semitectum (Leslie & Summerell 2006). Ten isolates morphologically identified as F. proliferatum showed 93%–99% similarity to F. proliferatum in both databases. One morphologically identified F. verticillioides (SBP48) isolate showed 99% similarity to F. verticillioides.


    A total of 16 isolates morphologically identified as F. solani showed 93%–99% similarity to F. solani. All 42 isolates morphologically identified as F. oxysporum showed 94%–99% similarity to F. oxysporum in both databases.


    Phylogenetic Analysis


    A NJ tree constructed using a combination of TEF-1α and β-tubulin sequences is shown in Figure 1. In the analysis, the sum of the branch length was 1.73 and a total of 1241 nucleotides were used. From the tree, the same isolates from the same species were clustered in the same clade. The outgroup, F. denticulatum, was clustered in a separate clade. The tree can be divided into two main clades, I and II, and main clade I can be further subdivided into sub-clades A, B, and C.


    Sub-clade A can be divided into sub-sub-clades A1 and A2, in which sub-sub-clade A1 consists of F. oxysporum isolates with 100% bootstrap value, while sub-sub-clade A2 consists of F. proliferatum isolates with 100% bootstrap value. Sub-clades B and C comprise F. verticillioides and F. semitectum, respectively. Main clade II contained all F. solani isolates. Intraspecies variations were observed for isolates of F. oxysporum, F. solani, and F. proliferatum.


    Table 1: Number of isolates recovered from the three sampled locations.


    
      
        	Locations

        	
          Total

        
      


      
        	Beriah Kecil and Sungai Beriah, Perak (oil palm plantation)

        	
          22

        
      


      
        	Sungai Beriah, Perak (water-logged)

        	
          11

        
      


      
        	Sungai Bebar, Pahang (peat swamp)

        	
          37

        
      


      
        	Total

        	
          70

        
      

    


    Table 2: Morphological characteristics of Fusarium species isolated from peat soil.
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    Table 3: Percentage of sequence similarity, based on the TEF-1α gene, of 70 Fusarium isolates from peat soil samples.


    
      
        	
          Code

        

        	
          TEF-1α

        

        	
          Morphologically identified species

        
      


      
        	
          GenBank (%)

        

        	
          Fusarium-ID (%)

        
      


      
        	
          BKL24

        

        	
          F. incarnatum (98)

        

        	
          Fusarium sp.(93)

        

        	
          F. semitectum

        
      


      
        	
          SBP33

        

        	
          F. proliferatum (99)

        

        	
          F. proliferatum (99)

        

        	
          F. proliferatum

        
      


      
        	
          SBP34

        

        	
          F. proliferatum (98)

        

        	
          F. proliferatum (99)

        

        	
          F. proliferatum

        
      


      
        	
          SBP35

        

        	
          F. proliferatum (98)

        

        	
          F. proliferatum (97)

        

        	
          F. proliferatum

        
      


      
        	
          SBP36

        

        	
          F. proliferatum (99)

        

        	
          F. proliferatum (99)

        

        	
          F. proliferatum

        
      


      
        	
          BKL22

        

        	
          F. proliferatum (99)

        

        	
          F. proliferatum (99)

        

        	
          F. proliferatum

        
      


      
        	
          BKL31

        

        	
          F. proliferatum (93)

        

        	
          F. proliferatum (93)

        

        	
          F. proliferatum

        
      


      
        	
          SBP41

        

        	
          F. proliferatum (99)

        

        	
          F. proliferatum (99)

        

        	
          F. proliferatum

        
      


      
        	
          SBP44

        

        	
          F. proliferatum (98)

        

        	
          F. proliferatum(98)

        

        	
          F. proliferatum

        
      


      
        	
          SBP47

        

        	
          F. proliferatum(99)

        

        	
          F. proliferatum(99)

        

        	
          F. proliferatum

        
      


      
        	
          SBP40

        

        	
          F. proliferatum (97)

        

        	
          F. proliferatum (99)

        

        	
          F. verticillioides

        
      


      
        	
          SBP48

        

        	
          F. verticillioides (99)

        

        	
          F. verticillioides (99)

        

        	
          F. verticillioides

        
      


      
        	
          SBP39

        

        	
          F. solani (92)

        

        	
          F. solani (97)

        

        	
          F. solani

        
      


      
        	
          SBL25

        

        	
          F. solani (94)

        

        	
          F. solani (98)

        

        	
          F. solani

        
      


      
        	
          SBL23

        

        	
          F. solani (96)

        

        	
          F. solani (97)

        

        	
          F. solani

        
      


      
        	
          SBL21

        

        	
          F. solani (98)

        

        	
          F. solani(97)

        

        	
          F. solani

        
      


      
        	
          SBL24

        

        	
          F. solani (96)

        

        	
          F. solani (98)

        

        	
          F. solani

        
      


      
        	
          SBL26

        

        	
          F. solani (92)

        

        	
          F. solani (96)

        

        	
          F. solani

        
      


      
        	
          BKL12

        

        	
          F. solani (96)

        

        	
          F. solani (95)

        

        	
          F. solani

        
      


      
        	
          SBP11

        

        	
          F. solani (95)

        

        	
          F. solani (98)

        

        	
          F. solani

        
      


      
        	
          SBL10

        

        	
          F. solani (93)

        

        	
          F. solani (94)

        

        	
          F. solani

        
      


      
        	
          SBL11

        

        	
          F. solani (96)

        

        	
          F. solani (99)

        

        	
          F. solani

        
      


      
        	
          SBL12

        

        	
          F. solani (94)

        

        	
          F. solani (96)

        

        	
          F. solani

        
      


      
        	
          SBL13

        

        	
          F. solani (94)

        

        	
          F. solani (97)

        

        	
          F. solani

        
      


      
        	
          SBL14

        

        	
          F. solani (95)

        

        	
          F. solani (96)

        

        	
          F. solani

        
      


      
        	
          SBL15

        

        	
          F. solani (98)

        

        	
          F. solani (99)

        

        	
          F. solani

        
      


      
        	
          SBL16

        

        	
          F. solani (95)

        

        	
          F. solani (97)

        

        	
          F. solani

        
      


      
        	
          SBL17

        

        	
          F. solani (99)

        

        	
          F. solani (96)

        

        	
          F. solani

        
      


      
        	
          BKL11

        

        	
          F. oxysporum (94)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          BKL21

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          BKL26

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          BKL27

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          BKL28

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB401

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB404

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB405

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB406

        

        	
          F. oxysporum (95)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB911

        

        	
          F. oxysporum (95)

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB913

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB915

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB916

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB917

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB918

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB919

        

        	
          F. oxysporum(94)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB920

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB921

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB922

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB923

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB928

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB929

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB930

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB931

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB933

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB935

        

        	
          F. oxysporum (94)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB936

        

        	
          F. oxysporum (100)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB937

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB938

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB947

        

        	
          F. oxysporum (96)

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB949

        

        	
          F. oxysporum (95)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB960

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB961

        

        	
          F. oxysporum (99)

        

        	
          F. oxysporum(99)

        

        	
          F. oxysporum

        
      


      
        	
          SB971

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum (98)

        

        	
          F. oxysporum

        
      


      
        	
          SB972

        

        	
          F. oxysporum (94)

        

        	
          F. oxysporum (97)

        

        	
          F. oxysporum

        
      


      
        	
          SB403

        

        	
          F. oxysporum (97)

        

        	
          Fusarium sp. (99)

        

        	
          F. oxysporum
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          F. oxysporum (99)

        

        	
          Fusarium sp. (99)

        

        	
          F. oxysporum
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          Fusarium sp. (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB941

        

        	
          F. oxysporum (96)

        

        	
          Fusarium sp. (99)

        

        	
          F. oxysporum
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          Fusarium sp. (99)

        

        	
          F. oxysporum
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          F. oxysporum (96)

        

        	
          Fusarium sp. (99)

        

        	
          F. oxysporum

        
      


      
        	
          SB946

        

        	
          F. oxysporum (96)

        

        	
          Fusarium sp. (99)

        

        	
          F. oxysporum
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      Figure 1: NJ tree of 70 isolates of Fusarium from peat soil samples based on TEF-1α and β-tubulin sequences using the Jukes-Cantor method.


      Notes: The bootstrap values higher than 50% are shown next to the branches. F. denticulatum is the out-group.

    


    DISCUSSION


    Five Fusarium species, namely F. oxsyporum, F. solani, F. proliferatum, F. verticillioides, and F. semitectum, were isolated and identified from peat soil samples. Although several isolates showed a low percentage similarity in BLAST results, the information provides a clue regarding the species to which the isolates belong. The same species isolated from different hosts, substrates, and areas may show a few differences in nucleotide sequences compared with the deposited sequences in the databases (Geiser et al. 2004). Moreover, the threshold for species identity, such as the number of sequence differences needed to separate a species, was not set, and there is a high degree of potential variation of TEF-1α alleles within a species (Geiser et al. 2004).


    F. oxysporum is a soil inhabitant and one of the most widely distributed soil microorganisms (Gordon & Martyn 1997). F. oxysporum has been isolated from peat soils (Thormann & Rice 2007; Latiffah et al. 2010), from fen peat land (Stenton 1953), and from the rhizophere and roots of smooth cordgrass (Spartina alterniflora) in the Dongtan wetlands in China (Luo et al. 2007). F. oxysporum has been reported in other extreme habitats, such as saline soil habitats (Mandeel 2006) and arid environments (Mandeel & Abbas 1994). Most F. oxysporum isolates were isolated from direct plating from the Sungai Bebar peat swamp forest. In the soil, F. oxysporum produces an abundance of chlamydospores and survives as propagules (Burgess 1981). When the peat soil was plated onto the media, the chlamydospores germinate and produced mycelium. This species has the ability to exist as a saprophyte in the soil and is able to degrade lignin (Sutherland et al. 1983; Rodrigues 1996).


    From phylogenetic analysis, F. oxysporum isolates were clustered in several sub-clades, which indicates intraspecies variations. F. oxysporum is regarded as a species complex and has been reported to be a genetically heterogeneous morphospecies by O’Donnell and Cigelnik (1997) and Waalwijk et al. (1996). This species is also considered a monophyletic group and shows a diverse complex of evolutionary lineages (O’Donnell & Cigelnik 1997). The intraspecies variation may be due to its role as a soil inhabitant, as the species can be highly variable in growth characteristics on different substrates (Steinberg et al. 1997) and in ecological characteristics (Alabouvette et al. 1993).


    F. solani was recovered from direct isolation and debris plating. This species is also commonly recovered from soil and plant debris and is one of the species that inhabits widely different types of soils, such as soils from subtropical and semi-arid conditions as well as grassland soils (Burgess & Summerell 1992), cultivated soils (Lim & Chew 1970; Latiffah et al. 2007), and sandy soils (Sarquis & Borba 1997). F. solani has also been isolated from peat soil samples in Malaysia (Latiffah et al. 2010) as well as from other extreme environments, such as saline soil habitats (Mandeel 2006) and arid habitats (Mandeel & Abbas 1994). F. solani produces chlamydospores, which will germinate and form mycelia during suitable conditions.


    Similar to phylogenetic analysis of F. oxysporum, F. solani isolates were also clustered in the same main clade, with several sub-sub-clades that indicate intraspecies variations. F. solani also represents a species complex of 45 phylogenetic species that form the F. solani species complex (O’Donnell 2000). Within the F. solani species complex, worldwide isolates from soil and plant debris are usually grouped in one or two phylogenetic species, known as FSSC3 and FSSC4 (Zhang et al. 2006; O’Donnell et al. 2008). Intraspecies variations of F. solani have also been reported by Balmas et al. (2010), in which two phylogenetic species, FSSC5 and FSSC9, were identified among the 23 species of the F. solani species complex isolated from Sardinian soils.


    F. proliferatum isolates were recovered using debris plating and dilution plating from peat soil samples in Sungai Beriah, Perak. They were also isolated from peat soils in Pondok Tanjung and Sungai Beriah (Latiffah et al. 2010) and from peat soil in Pelitanah in Sarawak (Omar et al. 2012). F. proliferatum has also been detected in non-agricultural soils in Australia (Sangalang et al. 1995; Summerell et al. 2003). Although F. proliferatum does not produce chlamydospores, the fungus survives due to its resistant hyphae and conidia that can also withstand extreme environmental conditions. In this current study, F. proliferatum isolates might be recovered from conidia as fungal colonies derived from soil dilution, a technique commonly used to recover isolates originating from spores or conidia (Griffin 1963). F. proliferatum produced microconidia and macroconidia, which could contribute to the occurrence of this species in peat soils.


    F. proliferatum isolates also formed several sub-clades that demonstrated intraspecies variations. This species is a member of the Fusarium fujikuroi species complex and a common plant pathogen, occurring in various climatic regions. Genetic variation of F. proliferatum is commonly reported from isolates associated with crop plants. Genetic and phenotypic variations of F. proliferatum isolates from different hosts have been reported by Stepien et al. (2011). Amplified fragment length polymorphism (AFLP) analysis of F. proliferatum from onion using the TEF-1α gene showed high genetic variation, where the isolates were clustered into two sub-clades with several sub-subclades (Galvan et al. 2008).


    Although F. semitectum is common inhabitant of different types of soil, such as sandy soils (Sarquis & Borba 1997), grassland (Burgess et al. 1988), arctic (Kommedahl et al. 1988), and desert (Joffe et al. 1973), only one isolate was recovered from the peat soil samples from Beriah Kecil, Perak using the debris plating technique. F. semitectum has been isolated from peat soils in Pondok Tanjung and Sungai Beriah, Perak using direct plating and debris plating (Latiffah et al. 2010) in lower frequency compared to F. oxysporum and F. solani. F. semitectum isolates were clustered in main clade I, but formed a separate clade from other species. F. semitectum is synonymous with F. incarnatum and the species is in the F. incarnatum-equiseti species complex, with high genetic diversity (O’Donnell et al. 2009). Genetic variation in F. semitectum isolates has been reported by Masratul-Hawa et al. (2010) and Ingle and Rai (2011).


    Only one isolate of F. verticillioides was isolated using the dilution plating technique. Based on a study by Liddell and Burgess (1985), isolates of F. verticillioides may live in plant residue on the soil surface. Moreover, F. verticillioides produced conidia that will germinate once suitable conditions are available. F. verticillioides has been isolated from some grassland soils in eastern Australia (Summerell et al. 2011) and from mangrove soil in Malaysia (Latiffah et al. 2010). Similar with F. proliferatum, F. verticillioides does not produce chlamydospores, therefore the survival, reproduction, and dispersal of the species are dependent on microconidia and macroconidia (Glenn et al. 2004). The F. verticillioides isolate was clustered in the same main cluster with F. oxysporum and F. proliferatum, but formed a separate clade. F. verticillioides and F. proliferatum are members of F. fujikuroi species complex and thus these two species are closely related. F. oxysporum is grouped in section Elegans but formed a sister group with the F. fujikuroi species complex (Guadet et al. 1989; O’Donnell & Cigelnik 1997; O’Donnell et al. 2000). Genetic variation in F. verticillioides has been reported by Moretti et al. (2004) and Mirete et al. (2004).


    The diversity of soil fungi is generally influenced by a large number of factors, such as soil pH, organic contents, and moisture (Rangaswami & Bagyaraj 1998). The acidic nature of the soil is influenced by heavy rainfall resulting in basic cations leaching out of the soil, leaving hydrogen and aluminium cations that make the soil acidic (Swer et al. 2011). Fungal growth favours acidic conditions. Other factors that can contribute to high fungal populations and affect the distribution of many Fusarium species in the soils include the availability of nutrients which promote fungal growth, such as nitrogen, phosphorus, and calcium, the level of organic carbon in the soil (Swer et al. 2011), and environmental factors, such as rainfall, temperature, soil type, and the type of vegetation present (Backhouse et al. 2001; Summerell et al. 2010). Thus, these factors may influence the occurrence and diversity of Fusarium isolates in peat soils.


    In peat soils, Fusarium species are most likely saprophytes involved in the degradation of organic materials as well as nutrient cycling in the ecosystem. Fusarium species and other fungi also help in the carbon cycle and interact with plants through exchanging of organic and inorganic compounds (Tiwari et al. 2008). As saprophytes, Fusarium species act as decomposers and are regarded as group three degrading fungi, which degrade simple polymers (Deacon 1997). The simple polymers are mainly cellulose and pectin from plant debris. By secretion of extracellular enzymes such as cellulases, polyphenol oxidases, pectinases, and amylases, these polymers are degraded and nutrients are released into the ecosystems. Complex structural polymers consisting of mainly lignin and lignocellulose in the litter promote the growth of fungi, which in turn decompose the litter (Deacon 1997).


    Chlamydospores are survival structures that assist Fusarium in survival in desiccated areas, high and low temperatures, and other harsh conditions (Leslie & Summerell 2006). Among the species isolated from the peat soil samples, F. oxysporum, F. solani, and F. semitectum produce chlamydospores. Fusarium species that do not form chlamydospores have adapted resistant conidia and hyphae for survival in extreme environments, or they remain dormant and are usually found in wetter areas (Burgess 1981). These structures will germinate and form in suitably extreme environmental conditions. The survival of Fusarium species using resistant hyphae and chlamydospores in soil and debris, such as F. oxysporum, has been reported by Vakalounakis and Chalkias (2004), where it was found that F. oxysporum survived in the soil for more than 13 months.


    Anamorphic Ascomycetes have been reported to be the largest group of fungi recovered from boreal peat lands (fens and bogs) in temperate regions (Thormann 2006; Thormann & Rice 2007). Among Ascomycetes, species of Penicillium are the main fungal taxon from boreal peat soil, followed by Acremonium spp., Verticillium spp., Aspergillus spp., Trichoderma spp., and Fusarium spp. (Thormann 2006). From bog and peat lands Acremonium spp. were the most common fungal taxon recorded, followed by Aspergillus spp., Oidiodendron spp., Penicillium spp., and Trichoderma spp. (Thormann 2006). Similar scenarios were also observed in tropical peat soils, where Aspergillus spp., Penicillium spp., and Trichoderma spp. were usually isolated. The occurrence of these fungal genera is not surprising as these taxa are regarded as generalists, heavy sporulators, and fast growing fungal groups (Thormann 2006).


    Studies on Fusarium in non-agricultural soils, especially peat soil in peat swamp forest and waterlogged areas, provide insights on the survival and distribution of Fusarium species. Peat soil in these two areas could be a reservoir of plant pathogenic species, especially because well-known plant pathogens, such as F. oxysporum, F. solani, and F. proliferatum, were recovered. Moreover, plant pathogens have the potential to evolve in response to strong selection pressures imposed by agricultural ecosystems (Neumann et al. 2004) when the peat swamp areas are converted to agricultural use.
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    S1: Accession numbers of TEF-1α sequences of Fusarium species from peat soil.
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        	SB920 (F. oxysporum)

        	
          KC120942

        
      


      
        	SB921 (F. oxysporum)

        	
          KC120943

        
      


      
        	SB922 (F. oxysporum)

        	
          KC120944

        
      


      
        	SB923 (F. oxysporum)

        	
          KC120945

        
      


      
        	SB928 (F. oxysporum)

        	
          KC120946

        
      


      
        	SB929 (F. oxysporum)

        	
          KC120947

        
      


      
        	SB930 (F. oxysporum)

        	
          KC120948

        
      


      
        	SB931 (F. oxysporum)

        	
          KC120949

        
      


      
        	SB933 (F. oxysporum)

        	
          KC120950

        
      


      
        	SB935 (F. oxysporum)

        	
          KC120951

        
      


      
        	SB936 (F. oxysporum)

        	
          KC120952

        
      


      
        	SB937 (F. oxysporum)

        	
          KC120953

        
      


      
        	SB938 (F. oxysporum)

        	
          KC120954

        
      


      
        	SB947 (F. oxysporum)

        	
          KC120960

        
      


      
        	SB949 (F. oxysporum)

        	
          KC120961

        
      


      
        	SB960 (F. oxysporum)

        	
          KC120962

        
      


      
        	SB961 (F. oxysporum)

        	
          KC120963

        
      


      
        	SB971 (F. oxysporum)

        	
          KC120964

        
      


      
        	SB972 (F. oxysporum)

        	
          KC120965

        
      


      
        	SB403 (F. oxysporum)

        	
          KC120930

        
      


      
        	SB914 (F. oxysporum)

        	
          KC120936

        
      


      
        	SB939 (F. oxysporum)

        	
          KC120955

        
      


      
        	SB941 (F. oxysporum)

        	
          KC120956

        
      


      
        	SB943 (F. oxysporum)

        	
          KC120957

        
      


      
        	SB944 (F. oxysporum)

        	
          KC120958

        
      


      
        	SB946 (F. oxysporum)

        	
          KC120959

        
      

    


    S2: Accession numbers of β-tubulin sequences of Fusarium species from peat soil.


    
      
        	Code

        	
          Accession number (β-tubulin sequences)

        
      


      
        	BKL24 (F. semitectum)

        	
          KC161303

        
      


      
        	SBP33 (F. proliferatum)

        	
          KC161319

        
      


      
        	SBP34 (F. proliferatum)

        	
          KC161320

        
      


      
        	SBP35 (F. proliferatum)

        	
          KC161326

        
      


      
        	SBP36 (F. proliferatum)

        	
          KC161327

        
      


      
        	BKL22 (F. proliferatum)

        	
          KC161323

        
      


      
        	BKL31 (F. proliferatum)

        	
          KC161325

        
      


      
        	BKL31 (F. proliferatum)

        	
          KC161325

        
      


      
        	SBP41 (F. proliferatum)

        	
          KC161328

        
      


      
        	SBP44 (F. proliferatum)

        	
          KC161330

        
      


      
        	SBP47 (F. proliferatum)

        	
          KC161331

        
      


      
        	SBP40 (F. proliferatum)

        	
          KC161329

        
      


      
        	SBP48 (F. verticillioides)

        	
          KC161311

        
      


      
        	SBP39 (F. solani)

        	
          KC161321

        
      


      
        	SBL25 (F. solani)

        	
          KC161317

        
      


      
        	SBL23 (F. solani)

        	
          KC161308

        
      


      
        	SBL21 (F. solani)

        	
          KC161307

        
      


      
        	SBL24 (F. solani)

        	
          KC161309

        
      


      
        	SBL26 (F. solani)

        	
          KC161318

        
      


      
        	BKL12 (F. solani)

        	
          KC161302

        
      


      
        	SBP11 (F. solani)

        	
          KC161310

        
      


      
        	SBL10 (F. solani)

        	
          KC161304

        
      


      
        	SBL11 (F. solani)

        	
          KC161305

        
      


      
        	SBL12 (F. solani)

        	
          KC161306

        
      


      
        	SBL13 (F. solani)

        	
          KC161312

        
      


      
        	SBL14 (F. solani)

        	
          KC161313

        
      


      
        	SBL15 (F. solani)

        	
          KC161314

        
      


      
        	SBL16 (F. solani)

        	
          KC161315

        
      


      
        	SBL17 (F. solani)

        	
          KC161316

        
      


      
        	SB406 (F. oxysporum)

        	
          KC161339

        
      


      
        	SB911 (F. oxysporum)

        	
          KC161340

        
      


      
        	SB913 (F. oxysporum)

        	
          KC161341

        
      


      
        	SB915 (F. oxysporum)

        	
          KC161343

        
      


      
        	SB916 (F. oxysporum)

        	
          KC161344

        
      


      
        	SB918 (F. oxysporum)

        	
          KC161345

        
      


      
        	SB920 (F. oxysporum)

        	
          KC161347

        
      


      
        	SB921 (F. oxysporum)

        	
          KC161348

        
      


      
        	SB922 (F. oxysporum)

        	
          KC161349

        
      


      
        	SB923 (F. oxysporum)

        	
          KC161350

        
      


      
        	SB928 (F. oxysporum)

        	
          KC161351

        
      


      
        	SB929 (F. oxysporum)

        	
          KC161352

        
      


      
        	SB930 (F. oxysporum)

        	
          KC161353

        
      


      
        	SB931 (F. oxysporum)

        	
          KC161354

        
      


      
        	SB935 (F. oxysporum)

        	
          KC161355

        
      


      
        	SB937 (F. oxysporum)

        	
          KC161356

        
      


      
        	SB938 (F. oxysporum)

        	
          KC161357

        
      


      
        	SB947 (F. oxysporum)

        	
          KC161360

        
      


      
        	SB949 (F. oxysporum)

        	
          KC161361

        
      


      
        	SB960 (F. oxysporum)

        	
          KC161364

        
      


      
        	SB961 (F. oxysporum)

        	
          KC161366

        
      


      
        	SB972 (F. oxysporum)

        	
          KC161367

        
      


      
        	SB403 (F. oxysporum)

        	
          KC161336

        
      


      
        	SB914 (F. oxysporum)

        	
          KC161342

        
      


      
        	SB939 (F. oxysporum)

        	
          KC161365

        
      


      
        	SB941 (F. oxysporum)

        	
          KC161362

        
      


      
        	SB943 (F. oxysporum)

        	
          KC161363

        
      


      
        	SB944 (F. oxysporum)

        	
          KC161358

        
      


      
        	SB946 (F. oxysporum)

        	
          KC161359
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    Abstrak: Tumbuh-tumbuhan merupakan satu sumber yang terbaik untuk agen terapeutik sejak beribu-ribu tahun; banyak ubatan moden yang digunakan untuk merawat penyakit manusia berasal daripada sumber semula jadi. Pokok Theobroma cacao, atau koko, telah baru-baru ini mendapat perhatian yang semakin meningkat dan menjadi subjek penyelidikan kerana mempunyai sifat-sifat antioksidan, yang mempunyai kesan-kesan anti-kanser yang berpotensi. Pada tahun-tahun kebelakangan ini, pengenalpastian dan pembangunan sebatian aktif atau ekstrak-ekstrak daripada biji koko yang dapat memberi kesan anti-kanser telah menjadi bidang penting dalam penyelidikan berkaitan kesihatan dan bioperubatan. Ulasan ini memberikan gambaran keseluruhan terkini terhadap T. cacao dari segi potensi sebatian anti-kansernya dan pengekstrakan, bioesei in vitro, penulenan, dan pengenalpastian. Artikel ini juga membincangkan kebaikan dan keburukan teknik-teknik yang diterangkan dan memberi ulasan berkaitan proses-proses bagi perspektif kaedah analisis pada masa depan dari sudut pandangan penemuan sebatian anti-kanser.


    Kata kunci: Produk Semula Jadi, Anti-kanser, Theobroma cacao


    Abstract: Plants have been a good source of therapeutic agents for thousands of years; an impressive number of modern drugs used for treating human diseases are derived from natural sources. The Theobroma cacao tree, or cocoa, has recently garnered increasing attention and become the subject of research due to its antioxidant properties, which are related to potential anti-cancer effects. In the past few years, identifying and developing active compounds or extracts from the cocoa bean that might exert anti-cancer effects have become an important area of health- and biomedicine-related research. This review provides an updated overview of T. cacao in terms of its potential anti-cancer compounds and their extraction, in vitro bioassay, purification, and identification. This article also discusses the advantages and disadvantages of the techniques described and reviews the processes for future perspectives of analytical methods from the viewpoint of anti-cancer compound discovery.


    Keywords: Natural Products, Anti-cancer, Theobroma cacao


    INTRODUCTION


    Cancer is characterised by the proliferation of abnormal cells that fail to respond correctly to normal regulatory mechanisms. Carcinogenesis, which describes cancer development, is a multi-step process consisting of the initiation, promotion, and progression of uncontrolled cell growth (Bennett et al. 2012; Plankar et al. 2011). Every year, there are 10 million new cancer cases and 7.6 million cancer-related deaths (13% of all deaths) worldwide; it has been estimated that there will be 12 million deaths in 2030 (Pujol et al. 2007; Talaviya 2011). In Malaysia, a total 18,219 new cancer cases were diagnosed in 2007, involving 8,123 males (44.6%) and 10,096 females (55.4%). The 10 leading cancers among the Malaysian population are breast, colorectal, lung, nasopharynx, cervical, lymphoma, leukaemia, ovarian, stomach, and liver cancer, and the five leading cancers among the general Malaysian population are cancer of the breast (18.1%), head and neck (13.2%), colorectum (12.3%), trachea, bronchus, and lung (10.2%), and cervix (4.6%) (National Cancer Registry 2011).


    Plants have been used for medicine for thousands of years and remain relevant as natural sources of active compounds for treating human diseases, especially cancer (Cragg et al. 1997; Cragg & Newman 2013). As reported previously (Kinghorn et al. 1999; Kinghorn 2000; Cragg & Newman 2005), plant natural products have played an important role among the many recent advances in cancer chemotherapy, having contributed considerably to the approximately 60 available cancer chemotherapeutic drugs. There are currently four structural classes of plant-derived anti-cancer agents on the market in the USA, specifically the Catharanthus (vinca) alkaloids (vinblastine, vincristine, vinorelbine), epipodophyllotoxins (etoposide, etopophos [etoposide phosphate], teniposide), taxanes (paclitaxel, docetaxel), and camptothecin derivatives (topotecan, irinotecan). Many current cancer research studies investigating the chemotherapeutic potential of medicinal plants have been carried out to discover new therapeutic agents or complementary alternative medicines that lack the toxic effects of chemotherapeutic drugs and exert the same or better curative effects associated with current synthetic therapeutic agents (Rao et al. 2008; Mahavorasirikul et al. 2010). In the early stage of discovery, plant-derived anticancer agents are evaluated by screening their activity, which is based on their anti-proliferative effects. Such potential anti-cancer compounds are also investigated to elucidate their mechanism of action against various cancer cells.


    The tropical tree Theobroma cacao, known as cacao or cocoa, belongs to the family Sterculiaceae, order Malvales. The cocoa tree originated from ancient Central America, where the Mayans and Aztecs cultivated it for its seeds, which they used for extracting a drink called chocolatl, a precursor to the modern chocolate. The Olmecs and Mayans believed that cacao was of divine origin. Theobroma means “food” (from the Greek broma) “of the gods” (from the Greek theo), and cacao is derived from the Aztec Nahuatl word xocolatl, from xococ (bitter) and atl (water). The T. cacao tree is a small evergreen tropical and subtropical tree that originates from neotropical rainforests, primarily in the Amazon basin and the Guyana Plateau (Bhattacharjee & Kumar 2007; Zhang et al. 2011; Grassi & Ferri 2012). In Malaysia, the first cocoa tree (Fig. 1) was planted in Malacca in 1778 (Ruzaidi et al. 2005). Cocoa was used by ancient peoples as a medicinal plant for treating various disorders. Over 100 medicinal uses for cocoa have been documented in Europe and New Spain from the 16th to the early 20th century; it has been used to treat anaemia, mental fatigue, tuberculosis, fever, gout, kidney stones, and even poor sexual appetite (Dillinger et al. 2000). The cocoa bean contains a large number of phytochemicals, and physiologically active compounds have been reported. For example, Kim et al. (2011), reported that selected procyanidins present in cocoa inhibited tumorigenesis, tumour growth, and angiogenesis. Procyanidin-enriched cocoa seed extracts caused G2/M arrest and 70% growth inhibition in Caco-2 colon cancer cells. The consumption of cocoa or chocolate, which possesses high antioxidant activity, could be beneficial in decreasing damage caused by genotoxic and epigenetic carcinogens and inhibit the complex processes leading to cancer.
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      Figure 1: Cocoa (T. cacao) which contains high polyphenol content.

    


    The use of bioactive compounds from T. cacao in the pharmaceutical and food industries indicates a need for the most appropriate and standardised methods for discovering such active components from plant materials. Ethnopharmacology-based phytochemical research is an effective approach for discovering novel active compounds that are potential anti-cancer drugs. The T. cacao parts traditionally used for treating disease represent a source of chemical entities, but little information is available on their nature, except for that of the cocoa bean (Arlorio et al. 2005; Maskarinec 2009). Based on this viewpoint, scientists need to determine the best methods for natural product research, which include sample preparation, extraction, analytical techniques, bioassay-guided fractionation, isolation, and characterisation of plant bioactive metabolites as potential lead compounds in drug discovery. The analytical techniques employed are very important for purifying and identifying the active compound responsible for apoptotic activity, especially for agents that traditional use claims are anti-cancer. The efficiencies of conventional and nonconventional methods mostly depend on the critical input of parameters, understanding the nature of the plant matrix, and bioactive compound chemistry (Sasidharan et al. 2010; Azmir et al. 2013; Brusotti et al. 2014). This article reviews the literature concerning the important steps involved in discovering anti-cancer agents in the cocoa bean, i.e., extraction, bioassay evaluation, purification and identification, and assay of the mechanism of action by the apoptosis pathway.


    POTENTIAL ANTI-CANCER COMPOUNDS IN COCOA


    Interest in the potential health-related benefits of antioxidant- and phytochemicalrich dark chocolate and cocoa has increased, and many studies have reported the health benefits of the bioactive compounds (Table 1) and chemical compositions of cocoa and cocoa products. Much of the proposed health-protective activity associated with cocoa and chocolate consumption has been attributed to flavonoids, polyphenols, and procyanidins. The major reported pharmacological activity in cocoa includes antioxidant effects (Othman et al. 2007), protection against cardiovascular disease (Corti et al. 2009), and anticancer effects (Maskarinec 2009). Many in vitro or experimental model studies have shown that flavonoids possess a wide range of biological activities related to anti-tumour effects, which include the inhibition of several kinases and transcription factors (TFs) (Kang et al. 2008). Flavonoids appear to be antiproliferative, induce apoptosis, and inhibit angiogenesis; some are present in cocoa as monomers or procyanidins, have been studied in vitro, and are most likely to be effective as anti-cancer agents (Zhao et al. 1999; Eng et al. 2003; Shoji et al. 2005; Faria et al. 2006).


    Nuclear factor-κB (NF-κB) is a TF involved in inflammation, cell proliferation, and oncogenic processes (Sun & Karin 2008). Activator protein-1 (AP-1) is a heterodimeric protein complex involved as a TF in apoptosis and cancer development, among other biological processes (Jeong et al. 2004). In vitro studies of cocoa epicatechin, catechin, and quercetin, as well as procyanidin and B-type dimeric procyanidin extracts, have shown that these compounds down-regulate NF-κB and AP-1 in cancer cell lines such as Hodgkin and Reed-Sternberg (HRS), Daudi, human acute monocytic leukaemia (THP-1), and Jurkat (Zhang et al. 2006; García-Mediavilla et al. 2007; Kang et al. 2008; Mackenzie et al. 2008). In contrast, the antioxidant effects of cocoa flavonoids delineate their putative beneficial action in controlling cell damage and tumour progression (Martin et al. 2013). The cocoa procyanidins, epicatechin, and catechin exert powerful antioxidant effects (Miller et al. 2006; Jonfia-Essien et al. 2008; Belščak et al. 2009).


    Previously, it was shown that a naturally occurring, cocoa-derived pentameric procyanidin (pentamer) caused G0/G1 phase cell cycle arrest in human breast cancer cells, and it was demonstrated that the pentamer selectively inhibited the proliferation of human breast cancer cells (MDA-MB-231, MDA-MB-436, MDA-MB-468, SKBR-3, MCF-7) and benzo(a)pyrene-immortalised 184A1N4 and 184B5 cells (Ramljak et al. 2005). The effects of cocoa powder and extracts with different amounts of flavonols and related procyanidin oligomers on human colonic cancer Caco-2 cell growth were also investigated: treatment with 50 mg/mL procyanidin-enriched (PE) extracts caused 70% growth inhibition with G2/M blockade, which might be an important target in the antiproliferative effects of cocoa polyphenols (Carnésecchi et al. 2002). The phytochemical compounds present in cocoa, especially flavonoids, are involved in various pathways and are molecular targets for treating human cancer cells (Martin et al. 2013), which provides evidence that cocoa can be considered a potential anti-cancer agent and that it needs to be developed for treating cancer.


    Table 1:T. cacao phenolic compounds and the cell line(s) tested.


    
      
        	Phenolic compound

        	Biological effect

        	Reference
      


      
        	Polymer procyanidins

        	Caco-2 (colon)

        	Erlejman et al. (2008)
      


      
        	Procyanidin B2

        	Caco-2 (colon), HL-60 (leukaemia)

        	Erlejman et al. (2008) and Sakano et al. (2005)
      


      
        	Epicatechin

        	Caco-2 (colon), SH-SY5Y (neuroblastoma), HepG2 (hepatoma), MCF-7 (breast)

        	Erlejman et al. (2008), Ramiro-Puig and Castell (2009), Granado-Serrano et al. (2010), and Rodgers and Grant (1998)
      


      
        	3’-O-methyl epicatechin

        	FEK4 (skin fibroblasts)

        	Basu-Modak et al. (2003)
      


      
        	Catechin

        	HepG2 (hepatoma), Caco-2 (colon), Int-407 (intestine)

        	Erlejman et al. (2008) and Cheng et al. (2013)
      

    


    EXTRACTION OF COCOA ACTIVE COMPOUNDS


    Plants contain a wide range of active compounds such as lipids, phytochemicals, pharmaceuticals, flavours, fragrances, and pigments. Extraction is the first step in the utilisation of such bioactive compounds and thus is performed in virtually all studies of natural plant compounds. Prior to extraction, fresh plant materials are typically rinsed with water, dried at room temperature, and ground to obtain a powder. The common method for extracting anti-cancer compounds from plants is solvent extraction. As stated by Dai and Mumper (2010), solvent extractions are the most commonly used procedures for preparing extracts from plant materials due to their ease of use, efficiency, and wide applicability; the yield from chemical extraction depends on the solvent type, of which there are varying polarities, and extraction time and temperature, sample-to-solvent ratio, and sample chemical composition and physical characteristics. Anti-cancer agent solubility is governed by the chemical nature of the plant sample and the polarity of the solvent system used. The simplest extraction technique is solvent soaking (Owens et al. 1998; Dai et al. 2009). Generally, organic solvents such as methanol, ethanol, acetone, ethyl acetate, and combinations thereof, often with different proportions of water, are used for extracting anti-cancer compounds from plant materials. Thus, the organic solvent selected can affect the amount and rate of crude extracts.


    Given its high phenolic compound content, especially procyanidins and flavonols, T. cacao is recognised as a major dietary source of antioxidants (Tomas-Barberan et al. 2007); three main polyphenol groups have been identified in cocoa: catechins or flavan-3-ols (37%), proanthocyanidins (58%), and anthocyanins (4%) (Belščak et al. 2009). Polyphenols have garnered much interest recently due to their antioxidant capacity and possible benefits to human health such as anti-carcinogenic, anti-atherogenic, anti-ulcer, antithrombotic, anti-inflammatory, immune modulating, anti-microbial, vasodilatory, and analgesic effects (Hii et al. 2009). The extraction of phenolic compounds from plant materials is influenced by the chemical nature of the compounds, extraction method, sample size, time and storage conditions, and the presence of interfering substances such as proteins and carbohydrates (Koffi et al. 2010; Garcìa-Márquez et al. 2012). Yilmaz and Toledo (2006), reported that, compared to a single-compound solvent system, aqueous solutions of methanol, ethanol, and acetone dramatically improved polyphenol extraction. The relative recovery efficiency between solvents varies with different plant materials. The most commonly reported methods for polyphenol extraction are solvent maceration, such as Soxhlet extraction (Fig. 2), hot water extraction, alkaline extraction, resin-based extraction, enzyme-assisted extraction, gamma- and electron beam irradiation–based extraction, and supercritical fluid extraction. However, some of these methods can cause the loss of bioactive compounds due to the high temperatures used and long extraction times; additionally, irradiation can present a health risk if proper care is not taken (Liu et al. 2005; Dai & Mumper 2010).


    Extraction and product recovery are the most crucial steps in evaluating target molecules from various plant parts (Fulzele & Satdive 2005). Presently, there is increasing demand for new extraction techniques with shorter extraction times, reduced organic solvent consumption, and increased pollution prevention (Wang & Weller 2006). Currently, several extraction methods such as sonication-, microwave-, and ultrasound-assisted extraction, supercritical fluid extraction, accelerated solvent extraction, pressurized solvent extraction, and pressurized liquid extraction can be applied for recovering polyphenols (Wang & Weller 2006; Wijngaard et al. 2012). Quiroz-Reyes et al. (2013), reported that ultrasonic radiation extraction yielded higher polyphenol content from both the husk and cotyledon of T. cacao, with high antioxidant activity. The shortcomings of the more established extraction methods have led to the use of new, sustainable, and innovative “green” techniques, e.g., microwave- and ultrasound-assisted extraction, that increase extraction efficiency, reduce time- and energy-consuming procedures, and contribute to environmental preservation by reducing the use of water and solvents, fossil energy, and the generation of hazardous substances (Chemat et al. 2011). Lastly, the extraction process should provide the maximum yield of crude extract containing potential anti-cancer compounds, as well as extract of the highest quality (target compound concentrations and potential anti-cancer activities of the extracts).
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      Figure 2: Soxhlet used for conventional solvent extraction which is still relevant today.
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      Figure 3: Preparation of MTT assay in 96 well plate and cell viability measured using microplate reader.

    


    ACTIVITIES OF BIOASSAY-GUIDED COMPOUNDS


    The bioassay is a very important aspect of screening for the anti-cancer activities of T. cacao plant part extracts, fractions, and pure compounds. The bioassay method used for other plants is compatible for use with the cocoa plant. Duarte et al. (2012), reported that active compound bioactivity establishes the potential application of natural products, and thus the design of the bioassay used is a crucial step in determining extract bioactivity for discovering target compounds based on said biological activity. It is essential that screening systems for natural products comprise a broad range of bioassays for exploring all possible anticancer activities. For bioassay screening, extract, fraction, and pure compound bioactivity can be screened in vitro and/or in vivo. In vitro testing can be performed at the cellular or molecular level. In this review, the discussed bioassay method for evaluating the anti-cancer activities of cocoa plant parts is the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Fig. 3).


    The MTT assay was developed by Mosmann (1983) as a semi-automated colorimetric assay for the rapid assessment of proliferation and cytotoxicity in cell cultures. It is based on the mitochondrial reduction of the tetrazolium salt MTT to formazan, which can be quantified spectrophotometrically (Nikkhah et al. 1992). The MTT assay is one of the most convenient assays for estimating the viability of animal or bacterial cells and offers great advantages over conventional assays such as hemocytometer counting (Freimoser et al. 2000). MTT is a water-soluble yellow dye and can be reduced to water-insoluble purple formazan crystals by the dehydrogenase system in viable cells. Thus, the concentration of dissolved formazan crystals can be quantified spectrophotometrically and is directly proportional to the number of metabolically active cells (Wang et al. 2012). Dimethyl sulfoxide (DMSO) is considered one of the most suitable solvents for dissolution due to its high solubilising efficiency and low volatility (Wang et al. 2010). The MTT assay is also widely used to determine the cytotoxicities, effects on proliferation, and activities of potential medicinal agents based on cellular mitochondrial dehydrogenase activity. As an example, a study of the effects of methanolic non-edible plant extracts of T. cacao on several cancer cell lines showed that the MTT assay could be applied with confidence to evaluate the anti-proliferative activities of the extracts (Zainal et al. 2014a). Moreover, cocoa polyphenol-derived flavonols and procyanidins exhibit antioxidant and anti-tumour properties. Previous studies also reported using the MTT assay to investigate the cellular growth inhibitory effects of chemically-synthesised procyanidin [3-O-galloyl]-(-)-epicatechin-(4β,8)-(+)-catechin-3-O-gallate (GECGC) in a variety of human cancer cell lines (Kim et al. 2008), the effects of cocoa extract polyphenols on MCF-7 cell viability (Oleaga et al. 2012), and the protective effects of a cocoa procyanidin fraction and procyanidin B2 (epicatechin-(4-8)-epicatechin) as the major cocoa polyphenol against hydrogen peroxide–induced apoptosis of rat pheochromocytoma PC12 cells (Cho et al. 2008). These studies indicate that the MTT assay is widely used in cell culture work involving cocoa extracts because it is simple, rapid, inexpensive, sensitive, accurate, reproducible, requires little material for detection, and can be employed as an initial screening approach for plant extracts (Muraina et al. 2009).


    The MTT assay can be modified to screen for anti-cancer activity in all plant extracts. Briefly, cancer cells (104–105/well in 100 μL of culture medium) are seeded in 96-well plates and treated with plant extracts for 24 h at 37°C in 5% CO2. Typically, the treated cancer cells are incubated with MTT solution (20 μL, 5 mg/mL) at 37°C for 3–4 h and lysed with DMSO. The yellow MTT is reduced by succinic dehydrogenase in the mitochondria of viable cells to purple formazan crystals, and the absorbance (OD) is measured at 570 nm using a microplate reader. The results are recorded as the IC50, which is the sample concentration that inhibits 50% of cancer cell growth (Ibrahim et al. 2011; Mahavorasirikul et al. 2010; Sathiya & Muthuchelian 2010). As mentioned by Atjanasuppat et al. (2009), anti-cancer activity can be categorised according to IC50 into four groups: active (≤20 g/mL), moderately active (>20–100 g/mL), weakly active (>100–1000 g/mL), and inactive (>1000 g/mL). The MTT assay has also been used to evaluate the anti-cancer activities of other plant extracts, such as Centaurea jacea against HeLa, MCF-7, and A431 cells (Forgo et al. 2012), Typhonium flagelliforme against NCI-H23 and HS578T cells (Lai et al. 2010), Platycodon grandiflorum A. against HT-29, HRT-18, and HepG2 cells (Lee et al. 2004), South African plants against MCF-7, TK10, and UACC62 cells (Fouche et al. 2008), and Tinospora crispa against MCF-7, MDA-MB-231, and HeLa cells (Ibrahim et al. 2011). However, the assay cannot distinguish between cytostatic and cytocidal effects, does not quantify individual cell numbers, and is least efficient when performed in a medium that has supported cellular growth for several days (Supino 1995). Other than the MTT assay, there are few tetrazolium salt reduction assays for measuring viable cell numbers.


    Mosmann (1983), reported that the most frequently used tetrazolium salts are MTT, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT), and 4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate water-soluble tetrazolium salt (WST-1). Despite their wide use and applicability, researchers using these assays may encounter compatibility issues depending on the study objectives. For example, compared to XTT and MTT, WST-1 is more stable, has a broader linear range, and enables more rapid colour development. MTT can be reduced by nicotinamide adenine dinucleotide phosphate (NADPH), flavin adenine dinucleotide (FADH), and nicotinamide adenine dinucleotide (NADH) but not by cytochromes. Tetrazolium salts are generally cytotoxic because the formazan crystals produced from the salt reduction must be solubilised with DMSO or hydrochloric acid/isopropanol, which destroys the cells being studied; therefore, time course experiments cannot be performed. However, there are other assays for determining cell viability, such as intracellular adenosine triphosphate (ATP)-based, deoxynucleic acid (DNA)-based, and Alamar Blue assays. The ATP-based method is highly sensitive, reproducible, and simple for evaluating cell viability and proliferation. The amount of ATP present in the cells is proportional to the number of viable cells in culture. Similar results can be obtained using the DNA-based method, which is based on the measurement of cellular DNA to indicate the relative cell numbers, as cellular DNA content is highly regulated (Crouch et al. 1993; Jones et al. 2001; Mueller et al. 2004; Wang et al. 2010). The active ingredient in the Alamar Blue assay is resazurin (International Union of Pure and Applied Chemistry [IUPAC] name: 7-hydroxy-10-oxidophenoxazin-10-ium-3-one, also known as diazo-resorcinol, azoresorcin, resazoin, or resazurine); it enables accurate time course measurements, has high sensitivity and linearity, involves no cell lysis, is water-soluble, ideal for use with post-measurement functional assays, flexible (can be used with different cell models), scalable, can be used with fluorescence- and/or absorbance-based instrumentation platforms, and is non-toxic and nonradioactive, meaning it is safe for the user and the environment (O’Brien et al. 2000; Rampersad 2012).


    PURIFICATION OF ACTIVE COMPOUNDS


    Following bioassay screening, the crude extracts of cocoa plant parts with potential anti-cancer activities are further investigated to identify the chemical structures of the potential anti-cancer agents. The first step in purifying and characterising the potential anti-cancer agents is fractionation and purification, a multi-step procedure. Fresh or dry samples are ground into powder, followed by (i) organic solvent, water, and CO2 extraction, (ii) solvent partitioning to remove less polar and/or more polar compounds, (iii) fractionation (flash chromatography, counter-current chromatography, or low-pressure column chromatography [CC] on silica or alumina), and (iv) final purification by thin-layer chromatography (TLC) and/or high-performance liquid chromatography (HPLC) (Fig. 4) for removing more and less polar compounds (Dinan et al. 2001). A plant crude extract contains a complicated mix of several bioactive compounds and potential anticancer agents. Therefore, it is often necessary to initially fractionate the crude extract into various discrete fractions containing groups of compounds with similar polarities or molecular sizes using CC, prep-HPLC, and solid-phase extraction (SPE). However, the initial fractionation should not generate too many fractions from any crude extract, as the target compound may be divided between these fractions, such that only low concentrations of potential anticancer agents are produced, which might evade detection or not exhibit detectable anti-cancer activity in bioassay-guided fractionation (Sarker & Nahar 2012). The most important factor to be considered before designing an isolation protocol is the nature of the target compound present in the crude extracts or fractions. The general features of the molecule that can aid isolation process design include solubility (hydrophobicity or hydrophilicity), acid–base properties, charge, stability, and molecular size. It is easy to obtain information from the literature on the chromatographic behaviour of the target compound if a known compound is isolated from the same or a new source, and the most appropriate method can be selected. However, for as yet unknown reasons, it is more difficult to design an isolation protocol for a crude extract. For discovering unknown anticancer agents, it is advisable to perform phytochemical testing for the presence of compounds such as phenolics, steroids, alkaloids, and flavonoids (Sarker et al. 2005).
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      Figure 4: The main components of a modern HPLC system.

    


    Subsequently, the isolated potential anti-cancer agents are identified or characterised by conclusive structure elucidation methods. However, elucidating the structures of natural products is generally time-consuming and sometimes can be a bottleneck in anti-cancer research. With established anti-cancer agents, this may not pose a significant difficulty, but it can certainly be challenging if the compounds are new entities. Many spectroscopic methods can be used to obtain valuable information regarding the chemical structures of compounds, but interpreting these spectra requires specialised spectroscopic knowledge, structure elucidation skills, sound understanding of natural products chemistry, and above all, a great deal of patience (Duarte et al. 2012). As mentioned previously (Salim et al. 2008; Sarker & Nahar 2012), past drug discovery from plant bioactive compounds is time-consuming, and depending on the complexity of the structures, identifying the structures of active compounds from an extract could take weeks, months, or even years. Currently, bioassay-guided fractionation has become significantly faster due to improvements in instrumentation such as ultraviolet–visible spectroscopy (UV–vis), which provides information on chromophores present in the molecule, infrared spectroscopy (IR), which provides information on different functional groups, and mass spectrometry (MS), which yields information on molecular mass, molecular formula, and fragmentation patterns. The most commonly used MS methods are electron impact MS (EIMS), chemical ionisation MS (CIMS), electrospray ionisation MS (ESIMS), fast atom bombardment MS (FABMS), and matrix-assisted laser desorption ionisation (MALDI). Nuclear magnetic resonance (NMR) yields information on the numbers and types of protons and carbons (and other elements, such as nitrogen and fluorine) present in the molecule, and the relationships among these atoms are categorised using one- and two-dimensional NMR techniques.


    Cocoa beans are a rich source of flavonoids, especially epicatechin, and catechin and its polymer forms, the monomer of which is procyanidin. Different plant varieties and parts yield different compounds (Jayasekera et al. 2011). As plant extracts usually occur as a combination of bioactive compounds or phytochemicals with different polarities, their separation and purification remains a large challenge for bioactive compound identification and characterisation. The common practices in bioactive compound purification and identification involve separation techniques such as TLC, CC, and HPLC, which are used to obtain pure compounds for identification (Martin & Guiochon 2005; Sticher 2008). The purification, identification, and structure elucidation methods for polyphenols in cocoa components are the focus in analytical methods that emphasise HPLC, the typical method of choice due to its high resolution, efficiency, and reproducibility and relatively short analysis time, which is not limited by sample volatility. Moreover, HPLC can be coupled to a variety of detectors such as UV–vis, photodiode array (PDA), fluorescence, electrochemical (ECD), and MS. However, it is worth considering TLC as a screening method and capillary electrophoresis (CE) as a promising tool (Wollgast & Anklam 2000). As reported previously (Calderón et al. 2009), rapid methods are needed to evaluate and compare food products for their antioxidant benefits, and new assays based on liquid chromatography–MS (LC-MS) have been developed for identifying and quantitatively analysing antioxidants in complex natural product samples such as food extracts. Assay analysis of cocoa powder methanolic extracts determined that procyanidins were the most potent antioxidant species. These species were identified using LC-MS, LC-MS-MS, accurate mass measurement, and comparison with reference standards. Catechin and epicatechin were the most abundant antioxidants, followed by their dimers and trimers. The new LC-MS assay facilitates the rapid identification and determination of the relative antioxidant activities of individual antioxidant species in complex compounds in cocoa. Gas chromatography–MS (GC-MS) also can be used to identify potential anti-cancer compounds from non-edible parts of T. cacao (Zainal et al. 2014b). NMR identification of new or unknown compounds is also necessary, as reported previously (Alemanno et al. 2003), in which the three most abundant new polyphenolic compounds from cocoa, i.e., N-trans-caffeoyl-L-DOPA, N-trans- p-coumaroyl-L-tyrosine, and N-trans-caffeoyl-L-tyrosine, were isolated and characterised using 1H- and 13C-NMR.


    EVALUATION OF APOPTOTIC EFFECTS OF COCOA ACTIVE COMPOUNDS


    Purified potential anti-cancer compounds from T. cacao are evaluated based on their apoptotic effects. There are many articles examining the induction of apoptosis in cancer cells by cocoa bean extracts and other medicinal plant extracts (Maskarinec 2009; Martin et al. 2013). Apoptosis, an active physiological process involved in the cellular self-destruction of unwanted cells, is disrupted in cancer cells and is characterised by distinct morphologic changes, including cell shrinkage, membrane blebbing, chromatin condensation, DNA fragmentation, and apoptotic body formation (Shafi et al. 2009). Therapeutic applications of apoptosis are considered a good model for evaluating potential anti-cancer agents from cocoa bean extracts and represent a very important method for studying the apoptotic activity induced by anti-cancer agents. This review discusses the in vitro apoptotic activities of cocoa bean polyphenol compounds. As an example, polyphenols can affect the overall process of carcinogenesis through several mechanisms (D’Archivio et al. 2008). In particular, polyphenols are involved in counteracting the occurrence of oxidative stress, thus contributing to the prevention of cancer onset and development. Furthermore, polyphenol modulation of oxidative stress in cancer cells affects signal transduction, activation of redox-sensitive TFs, and the expression of specific genes that influence cell proliferation and apoptosis (Fig. 5). In addition, the evidence indicates that polyphenols can directly modulate different parts of the apoptotic process and/or the expression of regulatory proteins, such as cytochrome c release with subsequent caspase-9 and caspase-3 activation, increased caspase-8 and truncated Bid (t-Bid) levels, Bcl-2 and Bcl-XL downregulation, enhanced Bax and Bak expression, and NF-κB modulation (Cho et al. 2008; D’Archivio et al. 2008; Rodríguez-Ramiro et al. 2011).


    Brisson (2007), also mentioned that cell death induced by the epigallocatechin-3-gallate (EGCG) group of polyphenolic compounds involves the stimulation of diverse protein kinases and the modulation of cell survival/cell death genes. Changes such as increased p53 and Bax, decreased Bcl-2 and Bcl-XL, and caspase-9 activation suggest that these molecules interfere with the mitochondrial pathway, leading to apoptosis. These events suggest an effect on the mitochondrial pathway of apoptosis. In addition, a study of pentameric procyanidin from T. cacao, which inhibited breast cancer cells, showed that the mitochondrial effects caused by the pentamer trigger growth arrest or apoptotic or nonapoptotic cell death processes. Studies using the novel mitochondriotoxic small molecule F16 have suggested that compounds causing mitochondrial depolarisation inhibit the tumour growth of breast cancer cells through G1 arrest, apoptosis, or necrosis, depending on the genetic background of the cell (Ramljak et al. 2005). Typically, the induction of apoptosis is determined using the terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay (Gunadharini et al. 2011), cell cycle analysis (Arlorio et al. 2009), DNA fragmentation (Machana et al. 2012), western blotting (Hsu et al. 2011), mitochondrial membrane potential assay (Ramljak et al. 2005), or caspase-3 activity assay (Alshatwi et al. 2011).
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      Figure 5: Apoptosis inductions in treated breast cancer cell line by cocoa plant part extract viewed under fluorescence microscope.

    


    CONCLUSION


    Cocoa is a high–nutritional value food with bioactive compounds that have been demonstrated to be effective in some physiological and pathophysiological processes, and previous studies have suggested the efficacy of cocoa as a potential anti-proliferative agent. Screening of new anti-cancer agents from cocoa plant parts, especially cocoa beans, depends on the quality of sample collection, storage, extraction, and purification. There is no specific technique for discovering the constituents of the complex mixture present in T. cacao plant part extracts. However, broad separation can be achieved by fractionation with organic solvents and chromatographic techniques. An appropriate protocol for extraction, bioassay-guided fractionation, and purification can be designed only when the targeted compound has been determined and more information has been obtained on the chemical and physical properties of the compounds. For unknown active compounds, trial-and-error extraction and purification are performed. To reduce the cost, time, and solvents used, techniques based on green analytical chemistry should be used for extracting and purifying potential anti-cancer agents from T. cacao.


    NMR, LC-MS and GC-MS structural characterisation play important roles in anti-cancer agent discovery, as more sensitive and faster structural analysis methods expedite such discoveries. These techniques also yield valuable preliminary information about the contents and nature of potential anti-cancer compounds, which is very useful when there are numerous samples to be processed, avoiding unnecessary isolation of compounds. The MTT assay produces highly reproducible results in the assessment of cell culture viability and is a valid, inexpensive, rapid, and simple system that is potentially useful for in vitro assays with human cancer cell lines. Several studies have indicated that plant anti-cancer agents act either through interaction with the cell cycle or by activating an apoptotic pathway. As multiple mechanisms can initiate apoptosis, the targets of plant substances could be diverse and may be dependent on the cellular context. Several reviews have indicated the diversity and number of putative molecular targets. This is important for characterising the cellular events leading to apoptosis to define the strategic use of potential anti-cancer agents in cocoa for treating human cancers.
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    Abstrak: Kitar hayat dan pengaruh parameter persekitaran ke atas Thalerosphyrus telah dikaji di dua sungai order pertama; Sungai Batu Hampar dan Sungai Teroi dari Gunung Jerai, Kedah di utara Semenanjung Malaysia. Berdasarkan panjang badan nimfa, Thalerosphyrus didapati mempunyai kitar hidup trivoltin di kedua-dua sungai tanpa mengambil kira perbezaan altitud namun kelimpahan populasinya adalah empat kali ganda lebih tinggi di Sungai Teroi, berkemungkinan berkaitan dengan kemandirian hidup yang lebih baik dalam air yang bersuhu rendah. Sekurang-kurangnya sembilan instar Thalerosphyrus telah dikenalpasti daripada nimfa yang dikumpulkan dari lapangan. Kitaran hayatnya lengkap dalam tempoh 2.5–3.0 bulan dengan kohot bertindih dan kemunculan berterusan sehingga 3 bulan. Faktor utama yang menyumbang kepada kelimpahan Thalerosphyrus yang tinggi adalah suhu air dan kualiti habitat.


    Kata kunci: Lalat Mei Leper, Thalerosphyrus, Perkembangan, Altitud, Suhu


    Abstract: The life history and the influence of environmental parameters on Thalerosphyrus were investigated in two first-order rivers—the Batu Hampar River and the Teroi River of Gunung Jerai, Kedah—in northern peninsular Malaysia. Based on nymphal body length, Thalerosphyrus was found to be trivoltine in both rivers, regardless of the altitudinal difference, but its population abundance was four times higher in the Teroi River, presumably related to its better survival in the lower water temperature. At least nine instars of Thalerosphyrus were detected in the field-collected nymphs. Its life cycle was completed within 2.5–3.0 months, with overlapping cohorts and continual emergence of up to 3 months. The main driving factors of the high abundance of Thalerosphyrus were the water temperature and habitat quality.


    Keywords: Flat-headed Mayfly, Thalerosphyrus, Development, Altitude, Temperature


    INTRODUCTION


    Studies of life history are important to explicate the structure, function and behaviour of an organism, and it is useful to compare the growth rates of natural individuals between populations (Benke 1970). Such comparisons are useful in determining variation among population growth rates, as influenced by environmental factors, such as temperature and altitude. When anthropogenic disturbances occur, life histories change and adapt to a particular situation (Lopez-Rodriguez et al. 2008). The most significant environmental factor affecting life-history patterns, especially growth rates and the seasonal timing of aquatic insects, is water temperature, based on previous studies by Sweeney and Vannote (1984), Sweeney (1984), and Jackson and Sweeney (1995). In general, aquatic insects grow faster and produce more generations (voltinism) in warmer water than those living in colder waters. Variations in the instar stages in a life cycle explicate differences in the mayfly life history of different cohorts (Ruffieux et al. 1999) living in different environments. In central Japan, Miyairi and Tojo (2007) found that Bleptus fasciatus (Heptageniidae) in the Matsumoto headwater area had a semivoltine life cycle, while Gonzalez et al. (2003) reported a bivoltine life cycle for Epeorus torrentium in the lowland Agüera stream basin in Spain, with water temperatures ranging from 6.3°C to 20.3°C. Most of the mayflies in Hong Kong, such as Ephemera (Heptageniidae), are univoltine (Dudgeon 1999). However, Kuroda et al. (1984) reported that Ephemera orientalis has three generations in a year, while Watanabe (1992) showed that the species is bivoltine in Japan.


    Concomitantly, several studies on the life histories of aquatic invertebrates have been carried out worldwide, but very few studies have focused on the influence of altitude on the communities of aquatic invertebrates. Life history studies are advantageous in determining the influence of environmental factors on growth rates of similar species at different altitudes (Benke 1970). In general, the low temperatures at higher altitudes have been hypothesised to affect the life history strategies and productivity of aquatic insects (Wallace & Anderson 1996). Higher altitudes have cooler temperatures, which may reduce the numbers of generations per year in mayflies (Clifford 1982; Newbold et al. 1994). A comprehensive study by Heise et al. (1987) showed that the burrowing mayfly, Hexagenia limbata, had a linear relationship between voltinism and latitudinal location. In Korean streams, the mayfly Ephemera often presents a unique pattern of altitudinal distribution (Lee et al. 1995, 1996, 2008).


    Research on the life history and production of river insects has increased extensively, with most studies centred on species in temperate regions, for example in France (Cayrou & Cereghino 2003), Brazil (Fonseca Leal & de Assis Esteves 2000), Spain (Gonzalez et al. 2001, 2003) and Idaho, USA (Robinson & Minshall 1998; Taylor & Kennedy 2006). In the Asian region, such information is comparatively scarce (Benke 1993; Chung 2005). In fact, there is a great variability in the life cycles among species (Clifford 1982). The genus Thalerosphyrus is widely distributed in peninsular Malaysia. The majority of Thalerosphyrus inhabit upstream rivers of peninsular Malaysia. The nymph has a relatively large body size in the final instar (Yule & Yong 2004). Its flat-head and stout femora contribute to its successful existence, potentially the most productive mayfly species in the cool water of medium to fast-flowing streams in the headwater ecosystem.


    In this study, the life history of Thalerosphyrus was investigated in two rivers with different altitudes that flow down from Gunung Jerai. This study was designed to evaluate the growth of the Thalerosphyrus nymph, the number of instars, the size of each instar (population dynamics) and the life cycle for a oneyear duration. The variations in the rivers’ physico-chemical parameters were expected to affect the growth performances and population dynamics of this species in the rivers.


    MATERIALS AND METHODS


    Sampling Site


    This study was carried out in two rivers, the Batu Hampar and Teroi rivers of Gunung Jerai Forest Reserve in the state of Kedah, in northern peninsular Malaysia. The location of the rivers relative to sea level was recorded using Global Positioning System versatile navigator (GPS map 76 CSX Garmin®, Kansas, USA). Batu Hampar River is located in the Yan district and runs through a populated village and fruit orchards in a low land dipterocarp forest at 300 m above sea level (asl). The sampling activities for this study took place at N5°46.668’ E100°23.835’. The Teroi River is situated high up on the Gunung Jerai at 1214 m asl. The sampling point was determined to be N5°48.328’ E100°25.913’.


    River Physical Measurements


    Physical measurements of the rivers were taken concurrently with the Thalerosphyrus collection every month from September 2007 to August 2008. The river’s physical characteristics, such as width, depth, hydrogenic potential (pH), water temperature, and water velocity were obtained in situ using an electronic pH meter (HACH Co., Loveland, CO, USA) and a portable Velocity Autoflow Watch (JDC Instrument, Arizona, USA). In situ measurements of the width and depth were recorded using a measuring tape (3.2 m/12 feet).


    Collection and Measurements of Thalerosphyrus


    A modified kick-sampling technique of Merritt and Cummins (1996) was used to collect 20 samples of Thalerosphyrus monthly from September 2007 to August 2008. A detailed explanation of the sampling procedure can be found elsewhere (Suhaila & Che Salmah 2011). The kick-sampling technique requires a D-pond net frame (300 µm mesh, 40 cm width and 30 cm height with a 60 cm long cone-shaped net) fitted to a 105 cm long handle. The opening of the D-pond net, which faces upstream, was held vertically against the flow of the water. The nymphs that detached from the substrates drifted into the net. Aquatic insect larvae on pebbles, cobbles and woody debris were gently rubbed or scraped and collected inside the net. The samples were brought back to the laboratory for identification. The Thalerosphyrus were identified using the keys of Yule and Yong (2004), Dudgeon (1999) and Morse et al. (1994). Identification was accomplished up to genus level only, as there was no key for the Malaysian Ephemeroptera species. Furthermore, the Thalerosphyrus species probably would be the same in these two rivers, as these rivers are located in the same district in Kedah state, peninsular Malaysia. The body length of the Thalerosphyrus nymphs was measured from the anterior margin of the head to the posterior margin of the tenth abdominal tergite (excluding caudal filaments) with a digital caliper (0–125 mm). As proposed by Miyairi and Tojo (2007), the head width of each nymph was measured across the widest portion of the head capsule from the left to the right outer margins of the compound eyes to the nearest 0.1 mm under a dissecting microscope coupled with an Olympus Series image analyser (Olympus Optical Co., Tokyo).


    Nymphal body lengths were classified accordingly to separate their instar stages, as suggested by Miyairi and Tojo (2007). The life cycle of Thalerosphyrus was approximated through an analysis of the size-frequency distribution based on the disparity in the frequency of nymphal body lengths of all individuals collected over a year (Fonseca Leal & de Assis Esteves 2000). To classify the Thalerosphyrus larval development, larva body size classes were categorised into 0.5 mm intervals for head capsule width and 1.5 mm intervals for larva body length.


    Miyairi and Tojo (2007) and Benke (1970) suggested a categorisation of nymphal body lengths to separate instar stages for insects with an unknown number of instars in their life cycle. In this method, the number of instar stages was determined by counting backwards from the final instar with no successive moulting (hence, designated as F), followed by the second-to-the-last instar (F-1) until the newly emerged nymph. The final instar is assigned an F stage (or F0 = age 0) because an adult emerges without requiring another moult. The subsequent lower instars are accordingly assigned to stages following similar assumptions.


    Data Analysis


    Differences in the water-parameter values in the two rivers were analysed using the Mann-Whitney test at p = 0.005 for non-normally distributed data (Kolmogorov-Smirnov test, p<0.005). Spearman’s rho correlation and linear regression analysis were used to determine the relationship between the water parameters and Thalerosphyrus abundance and life history. To assign intervals for the instar stages, the size frequency histogram and Discriminant Function Analysis were used on all individuals collected over a year. All analysis was conducted using the Statistical Package for Social Science (SPSS) version 22®.


    Meanwhile, for each sampling month, the number of mean instars was determined using a formula proposed by Snedecor and Cochran (1967) and Benke (1970) to estimate the population growth in each habitat. As the population was fairly asynchronous, especially in the Batu Hampar River, the growth curve was smoothed by eye using a three point moving average, as suggested by Snedecor and Cochran (1967), for general comparisons. The mean instar numbers (R) were plotted against time for each river using the following formula:


    [image: art]


    where n is the number of samples (of equal area), yi is the sum of insect ages (numbers) in sample i, xi is the number of insects in sample i, [image: art] is the mean number of insects per sample and [image: art] is the estimate of the mean instar number.


    RESULTS


    Environmental Conditions


    Features of the hydrographic and hydrologic parameters in both rivers for the 12 months of sampling are shown in Table 1. The Teroi River is located at a relatively high altitude (1214 asl), and the water temperature ranged from 19.2°C–21.3°C. In the Batu Hampar River (300 m asl), the water was slightly warmer (23.5°C–25.2°C). The Batu Hampar River is a moderately wide river (4.73 ± 0.4 m mean width) with a 0.34 ± 0.06 m mean depth. The water flow in this river is relatively fast (0.65 ± 0.1 m/s). The Teroi River is a shallow river (0.17 ± 0.07 m mean depth) with a 4.03 ± 0.7 m mean width. The water velocity of 1.22 ± 0.123 m/s is the fastest among all rivers because the river flows over a steep slope. The water in the Teroi River was more acidic (4.97 ± 0.21) than that in the Batu Hampar River (6.06 ± 0.11). The results of the Mann-Whitney U test showed that the monthly water velocity (z = 143.0, p = 0.002), water depth (z = 45.5, p = 0.04), pH (z = 22.0, p = 0.001), chemical oxygen demand (COD) (z = 130.5, p = 0.016), and total suspended solid (TSS) (z = 169.0, p = 0.00) were significantly different between the rivers. Out of six parameters analysed, only water velocity showed significant correlation with Thalerosphyrus abundance (r = 0.450, p<0.05) and ammonia had positive correlation with the number of instar (r = 0.475, p<0.05). In the same way, the temperature explained 20.3% of the variability in Thalerosphyrus abundance (F = 10.66, p = 0.002). The velocity and ammonia concentrations failed to meet the selection criteria, as indicated by a non-significant t-value (p>0.05). The abundance of Thalerosphyrus did not show temporal differences as the Kruskal-Wallis test (x2 = 8.51) was not significant at p = 0.05.


    Table 1: Hydrological data of the Batu Hampar and Teroi rivers (mean ± standard error).
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    In addition, January 2008 to July 2008 represented the dry season, while September 2007 to December 2007 and August 2008 occurred during the wet season (provided by the Malaysian Meteorological Department).


    Separation of Thalerosphyrus Nymphs into Instar Classes


    Overall, a total of 139 individuals from the Batu Hampar River and 603 individuals from the Teroi River were used to construct nymphal instar categories. There was a strong relationship between body length and head capsule width in both rivers (Batu Hampar River, R2 = 0.722, p = 0.003, and Teroi River, R2 = 0.714, p = 0.023). The separation of instar stages and supported by the discriminant function analysis (DFA) (Table 2 and Fig. 1) resulted in a class interval of 0.5 mm head capsule width and 1.5 mm body length for all nymphal instars (Table 2). DFA found 2 discriminant functions that were statistically significant at the 95% confidence level (Table 3). The first variate eigenvalue was 99.8%, whereas the second variate only accounted for 0.02%. Based on a Wilks lambda calculation and DFA scatter plot (Fig. 1), nine instar stages were formed. Based on the constructed instar stages histograms and DFA in each river, nine Thalerosphyrus instars were distinguished; F–F-8 (Table 2, Figs. 2, 3, 4, and 5). The nymphal body length ranged from 2.0 to 15.4 mm (F-8–F), with head capsule width ranged from 0.5 to 4.9 mm in both rivers (Table 2).


    The growth of the Thalerosphyrus populations in the two rivers is shown by the distribution of the mean instars in Figure 6. In general, the Thalerosphyrus population grew almost at the same rate in both rivers. The positive growth rates should be read downwards because the negative signs were removed from the number of instars on the Y-axis. The highest value (instar 8) represents the youngest instar.


    Table 2: Ranges of body length and head capsule width of Thalerosphyrus instar classes.


    
      
        	
          Instar class

        

        	
          Body length (mm)

        

        	
          Head capsule width (mm)

        
      


      
        	
          F-8

        

        	
          2.0–3.4

        

        	
          0.5–0.9

        
      


      
        	
          F-7

        

        	
          3.5–4.9

        

        	
          1.0–1.4

        
      


      
        	
          F-6

        

        	
          5.0–6.4

        

        	
          1.5–1.9

        
      


      
        	
          F-5

        

        	
          6.5–7.9

        

        	
          2.0–2.4

        
      


      
        	
          F-4

        

        	
          8.0–9.4

        

        	
          2.5–2.9

        
      


      
        	
          F-3

        

        	
          9.5–10.9

        

        	
          3.0–3.4

        
      


      
        	
          F-2

        

        	
          11.0–12.4

        

        	
          3.5–3.9

        
      


      
        	
          F-1

        

        	
          12.5–13.9

        

        	
          4.0–4.4

        
      


      
        	
          F

        

        	
          14.0–15.4

        

        	
          4.5–4.9

        
      

    


    Table 3: Standard canonical discriminant function coefficients of body length (BL) and head capsule width (HCW) of Thalerosphyrus.


    
      
        	
          Parameter

        

        	
          Canonical discriminant function

        
      


      
        	
          

        

        	
          Function 1

        

        	
          Function 2

        
      


      
        	
          BL

        

        	
          2.418

        

        	
          –0.797

        
      


      
        	
          HCW

        

        	
          –0.133

        

        	
          3.203

        
      


      
        	
          Constant

        

        	
          –18.848

        

        	
          –3.808
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      Figure 1: Canonical discriminant function plot for instar stages of Thalerosphyrus; pooled data of Thalerosphyrus from the Batu Hampar and Teroi Rivers.

    


    


    
      [image: art]


      Figure 2: Separation of Thalerosphyrus into instar stages based on body length of nymphs collected during monthly sampling from the Batu Hampar River.
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      Figure 3: Separation of Thalerosphyrus into instar stages based on body length of nymphs collected during monthly sampling from the Teroi River.
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      Figure 4: Separation of Thalerosphyrus into instar stages based on head capsule width of nymphs collected during monthly sampling from the Batu Hampar River.

    


    


    
      [image: art]


      Figure 5: Separation of Thalerosphyrus into instar stages based on head capsule width of nymphs collected during monthly sampling from the Teroi River.
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      Figure 6: Growth of Thalerosphyrus populations shown by distributions of mean instars in the Batu Hampar and Teroi rivers. Curves were fitted by eye using a three point moving average.

      Note: Vertical lines represent standard errors of means.

    


    Development of Thalerosphyrus Nymphs in the Rivers


    The maximum abundance of Thalerosphyrus was documented at F-3 instar in the Batu Hampar River (Fig. 7), and at F-6, F-5, and F-4 (Fig. 8) in the Teroi River. A new generation of Thalerosphyrus in the Batu Hampar River began in October 2007, indicated by the appearance of very young nymphs (F-8) in the collection. They grew to F-2 instar in November 2007, and adult emergence was suspected to occur soon after. The population remained low, and only slightly larger instars were collected in January 2008. A younger instar (F-6) was collected in February, March, April and May 2008. In May, however, some nymphs had developed to the penultimate instar (F-1), which signalled another adult emergence. There was a potential adult emergence in August 2008 with the appearance of F-1 in the sample. Therefore, in this river, the species was likely to be trivoltine.


    In the Teroi River (Fig. 8), the smallest instar of Thalerosphyrus (F-8) was collected in September 2007. These nymphs grew to F-1 and F instar in November 2007 to January 2008 and June 2008. An adult emergence was expected during this month and through January 2008. At the same times, young instars (F-7) continuously entered the population, implying an asynchronous development of the nymphs and hence the presence of overlapping cohorts. An emergence of a large Thalerosphyrus population was predicted in March 2008, and another small emergence was expected to commence in June 2008. Frequent rains and harsh spates at the beginning of the wet season in July 2008 could have killed or drifted all the small nymphs downstream; consequently, there was no collection for the month, and a very small population of Thalerosphyrus was observed in August 2008. F-3 and F-2 populations were recovered from this river in June 2008. Their development patterns indicated that emergence likely started in the beginning of June 2008, when the largest larvae were collected. In August 2008, the population was low. Based on this result, there was a strong possibility that the three generations of Thalerosphyrus occurred in a single year (trivoltine) in the Teroi River.
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      Figure 7: Size-frequency distribution of mean Thalerosphyrus in the Batu Hampar River, with samples collected monthly between September 2007 and August 2008.
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      Figure 8: Size-frequency distribution of Thalerosphyrus in the Teroi River, with samples collected monthly between September 2007 and August 2008.

    


    DISCUSSION


    The exclusion of Thalerosphyrus between the high and low altitude rivers became apparent during the study. As described previously, the Teroi River is located at the peak of Gunung Jerai, and the water temperature is cooler than that in the Batu Hampar River (low altitude); thus, the abundance of Thalerosphyrus is greater in the Teroi River. The same shifts in Heptageniidae family density were reported by Gonzalez et al. (2003), Bargos et al. (1990), Graca et al. (1989), and Wohl et al. (1995). The first factor that contributes to higher abundance of Thalerosphyrus is likely the water temperature. Low water temperature seemed to favour Thalerosphyrus abundance. According to Vannote and Sweeney (1980) and Newbold et al. (1994), temperature is the major ecological factor that affects the development of the eggs and nymphs of mayflies and influences ephemeropteran densities throughout their growth (Brittain 1990; Cereghino & Lavandier 1998). In this study, the Teroi River was found to be a better habitat that accommodated a four times higher abundance of Thalerosphyrus (603 individuals) than the Batu Hampar River (139 individuals). At 1214 m asl, the Teroi River had lower mean water temperatures (20.9 ± 0.3°C) throughout the year than the Batu Hampar River (mean temperature 24.2 ± 0.1°C), which explained the influence of temperature in regulating population abundance of this genus in the Gunung Jerai.


    The development patterns of a few mayflies in the current study were significantly correlated with water temperature, particularly in the tropical region, where the temperature was high. The relationship between Thalerosphyrus abundance and mean temperature was statistically significant (p<0.05), with the water temperature in the Teroi River lower than that of other river studied. The Teroi River had lower mean water temperatures than the Batu Hampar River throughout the year. Indeed, in terms of numbers and their composition in the river, Thalerosphyrus had more success in the Teroi River than in the Batu Hampar River. Water temperature is a major factor determining egg development and nymphal growth in the ephemeropteran life history (Clifford 1982; Brittain 1990). Kukula (1997) found that Rhithrogena iridina in the Terebowiec stream, Poland, had a univoltine life cycle, collected at 900 m asl with a water temperature range from 1.0°C to 14.8°C. Moreover, in the Lissuraga stream, France, the same species had a bivoltine life cycle because of the higher water temperature in the Lissuraga stream during the time period when the study was conducted (Thibault 1971 in Gonzalez et al. 2003). Moreover, Benke (1998) mentioned that the growth rate of mayflies in the Ogeechee River, Georgia, was shown to increase with temperature (mostly >22°C).


    Evidence from the nymphal collections showed that at least three generations of Thalerosphyrus (trivoltine) occurred in both the Batu Hampar and Teroi rivers. In this case, an altitudinal difference of 900 m between the two rivers did not influence species voltinism. In temperate areas, an altitude that negatively corresponds with water temperature was proven to be the most important factor in determining growth and development (Graca et al. 1989; Bargos et al. 1990; Wohl et al. 1995; Gonzalez et al. 2003), thus explaining the number of mayfly generations occurring in a year.


    Several studies have indicated the importance of altitude in determining the voltinism of Heptageniidae, as well as other ephemeropteran families. This factor, however, is strongly linked to the temperature that affects their growth rate. Yan and Li (2007) found that at 450 m asl (15.4°C), Epeorus sp. in Hubei, China, has two generations in a year. Bleptus fasciatus (Ephemeroptera: Heptageniidae) in Matsumoto, Japan showed a semivoltine life cycle at an altitude of 840 m (Miyairi & Tojo 2007). Humpesch (1979) in Austria proved the existence of a univoltine Baetis alpine at an altitude of 1355 m asl and a bivoltine at an altitude of 615 m asl. In this research, the variation in altitude did not alter the growth of Thalerosphyrus due to the small variation in the water temperature. Thalerosphyrus developed at the same rate in both rivers and consequently had the same number of generations.


    Apart from having a colder water temperature, the riverbed of the Teroi River consists of bedrock, a very stable substrate with considerably fast water flow (mean of 1.22 ± 0.123 m/s). Such a substrate is highly preferred by the nymphs of Thalerosphyrus (Lee et al. 1996), justifying their high occurrence in the river.


    Predators, particularly fish, play a role in the Thalerosphyrus sp. community. Several authors working on aquatic environments (Crowl et al. 1997; Rosenfeld 1997) have stated the importance of ephemeropteran nymphs as a dietary item for many fish species. From personal observations in the Teroi River, there were no fish seen at the sampling site. In low pH water and steep slopes, fish (the predators) are uncommon (Amir Shah Ruddin et al. 2009), which therefore results in a higher survival rate of the Thalerosphyrus nymphs. Hence, this could be a reason for the higher number of individuals of the Thalerosphyrus in Teroi River than in the other river. In the Batu Hampar River, there were many species of fish, for example, Channa striata, Channa gachua, Amblyceps foratum, Devario regina, Betta pugnax, Neolissochilus hendersoni and Monopterus albus (Amir Shah Ruddin et al. 2009). This is probably the largest factor contributing to the lower abundance of Thalerosphyrus in the Batu Hampar River than in the Teroi River. Likewise, the Batu Hampar River was located near to a durian (Durio zibethinus) and local fruit plantation, providing a habitat for bats and birds that might also be predators (of the adults) and further decrease their number in the Batu Hampar River.


    The results from this study showed that Thalerosphyrus nymphs asynchronously developed in approximately 10 to 12 weeks (2.5–3.0 months), from small instar to subimago, in both the Teroi River and Batu Hampar Rivers. This result was comparable to that of a study in Tamil Nadu, where the Epeorus sp. (Heptageniidae) took 2–3 months to complete their life cycle (Sivaruban et al. 2010). A study by Fonseca Leal and de Assis Esteves (2000) estimated an interval of 13–17 weeks for Campsurus notatus (Ephemeroptera: Polymitarcyidae) to become adults in an Amazonian lake. Meanwhile, Epeorus torrentium (Heptageniidae) took 20–24 weeks to become adults in a cold north Iberian Stream, in Spain (Gonzalez et. al 2003). The difference was probably due to the duration for egg laying and hatching in this species (Epeorus torrentium), which was more extended (3 months) than that of Thalerosphyrus.


    The same conclusion was suggested in a previous paper on the life history of Caenis luctuosa (Caenidae) in the Aguera stream in northern Spain (Gonzalez et al. 2001). Peran et al. (1999) declared that non-seasonal multivoltine life histories were dependent on location. In this study, the first nymph of Thalerosphyrus was collected in September 2007 in both selected rivers. There were nine instars (F-8, F-7, F-6, F-5, F-4, F-3, F-2, F-1, F) and the F-6 and F-5 stages constituted 70% of the population. The first cohort of Thalerosphyrus that started to emerge on September could be regarded as conservative. The author has examined adults of the Heptageniidae family, which she collected herself every month throughout the year. Miyairi and Tojo (2007) discovered that the emergence of the mayfly Bleptus fasciatus (Heptageniidae) occurs from early June to late July only. The difference is likely due to the differences in climate because Japan is colder than Malaysia.


    In this study, the Thalerosphyrus had nine instars. Needham et al. (1935) revealed that the Epeorus fragilis (Heptageniidae) had 11 instars in North America, and Kondratieff and Voshell (1980) found that Stenonema modestum (Heptageniidae) had at least 14 to 15 instars in Virginia, USA. By using the mean instar technique, there was a possibility to detect significant differences in the growth for Thalerosphyrus at each river. At this point, this technique simply showed an accurate method for demonstrating growth and giving estimates of the time spent in the various instars (Benke 1970) from field data, as many variables cannot be measured easily in the field. It was difficult to determine the precise number of instars because the growth rates cannot readily be determined from field sampling due to their asynchronous development (wide age spread of individuals). Additionally, it was very difficult to collect the first instar, probably because of the size and structure of the nymphs; they were too small and too fragile to be handled; therefore, the small nymphs were not included in the size class calculations. As stated by Needham et al. (1935), the first instar is minute and can be obtained by hatching the eggs in the laboratory. They found that the newly hatched Stenonema interpunctatum (Heptageniidae) nymph measured less than 0.5 mm in length. Hence, due to the small size of the newly hatched nymph and the use of net mesh during sampling in this study, the nymphs would definitely escape. Mayfly eggs may directly hatch, but small nymphs are hard to collect from the field (Humpesch 1980; Chung 2005). The first nymphal stage that was trapped in the net during sampling is probably the third instar nymph, which can be distinguished by its flattened legs, strongly developed femora and spines along the hind margin. Additionally, the growth rate and the number of nymphal instars in mayflies were affected by the environmental conditions, especially the water temperature (Vannote & Sweeney 1980; Giberson & Rosenberg 1992) and food (Cianciara 1979).


    Regarding the synchronisation, the Thalerosphyrus population was more synchronous in the Teroi River than in the Batu Hampar River. This is likely because more individuals were collected in the Teroi River, which is shown by the separated bar. Accordingly, the life history of Thalerosphyrus was asynchronous in both the studied rivers, with extended overlapping instar stages. Studying the life history of Thalerosphyrus flowersi in Kumbakkarai stream, Tamil Nadu, India, Sivaruban et al. (2010) found that T. flowersi are multivoltine, with asynchronous and continuous emergence. The potential for overlap in mayflies was significantly increased compared to other insects because of their large numbers of instars and known developmental variability (Fink 1984). Nymphs of various sizes occurred throughout the sampling duration. This has also been shown in Bleptus fasciatus (Heptageniidae) (Miyairi & Tojo 2007) and Epeorus torrentium (Heptageniidae) (Gonzalez et al. 2003), which displayed asynchronous patterns.


    The asynchronous life histories of Thalerosphyrus observed in the Batu Hampar and Teroi rivers could be explained as a result of the uncertain spates that occurred. Other authors (Robinson & Minshall 1998) have associated asynchronous life histories with changing and unpredictable flow regimes. Asynchronous development was widespread among aquatic insects because synchronisation reduced cannibalism and access to food sources (Willis & Hendricks 1992; Willis et al. 1995). According to Benke (1970), the variation of growth (synchronisation) in insect species throughout the year was dependent on environmental factors, such as temperature and food availability. Jackson and Sweeney (1995) recorded the development of 35 insect species of the orders Ephemeroptera, Plecoptera, Trichoptera, and Chironomidae in Costa Rican streams that had an annual range of water temperature of 20°C–23°C, and most of the taxa had multivoltine life cycles (32 of 35 taxa).


    The lack of a positive increment in the Thalerosphyrus population growth curves was related to the asynchronous population and thus the presence of overlapping cohorts in both rivers. This pattern of growth is characteristic of insects in tropical rivers, as previously observed in other heptageniids, Bleptus fasciatus (Heptageniidae) (Miyairi & Tojo 2007) and Epeorus torrentium, (Gonzalez et al. 2003) and dragonfly populations (Che Salmah et al. 2006). The potential for overlapping cohorts in mayflies was greatly increased compared to other insects because of their large numbers of instars and known developmental variability (Fink 1984).


    The life cycles of Thalerospyrus become apparent in the Batu Hampar River because nymphs of various instars were collected all the time. This may be related to the monthly number of instars collected. Numerous nymphs of various instars were represented monthly, showing that this genus was well dispersed in the Batu Hampar River.


    Development instars F-6, F-5, F-4, and F-3 were well represented during the dry season (January to July 2008) in all the studied rivers, most likely because they were bigger instars and the low water level was suitable for their emergence and oviposition. In reference to the influence of the physical river factors, the water level and substrate stability affected the migration of the Thalerosphyrus nymphs (Taylor & Kennedy 2006). The temporal differences of abundance in the current study were believed to be the consequences of difference seasons. According to Miyairi and Tojo (2007), season is the major ecological factor affecting the development of mayflies and influencing ephemeropteran densities throughout their growth (Cereghino & Lavandier 1998). The growth patterns of a few mayflies in this study were not significantly correlated with seasons, especially in the tropical region. As the water level decreased, which was caused by the dry season, the instar development continued (F-2 to F) in May and June and began to emerge in late June, peaking in July. The high abundance of Thalerosphyrus in the dry season is expected to result in continuous egg hatching and instar development. The low abundance in July 2008 was likely the result of successful oviposition and emergence.


    Spates and drying events were the common disturbances of rivers in the tropical region. It seemed that Thalerosphyrus was resistant to spates and maintained individuals in all development classes throughout the year. However, Miller and Golladay (1996) found that Caenis (Caenidae) and other mayflies were resistant to spates in south-central Oklahoma due to their ability to persist in intermittent pools and find refugia during spates (Taylor & Kennedy 2006).


    As a result, the lack of above-mentioned information on the relationship between the water current and life cycle in this study prevents us from drawing conclusions. Thalerosphyrus might need a period of approximately one month from the laying of their eggs until the eggs hatch which no nymphs would be found in the river. Furthermore, different species populations demonstrate different population behaviours especially during the interval between the laying and hatching of the eggs. Further studies are needed to better understand the complete life cycle of this genus or to gain greater understanding at the species level.


    In summary, the abundance and life history of Thalerosphyrus was impacted by water temperature but not by altitude. Cooler water and fast velocity were related to the higher abundance of Thalerosphyrus found in the Teroi River due to the physical characteristics of this river, such as bedrocks and high altitude. The Thalerosphyrus in both rivers have at least nine instars with three generations (trivoltine). The development of Thalerosphyrus was asynchronous, with many overlapping cohorts coexisting in the rivers; thus, many species of Thalerosphyrus were pooled together.
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    Abstrak: Protein pengikat maltosa (MBP) adalah protein pengikat periplasmik yang boleh dijumpai di dalam bakteria Gram negatif. MBP terlibat di dalam proses pengangkutan maltosa serta kemotaksis bakteria; MBP mengikat pada maltosa serta maltodekstrin yang mempunyai rangkaian linear α(1-4)-glukosilik polimer glukosa dan rangkaian siklodekstrin α(1-4)-glukosilik. Semasa protein mengikat pada ligan, perubahan struktur konformasi MBP berlaku dari bentuk terbuka ke bentuk tertutup. Pengecaman molekular ini yang menyebabkan transduksi pengikatan ligan kepada bentuk fizikal menjadikan MBP calon yang sesuai sebagai penderia pendaflour tanpa deria. Di sini, kami akan menerangkan bagaimana mutan Strep-tag II MBP dibina untuk dijadikan sebagai penderia pendaflour tanpa reagen. Gen malE, yang mengekodkan MBP telah diamplifikasikan. Residu sistina telah diperkenalkan melalui proses tapak terarah mutagenesis agar label lekatan tunggal pada tapak yang spesifik yang mempunyai kuar pendaflour spesifik-tiol. Fluorofor yang sensitif pada persekitaran (IANBD amide) terlekat secara kovalen pada kumpulan tiol yang diperkenalkan sebelum ini dan kemudian dianalisa secara deria pendaflour. Mutan MBP (D95C) telah ditulenkan (saiz molekular, ~42 kDa). Ukuran pendaflour Strep-tag II–D95C yang telah dilabel oleh IANBD di dalam larutan telah menunjukkan perubahan keamatan pendaflour yang memberangsangkan (pemalar penguraian Kd 7.6±1.75 µM). Mutan MBP berjaya mengekalkan aktiviti pengikatan kepada maltosa dan sesuai dijadikan sebagai penderia pendaflour tanpa reagen.


    Kata kunci: Protein Pengikat Maltose, Strep-tag II, Penderia Pendaflour, D95C


    Abstract: Maltose-binding protein (MBP) is a periplasmic binding protein found in Gram negative bacteria. MBP is involved in maltose transport and bacterial chemotaxis; it binds to maltose and maltodextrins comprising α(1-4)-glucosidically linked linear glucose polymers and α(1-4)-glucosidically linked cyclodextrins. Upon ligand binding, MBP changes its conformation from an open to a closed form. This molecular recognition—transducing a ligand-binding event into a physical one—renders MBP an ideal candidate for biosensor development. Here, we describe the construction of a Strep-tag II mutant MBP for reagentless fluorescence sensing. malE, which encodes MBP, was amplified. A cysteine residue was introduced by site-directed mutagenesis to ensure a single label attachment at a specific site with a thiol-specific fluorescent probe. An environmentally sensitive fluorophore (IANBD amide) was covalently attached to the introduced thiol group and analysed by fluorescence sensing. The tagged mutant MBP (D95C) was purified (molecular size, ~42 kDa). The fluorescence measurements of the IANBD-labelled Strep-tag II–D95C in the solution phase showed an appreciable change in fluorescence intensity (dissociation constant, 7.6±1.75 µM). Our mutant MBP retains maltose-binding activity and is suitable for reagentless fluorescence sensing.
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    INTRODUCTION


    Fluorescence sensing is a rapidly developing field of technology used for detecting natural and synthetic compounds in different media and living cells. Reagentless fluorescence biosensors are emerging as a novel form of fluorescence biosensors. Their quantification does not change the composition of the sensor, unlike enzyme-based competitive assays, in which the analyte is consumed (Marvin & Hellinga 1998). Periplasmic binding proteins (PBPs) are being extensively studied for applications as reagentless fluorescence biosensors because of their general structural form and their conformational changes during ligand binding, which can be described as a “Venus flytrap,” wherein the two lobes of the protein close on the ligand, completely entrapping it (Hellinga & Marvin 1998).


    Maltose-binding protein (MBP) belongs to the PBP superfamily, which is found in Gram negative bacteria (Zhou & Cass 1991). MBP is a monomeric 40,600-Da protein encoded by the malE gene, and it has two distinct globular domains separated by a three-strand hinge region (Sharff et al. 1993). Other than binding to maltose, MBP can also be manipulated by protein engineering to bind to metal ions for environmental biosensor applications (Marvin & Hellinga 2001; Shahir 2006). MBP changes its conformation from an open to a closed form upon ligand binding. This molecular recognition, which transforms a ligand-binding event into a physical one, renders MBP suitable for biosensor development.


    MBP lacks cysteine residues; therefore, a unique thiol group can be introduced by oligonucleotide-directed site-specific mutagenesis (Gilardi et al. 1994). Thiol-specific fluorophores are specific to the thiol group and are sensitive to environmental changes. In addition, this type of fluorophore is detected by fluorescence sensing of the conformational changes in MBP upon ligand binding. This strategy has been used to introduce single fluorophores that respond to ligand binding in MBPs (Sohanpal et al. 1993; Gilardi et al. 1994; Marvin & Hellinga 2001; De Lorimier et al. 2002; Dattelbaum et al. 2004), ribose-binding proteins (Vercillo et al. 2006), glucose-binding proteins (Lyndon et al. 2001), glutamine-binding proteins (De Lorimier et al. 2002), and sulfate-binding proteins (Shrestha et al. 2002). Many types of thiol-reactive fluorophores have been used in PBP fluorescence sensor studies to detect ligand binding in PBPs. Owing to its consistent fluorescence response, 4-[N-(2-(Iodoacetoxy)ethyl)-N-methylamino]-7-nitrobenz-2oxa-1,3-diazole (IANBD) amide has been found to be a suitable fluorophore for covalent attachment to the cysteine residue of recombinant MBP (Gilardi et al. 1994; Marvin & Hellinga 1998; Dattelbaum et al. 2004; Shahir 2006). IANBD amide is an iodoacetamide that forms a thioether bond with a cysteine residue, and its fluorescence emission is highly sensitive to its solvation state (Johnson & Spence 2011).


    In this study, the fluorophore was attached to the protein at the allosteric site of the protein, which is located at position 95, where aspartic acid was replaced by cysteine (D95C). The allosteric site in the protein structure is located away from the ligand-binding site, and it undergoes a local conformational change in concert with ligand binding (De Lorimier et al. 2002). Furthermore, the allosteric site has an advantage in that no direct interaction occurs between the ligand and the fluorophore; hence, the binding constant is unaffected (Marvin & Hellinga 1998). Several mutations of MBP have been induced at the allosteric site for potential reagentless fluorescence sensing, and these are D95C, F92C, and I329C (Sohanpal et al. 1993; De Lorimier et al. 2002). In this study, D95C was chosen because its use has been reported in several studies (Sohanpal et al. 1993; Marvin et al. 1997; Marvin & Hellinga 2001), and the binding affinity towards maltose of D95C is often higher than that of other mutations (Marvin & Hellinga 2001; Wemmer 2003).


    However, to our knowledge, all of the reported studies describing signal transduction by fluorophore-labelled PBPs have been performed without attachments to solid supports (Brune et al. 1994; Gilardi et al. 1994; Hellinga & Marvin 1998; Marvin & Hellinga 2001). Affinity tags are widely used in biotechnology to assist in the purification of recombinant proteins. Strep-tag II provides a fitting combination of qualities, including excellent purification with good yield and moderate cost compared to other affinity tags, such as the His-tag and the GST-tag (Litchy et al. 2005). The mutant MBP protein was fused to an affinity tag, Strep-tag II, to aid in its purification and in the application of site-directed immobilisation of the MBP onto functionalised solid surfaces. This is the first report of reagentless fluorescence sensing of maltose to use Strep-tag II-fused mutant MBP. Site-directed mutagenesis was performed on a malE template fused to Strep-tag II to incorporate a single cysteine at the allosteric site of MBP. The cysteine residue of the mutated protein (D95C) was labelled with IANBD amide. The response of the labelled mutant MBP to maltose binding was monitored by following the changes observed in the fluorescence intensity of the probe, and ligand-binding characteristics were also analysed.


    MATERIALS AND METHODS


    Construction of pET-51b (+)-malE Plasmids


    The malE gene was amplified from the pMAL-c4x plasmid using the polymerase chain reaction (PCR) with flanking primers designed to introduce a BamHI restriction enzyme site before the start codon and a HindIII site before the stop codon. The primers (First BASE Laboratories Sdn. Bhd., Sri Kembangan, Selangor, Malaysia) used for isolating the malE gene were as follows: forward, For_ malE (5’-CCCGGATCCGAAAATCGAAGAAGGTAAACTGGTC-3’), and reverse, Rev_ malE (5’-CCCAAGCTTTTAAGTCTGCGCGTCTTTCAGGCG-3’). A 30-cycle PCR program was used, with the pMAL-c4x plasmid used as the template and primers and Pfu polymerase added to the reaction mix (Fermentas, Massachusetts, USA). The cycle conditions were 95°C for 2 min, followed by 30 amplification cycles of 95°C for 30s, 55°C for 1 min and 72°C for 2 min and then one final elongation cycle at 72°C for 5 min. Reactions were run on a tris-acetateethylenediamine tetraacetic acid (TAE) 1% agarose gel, and when the presence of the gene was verified, the remaining PCR mixture was treated with DpnI (Fermentas, Massachusetts, USA) at 37°C for 1 hr to digest the methylated template, which was then purified with a PCR Clean-up System (Promega, Wisconsin, USA). The purified DNA was digested with BamHI and HindIII restriction enzymes (Fermentas, Massachusetts, USA) and ligated using T4 DNA ligase into pET-51(b) (Novagen, Darmstadt, Germany), which was digested using the same restriction enzymes. The constructed plasmid pET-51b(+)-malE was then transformed into E. coli NovaBlue Singles cells (Novagen, Darmstadt, Germany), and transformants were selected on Luria Bertani ampicilin (LBA) plates using 50 µg/mL ampicillin.


    Construction of pET-51b(+)-D95C Plasmids (Mutant MBP Plasmid)


    The MBP mutant plasmid was constructed to contain a single substitution: aspartic acid (position 95) was replaced with a cysteine. Site-directed mutagenesis was performed using inverse PCR by the Pfu DNA polymerase and the malE gene (from pET-51b (+)-malE) used as the template. The primers used were as follows: forward, D95C_For (5’-TGCGCAGTACGTTACAACGGC-3’), and reverse, D95C_Rev (5’- CATCTGCGGGATGTTCGGCAT-3’), and the reaction mix was treated with T4 polynucleotide kinase (Fermentas, Massachusetts, USA) prior to use at 37°C for 1 hr. The PCR reaction was performed as follows: one cycle at 92°C for 2 min, then 15 cycles at 92°C for 20s, 55°C for 1 min and 68°C for 6 min, and then one final cycle at 62°C for 10 min. The plasmid construct was then verified, purified, ligated and transformed as described for the pET-51b (+)-malE plasmid construct, above.


    Expression of the malE Gene


    The recombinant plasmid was transformed into an expression host, BL21(DE3)pLySs (Novagen, Darmstadt, Germany), by heat shock transformation. The BL21(DE3)pLySs cells harbouring the recombinant plasmid were inoculated into 1 mL of Luria Bertani (LB) broth containing 50 µg/mL ampicillin and 34 µg/mL chloramphenicol, which was then incubated overnight at 37°C with shaking. Then, 10 mL of this overnight culture was inoculated into 200 mL of fresh LB broth containing both of the antibiotics in addition to 1% (v/v) glucose and incubated at 37°C with shaking until the optical density (OD) at 600 nm reached ~0.4–0.5. The cells were then induced with 1 mM of isopropyl-β-D-1-thiogalactopyranoside (IPTG) for 4 hours at 30°C. Finally, the cells were harvested by centrifugation at 4,000 rpm for 20 min at 4°C. The supernatant was discarded, and the pellet was either immediately lysed or kept at –20°C prior to lysis.


    The cell pellets were lysed using the freeze and thaw method. First, the cell pellets were thawed, followed by the addition of sterile distilled water and benzonase nuclease. One gram of cell pellet material required 5 mL of sterile distilled water, and 25 U of benzonase nuclease was added per 1 mL of sterile distilled water. The mixture was then incubated at –20°C in a freezer for 10 to 15 min or until the mixture had frozen. Then, the mixture was thawed on ice for 30 min until the mixture became liquefied. These freezing and thawing steps were repeated three times. The host cells contained pLysS and had relatively high levels of T7 lysozyme in the cytoplasm, which made it easier to lyse the cells under mild conditions such as the freeze/thaw treatment (Mierendorf et al. 1994a,b). The mixture was then centrifuged at 16,000 × g for 20 min at 4°C to remove insoluble cell debris. The supernatant was kept at –20°C.


    Recombinant Protein Purification via Strep-Tag II Affinity Purification


    The crude extracts of wild type MBP protein and its mutant were purified by affinity chromatography using a 5 mL pre-packed StrepTrap HP™ column (GE Healthcare, Buckinghamshire, UK). Purification was performed using Akta Prime Plus (GE Healthcare, Buckinghamshire, UK) with a flow rate of 2 mL/min. The columns, buffers and the protein samples were kept on ice during the purification process to lessen the degradation of the mutant MBP. Purification of the wild type MBP was performed at room temperature because MBP is known to be thermally stable in solution at temperatures up to 50°C (Gilardi et al. 1994).


    First, the Akta Prime Plus system was flushed with filtered deionised water prior to purification. The column was then connected to the designated tubing by carefully dripping the buffer from the tubes into the column to prevent air bubbles. The 5 mL StrepTrap HP™ pre-packed column was washed with three column volumes of filtered deionised water before starting the purification process. The column was equilibrated and washed with five column volumes of binding buffer (20 mM NaPO4, 280 mM NaCl, 6 mM KCl and 10 mM ethylenediamine tetraacetic acid [EDTA], pH 7.4). Approximately 20 mL of 6 mg/mL crude lysate (pre-filtered through a 0.45 µm nylon membrane) was loaded into the StrepTrap™ Hp column with a flow rate of 2 mL/min. The column was washed with eight column volumes of binding buffer. Next, elution was performed using three column volumes of the same binding buffer plus 2.5 mM d-desthiobiotin. The elution profile was monitored by measuring OD at 280 nm, and fractions were subsequently analysed by SDS PAGE.


    Ultrafiltration of Purified Protein


    The fractions containing Strep-tag II MBP and Strep-Tag II D95C were desalted and buffer-exchanged against 10 mM potassium phosphate buffer, pH 7.4, using a 20 mL Vivaspin concentrator (10 kDa molecular weight cut-off [MWCO] membrane, Sartorius Stedim, Goettingen, Germany). Prior to use, the Vivaspin column was washed by adding 15 mL of 10 mM potassium phosphate buffer, pH 7.4, and then spun at 4,000 rpm for 10 min. Approximately 5–10 mL of the protein solution was added, then buffer was added to make the volume 15 mL, and the solution was centrifuged at 4,000 rpm for 5 min. The filtrate was decanted, buffer was added to make the volume 15 mL, and the solution was centrifuged again as previously described. This step was repeated and the protein concentration was determined via Bradford Assay based on Beer-Lambert’s Law.


    Intrinsic Tryptophan Fluorescence of Strep-Tag II Wild Type MBP


    Intrinsic tryptophan fluorescent measurement was performed on a Perkin-Elmer fluorometer LS 55 (Massachusetts, USA) with an excitation wavelength of 280 nm. The excitation wavelength was set at 280 nm because the aromatic amino acids (i.e.: tryptophan, tyrosine and phenylalanine) absorb light at that particular wavelength. The intensity of the fluorescence was recorded on the addition of maltose towards the purified tagged wild type MBP in the quartz cuvette. Approximately 1.0 mL of 1.0 µM purified tagged wild type MBP in 10 mM potassium phosphate buffer, pH 7.4, was prepared. First, an initial fluorescence measurement was recorded for the protein solution without added maltose. Titrations of aliquots of 1 µL maltose, ranging from 10 µM to 100 µM, were added to the 1 mL protein solution. These steps were repeated three times. Prior to use, the quartz cuvette was treated with 1 M HCl to remove any contaminating protein or maltose. The percent changes in fluorescence intensity that were observed with increasing ligand concentrations were calculated, and the data was fitted to a single-site binding equation (equation [Eq.] 1). The percent changes (%ΔF) were calculated by subtracting the average value of the intensity at 0 µM (F0) from the average value at i µM (Fi) and then dividing by average intensity value F0.
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    where ΔF is the fluorescence intensity change, ΔF max is the maximum attainable change in fluorescence intensity, [L] is the concentration of the ligand and Kd is the dissociation constant.


    Labelling of the D95C Mutant with Fluorophore Probes


    The thiol-reactive fluorophore IANBD amide was chosen to label the tagged mutant MBP (D95C). The fluorophore was covalently bound to the thiol group of the cysteine residue in the tagged mutant MBP (D95C) protein. Approximately 4.0 mL of 5.0 µM purified tagged mutant MBP in 10 mM potassium phosphate buffer, pH 7.4, was prepared. The protein solution was pre-incubated on ice for 30 minutes with a 2-fold molar excess of dithiothreitol (DTT) from Fermentas, Massachusetts, USA (55 mM stock solution) to reduce intermolecular disulphide bonds. A 5-fold molar excess of the fluorophore (10 mM stock solution in dimethyl sulfoxide [DMSO]) was added, and the mixture was incubated at room temperature for 2 hr in ice, while protected from light, on a rotary shaker. Excess fluorophore was removed from the conjugated proteins by diafiltration using a Vivaspin concentrator (0.5 mL, 10 kDa MWCO, Sartorius, Goettingen, Germany) with 10 mM potassium phosphate buffer in a centrifuge at 4,000 rpm for 10 min. Diafiltration was repeated three times. The labelling ratio was determined, and the labelled protein was then immediately analysed or stored at 4°C for no more than one week.


    Steady-state Fluorescence Study of the Labelled Mutant Protein


    Fluorescence measurements were performed on a Perkin-Elmer fluorometer LS 55. The excitation and emission monochromator slit widths were both set at 10 nm. The excitation wavelength used was 480 nm. The intensity of fluorescence emitted was recorded upon the addition of maltose to the labelled tagged mutant MBP (D95C) in the quartz cuvette. The labelled protein was diluted to 1 µM in 1 mL potassium phosphate buffer, pH 7.4. An initial fluorescent measurement of the protein solution prior to the addition of maltose was recorded. Titrations of aliquots of 1 µL maltose, ranging from 10 µM to 100 µM, were added to the 1 mL protein solution. These steps were repeated three times. Prior to use, the quartz cuvette was treated with 1 M HCl to remove contaminating protein and maltose. The percent changes in fluorescence intensity with increasing ligand concentrations were calculated and fit to a single-site binding equation, as stated in Eq. 1, and SigmaPlot® V 11.0 (California, USA) software was used to fit and simulate the data. To determine the specificity of MBP binding with maltose, glucose was added instead of maltose. Titrations of aliquots of 1 µL glucose, ranging from 10 µM to 100 µM, were added from a ligand stock solution at an appropriate concentration (10 mM glucose) to the 1 mL protein solution. Then, the specificity of ligand binding of the mutant MBP with glucose was analysed as previously described.


    RESULTS


    Purification of Strep-tagged MBP


    To construct a MBP for fluorescence sensing, the aspartic acid at position 95 of MBP was mutated to a cysteine residue (D95C) using site-directed mutagenesis. The fluorophore was positioned at a location that was distant from the binding pocket but at which ligand binding could be sensed indirectly using an allosteric coupling mechanism based on the effect of domain movements (Shahir 2006). Strep-tagged wild type MBP and mutant MBP (D95C) were purified using affinity chromatography. The elution peak containing Strep-tagged MBP and D95C had a high resolution. Pure MBP and D95C proteins were obtained, with both being approximately 42 kDa in size. The pooled fractions from the elution peak of D95C were buffer exchanged with potassium phosphate buffer to remove excess salt, detergent (e.g., DTT), and D-desthiobiotin. The pooled protein was concurrently concentrated by buffer exchange. This is shown in Figure 1, where the protein band of the buffer-exchanged sample is observed to be thicker than the band of the pooled fractions before buffer exchange. This finding is further supported in Table 1, which shows that after buffer exchange, the protein concentration is 0.33 mg/mL, which is about three-fold higher than the protein concentration before exchange (0.10 mg/mL).


    Intrinsic Tryptophan of Strep-tagged MBP


    The fluorescence of the intrinsic tryptophan of the purified wild type MBP was resolved to determine if ligand-binding activity was retained in the presence of the tag. Wild type MBP was excited at 280 nm, and the fluorescence emission at 340 nm was found to be comparable to the emission wavelength of tyrosine and tryptophan in water at neutral pH (304 nm and 353 nm, respectively) (Lakowicz 1999). From a plot of intensity values against maltose concentrations and subsequent fitting to the single-site binding equation, the apparent dissociation constant (Kd) value of the MBP was 4.3±5.74 µM (Fig. 2).
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      Figure 1: SDS-PAGE analysis of Strep-Tag II MBP and D95C using coomassie blue staining.


      Notes: Lane 1 - Fermentas unstained protein molecular weight marker; lane 2 - crude lysate of D95C; lane 3 - pooled fractions before buffer exchange; lane 4 - pooled fractions after buffer exchange.

    


    Table 1: Purification table. The concentrations of and total protein in the protein samples, as determined using protein Bradford assay reagents.


    
      
        	Step

        	
          Total volume (mL)

        

        	
          Concentration (mg/mL)

        

        	
          Total protein (mg)

        

        	
          Percent yield (%)

        
      


      
        	Break cell (crude lysate)

        	
          20

        

        	
          1.97

        

        	
          39.40

        

        	
          100.0

        
      


      
        	Affinity purification

        	
          15

        

        	
          0.10

        

        	
          1.50

        

        	
          3.8

        
      


      
        	Ultrafiltration (buffer exchange)

        	
          5

        

        	
          0.33

        

        	
          1.65

        

        	
          4.2
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      Figure 2: Maltose-binding curves for the intrinsic tryptophan of wild type MBP and IANBD D95C. Data were fitted to the single-site binding equation using SigmaPlot V 11.0.

    


    Fluorescence Sensing for Maltose-binding Ability


    The sulfhydryl group of D95C was individually labelled with a polarity-sensitive fluorophore, IANBD amide, and typical fluorophore-to-protein molar ratios were observed in the range of 0.8–1.2. The labelled D95C was then analysed by fluorescence sensing for its maltose-binding ability at increasing maltose concentrations. The extrinsic fluorescence emission of IANBD-labelled D95C was also measured, and the results showed that the fluorescence intensity increased as the ligand concentration increased. On exciting the labelled D95C at 480 nm, the fluorescence emission maximum was blue shifted by ~10 nm of the actual emission wavelength for IANBD, which is 530 nm. On adding maltose, there was an increase in the fluorescence intensity of up to 40%.


    The binding curve of the percent changes in fluorescence intensity with increasing concentrations of maltose was plotted using SigmaPlot® V 11.0. The plot and subsequent fitting to the single-site binding equation (Fig. 2) showed that the data fit the single-site binding curve, with an R2 value close to 1 (0.8981). The apparent Kd of IANBD-labelled D95C that was obtained from the plot of percent changes in fluorescence intensity against maltose concentrations was 7.6±1.75 µM.


    DISCUSSION


    According to Litchy et al. (2005), Strep-tag II is the most efficient and the cheapest system for affinity purification; furthermore, the affinity of Strep-tag II towards StrepTactin is higher. This bioaffinity feature could be manipulated for unidirectional immobilisation for further biosensor applications. From the results of our intrinsic tryptophan assay of the Strep-tag II of the wild type MBP, its apparent Kd value is comparable to the Kd value of 3.5 µM of non-tagged and non-labelled MBP that was reported by Miller et al. (1983). Hence, the Strep-tag II on wild type MBP does not affect its maltose-binding ability, and the tag at the N-terminal did not appear to pose a steric hindrance. These results are similar to those in another study where lipase enzyme remained functional with a fused Strep-tag II (Hamid et al. 2009). Furthermore, no fluorescence changes were observed on adding glucose. MBP can bind to maltose, maltotriose, and α(1-4)-linked higher maltodextrins, but it does not recognise or bind to glucose (Spurlino et al. 1991).


    Exciting the labelled D95C at 480 nm resulted in an increase in fluorescence intensity that was in agreement with the results of Dattelbaum et al. (2004), where a large increase in fluorescence was observed upon maltose titration of IANBD-labelled D95C, and a slight blue shift of approximately 5–6 nm occurred before and following the addition of maltose. Furthermore, the plot and subsequent fitting to the single-site binding equation indicated that the IANBD-labelled D95C managed to retain its maltose-binding activity with the covalently attached IANBD and with the Strep-tag II attached at the N terminal. Additionally, the Kd values that we obtained demonstrate that the affinity of D95C-fused Strep-tag II toward maltose is lower than that of the wild type (Kd = 3.5 µM) (Marvin & Hellinga 2001). The apparent Kd value that was obtained was much higher than the values for IANBD-labelled D95C that were obtained in earlier studies (Marvin et al. 1997; Dattelbaum et al. 2004; Shahir 2006). The lower affinity obtained in this study could be due to steric hindrance by the Strep-tag II at the N terminal, which causes a conformational change during maltose binding.


    In studies by Marvin et al. in 1997, Dattelbaum et al. in 2004, and Shahir in 2006, the use of shorter tags, such as His6 (six histidine residues) and biotin-tag (a 15-amino acid peptide), yielded much lower Kd values compared to Strep-tag II–D95C. Strep-tag II has an eight-amino acid tag, with an additional set of 14 amino acids serving as a cleavage site (Litchy et al. 2005). Thus, there is an extra stretch of 22 amino acids at the N terminal of D95C. It is possible that the larger size of the Strep-tag might cause steric hindrance, which may thereby lower the affinity of the tagged D95C toward maltose. However, further studies are needed to confirm this.


    No significant increases in fluorescence intensity responses were observed upon the addition of increasing concentrations of glucose to the labelled protein. The plot of the percent changes in fluorescence intensity data against glucose concentrations shows that at a value of 0.0462, the fluorescence response does not fit the single binding site curve with an R-squared value greater than 1. This suggests that D95C does not bind to glucose because the binding site of MBP does not have hydrogen bond acceptors, which leaves the donatable hydrogen of the C4 hydroxyl or the C1 hydroxyl of glucose unpaired if the monosaccharide binds to the binding site (Spurlino et al. 1991). Hence, tagged D95C still binds specifically to maltose.


    Furthermore, the fluorescence response observed with maltose-binding activity indicates that the mutation site at D95C is heterotropically cooperative with respect to the specific binding of maltose (Marvin et al. 1997). Heterotropic cooperation implies that the substrate binds to the enzyme at only one site and that a different molecule modifies the reaction by binding to an allosteric site (Marvin et al. 1997). In this sense, the fluorescence of the conjugated protein with the attached fluorophore IANBD is changed in a heterotropically cooperative manner with respect to maltose (Marvin et al. 1997). Furthermore, the mutation of D95C is at the allosteric site of the maltose-binding site, and the attached fluorophore IANBD is appropriately placed within the site such that its environment is sufficiently affected by local conformational changes to elicit a change in fluorescence (Marvin et al. 1997). Thus, Strep-tag II–fused D95C retains its ligand-binding activity and specificity toward maltose.


    In summary, a reagentless sensing scheme for maltose was designed and developed using MBP mutants that allows for site-specific labelling with a fluorophore. The detection limit obtained in this study was nearly the same as that reported in several other studies. The slight difference might be due to possible steric hindrance by the Strep-tag II at the N terminal of the protein. The tagged mutant MBP (Strep-tag II–D95C) retained its ligand-binding activity toward maltose, but less tightly. Thus, this engineered mutant MBP could be developed for immobilised biosensor applications.
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    Abstrak: Pembangunan hutan rakyat memerlukan bekalan tetap benih berkualiti tinggi. Selain itu, pengurusan sumber benih Toona sinensis (surian) yang baik memerlukan pemahaman mendalam tentang faktor-faktor yang mempengaruhi pengeluaran. Kajian ini terutamanya bertujuan untuk mengetahui ciri-ciri pembiakan yang meliputi ciri-ciri pengeluaran bunga, buah dan benih surian, variasi pengeluaran buah dan biji antara pohon-pohon dan di antara cabang-cabang, dan faktor dendrometrik yang mempengaruhi pengeluaran buah dan benih. Pemerhatian ciri-ciri pengeluaran bunga dilakukan pada 99 bulir, ciri-ciri pengeluaran buah diperhatikan pada 128 bulir, dan ciri-ciri benih dinilai berdasarkan 890 buah. Jumlah buah per bulir berkisar antara 38 hingga 646. Bilangan biji dalam buah berjulat antara 1 hingga 35. Saiz buah berkaitan dengan jumlah biji berisi mengikuti persamaan regresi kuasa dua. Jumlah optimum benih berisi adalah 20 per buah. Diameter batang, lebar silara, tinggi dasar silara, dan jumlah sub-cabang berpengaruh positif terhadap pengeluaran bulir per pohon manakala ketinggian dasar silara (pokok) berpengaruh negatif terhadap pembentukan buah.


    Kata kunci: Bunga, Buah-buahan, Benih, Hasil Benih, Seed Set, Fruit Set, Toona sinensis


    Abstract: Community forest development requires a constant supply of high-quality seeds. In addition, sound management of Toona sinensis (surian) seed sources requires a deep understanding of factors affecting seed production. This present study investigated the reproduction characteristics of surian, including flower, fruit and seed productions, variations in the productions of fruits and seeds among trees and among branches, and dendrometric factors that influence the productions of fruits and seeds. Flower production characteristics were observed in 99 panicles, fruit production characteristics were observed in 128 panicles, and seed characteristics were evaluated based on 890 fruits. The number of fruits per panicle ranged from 38 to 646. The number of seeds in fruits ranged from 1 to 35. Fruit size was correlated to the number of filled seeds following a quadratic regression equation. The optimal number of filled seeds was 20 per fruit. Stem diameter, crown width, crown base height, and the number of sub-branches positively influenced the production of panicles per tree, while the crown base height (of the tree) negatively affected the fruit set.


    Keywords: Flower, Fruit, Seed, Seed Yield, Seed Set, Fruit Set, Toona sinensis


    INTRODUCTION


    Toona sinensis (surian) belongs to the family Meliaceae and is often found in community forests in West Java that are maintained and managed by farmers for various purposes. Community forest development requires a constant supply of high-quality seeds, which depends on the availability of well-managed seed sources. The development and management of surian seed sources requires an understanding of the factors affecting their productivity, and this understanding should begin by identifying the characteristics of surian flower, fruit, and seed productions.


    Constraints on plant reproduction occur during all stages of the reproductive cycle. Failures in natural fruit formation are not only caused by self-pollination and high levels of self-incompatibility but may also involve several other factors, such as limited resources (Bawa & Webb 1984). Failures in seed formation can also be caused by several factors. Undeveloped ovules may result from a lack of fertilisation or ovule abortions resulting from a combination of genetic and/or resource factors before or soon after fertilisation (Webb & Bawa 1985).


    Patterns in the productions of surian flowers, fruits and seeds have not been studied comprehensively until now, yet the production characteristics of flowers, fruits and seeds must be understood in order to determine the biological constraints of surian reproduction and to determine seed-source management techniques that provide optimal pollination for the purposes of seed production.


    In general, the present study aimed to determine the reproductive characteristics of surian, including 1) production characteristics of surian panicles, flowers, fruits and seeds, 2) the variations in the productions of fruits and seeds among trees and among branches, and 3) dendrometric factors that influence the productions of fruits and seeds.


    MATERIALS AND METHODS


    Study Areas


    This study was conducted at the Padasari Village (Cimalaka Sub-district), and the Sukajadi Village (Wado Sub-district), both situated in the Sumedang Regency, West Java. Average monthly rainfall, temperature, and humidity in Sumedang Regency from 2009 to 2012 are shown in Figure 1. Annual rainfall values and the numbers of rainy days in the sub-districts of Wado and Cimalaka are shown in Table 1. We chose 5 forest stands containing dense surian trees in both villages. The surian stands investigated in the Sukajadi village were located at 108°07’–108°06’ E, 06°59’ S, at an altitude of 660–860 m above sea level with undulating and sloping topography. The stands were smallholder forests surrounded by dryland farming areas. The Padasari study sites were located at 107°55’–107°56 ‘E, 06°46’ S, at an altitude of 685–700 m above sea level with flat terrain. These stands were agroforests surrounded by pine forests, paddy fields, and settlements.
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      Figure 1: Average values of monthly rainfall, temperature and humidity in Sumedang Regency from 2009 to 2012. Data collected from Padjadjaran Climatological Station, Sumedang, at an altitude of 781 asl.

    


    Table 1: Annual rainfall values and number of rainy days in the Wado and Cimalaka districts from 2004 to 2012.
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    Sources: Badan Pusat Statistik (2008, 2012, 2013).


    Observations were carried out from August 2011 to May 2013. Sampling and observation cannot be performed simultaneously, as surian flowering times do not occur simultaneously among trees (Pramono 2013). Observations were conducted in August 2011, November 2011, once a month from March to June 2012, November 2012, and May 2013.


    Methods


    All actively reproducing surian trees were identified in the selected stands. We counted the number of panicles per tree on 125 trees that were sampled randomly and the number of flowers and fruits on 99 and 128 panicles, respectively. The working samples used to characterise fruit traits consisted of 890 random mature fruits collected from 20 mother trees.


    To study the quantitative variations in fruit and seed productions among trees and among sub-branches, we randomly sampled 10 fruits from 4 panicles of 4 trees at Sukajadi village and 4 trees at Padasari village. To study variations in fruit numbers among sub-branches, we sampled 3 trees at Sukajadi village. From each tree, 10 fruits were taken from 3 branches, and this procedure was replicated 3 times. The diameter and length of each fruit were measured using a caliper. The fruit coats were opened, and the numbers of empty seeds and filled seeds contained in each fruit were counted. Due to the small size of surian flowers, we did not count the number of ovules per flower; instead, in each case, we counted ovules by adding the number of filled seeds to the number of empty seeds.


    To study the quantitative variations in fruit and seed productions among trees and among sub-branches, we randomly sampled 10 fruits from 4 panicles of 4 trees at Sukajadi village and 4 trees at Padasari village. To study variations in fruit numbers among sub-branches, we sampled 3 trees at Sukajadi village. From each tree, 10 fruits were taken from 3 branches, and this procedure was replicated 3 times. The diameter and length of each fruit were measured using a caliper. The fruit coats were opened, and the numbers of empty seeds and filled seeds contained in each fruit were counted. Due to the small size of surian flowers, we did not count the number of ovules per flower; instead, in each case, we counted ovules by adding the number of filled seeds to the number of empty seeds.


    To study the relationship between the dendrometric variables and the production variables of individual trees, we measured trunk diameters at breast height (DBH), total tree heights, crown lengths, crown widths, crown base heights, and numbers of branches for 30 trees that were sampled randomly from both areas. The variables of production considered in this study were as follows: the number of panicles per plant, the number of flowers per panicle, the number of fruits per panicle, the number of seeds per fruit, the number of ovules per flower, each seed set, fruit length, and fruit width, and the ratio of fruit width:length.


    Data Analysis


    The number of fruits per panicle, the number of flowers per panicle, fruit sizes, and the number of seeds per fruit are shown in the frequency graph displayed herein. These values were also reported as ranges, and mean values with standard deviations. Differences in the productions of fruits and seeds among plants and among branches were determined by one-way analysis of variance. Correlation and regression analyses and scatter diagrams were used to determine relationships among the production variables. Data analysis used Minitab 15 (Kuiper & Sklar 2013) and SPSS 16.0 (Pallant 2005) softwares.


    RESULTS


    Production Characteristics of Flowers, Fruits, and Seeds


    The DBH of surian trees in the study sites ranged from 10.2 cm to 43.0 cm. The number of panicles per plant varied greatly, ranging from 2 to 165 panicles. The number of flowers per panicle ranged from 951 to 27,315 florets (Table 2), as shown by the frequency distributions in Figure 2.


    Table 2: Data relating to tree size and flowers, fruits and seeds characteristics.


    
      
        	Variable

        	
          N

        

        	
          Range

        

        	
          Average

        
      


      
        	DBH (cm)

        	
          260

        

        	
          10.2–43.0

        

        	
          22.6 ± 5.5

        
      


      
        	Total height (m)

        	
          260

        

        	
          6.0–21.0

        

        	
          13.6 ± 3.0

        
      


      
        	Crown base height (m)

        	
          260

        

        	
          2.0–14.0

        

        	
          7.1 ± 1.2

        
      


      
        	Crown width (m)

        	
          260

        

        	
          1.0–7.0

        

        	
          4.1 ± 1.2

        
      


      
        	Panicles number/tree

        	
          125

        

        	
          2.0–165.0

        

        	
          35.7 ± 26.7

        
      


      
        	Flower number/panicle

        	
          99

        

        	
          951.0–27315.4

        

        	
          8104.3 ± 5853.8

        
      


      
        	Fruit number/panicle

        	
          128

        

        	
          38.0–646.0

        

        	
          232.7 ± 133.7

        
      


      
        	Fruit length (mm)

        	
          890

        

        	
          14.8–30.2

        

        	
          22.7 ± 2.7

        
      


      
        	Fruit width (mm)

        	
          890

        

        	
          7.0–13.7

        

        	
          10.8 ± 1.2

        
      


      
        	Fruit width:length ratio

        	
          890

        

        	
          0.4–0.7

        

        	
          0.5 ± 0.0

        
      


      
        	Filled seed number/fruit

        	
          890

        

        	
          1.0–34.0

        

        	
          15.3 ± 6.2

        
      


      
        	Seed set (%)

        	
          890

        

        	
          2.6–91.9

        

        	
          39.7 ± 16.0

        
      

    


    Surian fruit lengths ranged from 14.78 to 30.21 mm with an average of 22.72 ± 2.75 mm, while surian fruit widths ranged from 6.95 to13.72 mm with an average of 10.76 mm ± 1.20 mm. Fruit width:length ratios ranged from 0.39 to 0.74 with an average of 0.48 ± 0.04. The number of fruits per panicle ranged from 38 to 646 with an average of 232 ± 133 fruits (Table 2), and most of the panicles studied had 150 to 200 fruits (Fig. 2).


    Each surian fruit is a capsule with 5 carpels, and each carpel contains 7–8 winged seeds. The average total number of seeds/fruit observed in this study was 38.83 ± 1.79 seeds. The number of filled seeds per fruit varied from 1 to 34. While most of the fruits had 16–20 filled seeds per fruit (Fig. 2), some fruits contained only 1–3 filled seeds. The average number of filled seeds per fruit was 15.38 ± 6.2; the remaining were empty seeds. The filled seeds were bigger in the carpels on the side nearest the fruit stalk than in the carpels located on the farther side. The latter also contained more empty seeds.


    For the Sukajadi trees studied, all fruit trait parameters, except the numbers of filled seed, showed no significant difference among trees. In contrast, all parameters significantly differed among the Padasari trees studied (Table 3). In addition, variations among some of the fruit trait parameters differed markedly among the sub-branches of a particular tree, but none of the parameters differed among the sub-branches of other trees.
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      Figure 2: Frequency distributions of (a) number of panicles/tree, (b) number of flowers/panicle, (c) number of fruits/panicle, (d) fruit width/length ratios, (e) fruit lengths, (f) fruit widths, and (g) number of seeds/fruit.

    


    Table 3: Analysis of variance results for fruit and seed characteristics among trees and branches.


    
      
        	Charateristic

        	
          p value

        
      


      
        	
          Among 4 trees

        

        	
          Among sub-branches

        
      


      
        	
          Sukajadi

        

        	
          Padasari

        

        	
          Tree 1

        

        	
          Tree 2

        

        	
          Tree 3

        
      


      
        	Fruit length

        	
          0.142ns

        

        	
          0.0000**

        

        	
          0.002**

        

        	
          0.013*

        

        	
          0.258ns

        
      


      
        	Fruit width

        	
          0.259ns

        

        	
          0.0043**

        

        	
          0.410ns

        

        	
          0.027*

        

        	
          0.241ns

        
      


      
        	Fruit width:length ratio

        	
          0.076ns

        

        	
          0.0002**

        

        	
          0.000**

        

        	
          0.008**

        

        	
          0.526ns

        
      


      
        	Seed number

        	
          0.003**

        

        	
          0.0000**

        

        	
          0.004**

        

        	
          0.009**

        

        	
          0.914ns

        
      


      
        	Ovule number

        	
          0.180ns

        

        	
          0.0006**

        

        	
          0.216ns

        

        	
          0.740ns

        

        	
          0.962ns

        
      


      
        	Seed set

        	
          0.051ns

        

        	
          0.0000**

        

        	
          0.003**

        

        	
          0.040*

        

        	
          0.817ns

        
      

    


    Notes: ns = not significantly different, * = significantly different at 0.05, ** = significantly different at 0.01 confidence level.


    Correlation Between Fruit Size and Number of Filled Seeds


    As shown in Figure 3, the relationship between fruit size and number of seeds adheres to the following quadratic regression equation: log10 fruit length = 1.220 + 0.01596 seeds content – 0.000407 seeds content2, with R2 = 31.1% and p<0.001. On the other hand, the correlation between fruit width and number of filled seeds is described by the following equation: log10 fruit width = 0.8668 + 0.01980 seeds content – 0.000518 seeds content2, with R2 = 52.8% and p<0.001. Correlations were higher for fruit width than for fruit length, indicating that the number of seeds has a stronger effect on fruit width than fruit length. In addition, as shown in the accompanying graph, the correlation between increasing fruit size and increasing number of seeds held only until the number of seeds reaches 20 seeds/fruit. For larger number of seeds per fruit, fruit sizes tended to decrease.


    Relationships Between Dendrometric Variables and Production Variables


    The number of panicles per tree positively and significantly correlated with DBH (p<0.05), crown width (p<0.01), and number of sub-branches per tree (p<0.05) (Table 4). The remaining dendrometric variables, i.e., total height, crown length, and crown base height, showed weak correlations with the number of panicles (Fig. 4). Variations in numbers of fruits/panicle did not correlate with all dendrometric variables considered herein, except crown length and crown base height (Fig. 5). The number per panicle was positively correlated with crown length and negatively correlated with crown base height.


    Table 4: Pearson correlations between surian (T. sinensis) production and dendrometric variables.
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    Note: * = Correlation significant at confidence level α = 0.05.
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      Figure 3: Scatter graphs and quadratic regression curves of 890 surian fruit samples from the Padasari and Sukajadi Villages, correlating the number of seeds/fruit with (a) fruit length and (b) fruit width.


      Note: SN = seed number; Fw = fruit width; Fl = flower length.
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      Figure 4: The relationship between surian tree characteristics and the number of panicles per tree.
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      Figure 5: The relationship between surian tree characteristics and the number of fruit per panicle.

    


    DISCUSSION


    The number of flowers vary greatly, from 951 to 27,315 flowers per panicle, indicating that internal or environmental factors can considerably affect surian flower production. Therefore, understanding the factors that affect flower production is crucial to improving the productivity of a surian seed source. In the present study, we found that some fruits containing 1–5 filled seeds could grow and mature. This indicates that surian flowers do not require many fertilised ovules to produce mature fruits. As opposed to the types of pollinators that bring abundant pollen but visit fewer flowers, it appears that flower-visiting insects, such as small insects, that carry less pollen, have high populations, and visit a multitude of flowers, were more beneficial with regard to surian seed sets that produce large numbers of small flowers.


    The results herein showed that fruit sizes increased with increasing number of seeds; however, for numbers greater than 20 seeds per fruit, greater seed numbers correlated with smaller fruits. It is suspected that the resources required for seed settings were limited, such that, as fertilised ovules exceeded capacity, available resources were used to set higher numbers of smaller seeds. The results also showed that the largest and most common fruits contained ± 20 seeds. This indicates that the optimal capacity for surian fruit development is ± 20 filled seeds per fruit. Surian fruit containing greater than 20 filled seeds also demonstrated lower seed quality, in agreement with previous studies of other species that showed positive correlations between seed size and seed or seedling quality. For example, in Prosopis cineraria (Manga & Sen 1995) and Acacia crassicarpa (Yuniarti et al. 2013), smaller and lighter seeds have lower seed viability compared to heavier and larger seeds. Seed size is also positively correlated with the growth and survival of seedlings of Quercus rubra (Aizen & Woodcock 1996). Furthermore, smaller fruits raise the risk of producing poor-quality seeds because fruit size can affect seed quality. Khan et al. (1999) showed that seeds collected from smaller Mesua ferrea fruit have lighter seeds and lower germination rates and require longer times to germinate than seeds obtained from large fruits. In addition, seeds collected from fruits containing many seeds exhibited lower vigour and survival rates than seeds collected from fruits containing fewer seeds (Khan et al. 1999).


    Seed sets obtained from 890 sample fruits from both villages ranged from 2.6% to 91.9% with an average value of 39.7±16.0%. This average level is low because, approximately 50% seed set (for which the number of seeds is approximately 20 seeds/fruit) is the most optimal as well as the most common. It should certainly be possible to increase the average seed set level to 50%. According to a study by Ishida et al. (2003), inbreeding depression as a result of self-pollination is one of the causes of low seed set. This may be the case with surian, as surian flowers are small and strongly scented, indicating that the pollinators of surian flowers are small insects (Hua & Edmonds 2008; Kettle et al. 2011). Small pollinators with narrow flight ranges (Kettle et al. 2011) may increase the likelihood of self-pollination. The present study showed that some trees that grow alone produce fertile fruit, suggesting that surian trees may self-pollinate. When nutrients are limited, self-pollination increases embryo abortion rates (Nuortila 2007). Therefore, with regard to managing surian seed sources, spacing becomes very important in order to ensure facile pollinator movement among trees. Seed set levels can also be influenced by photosynthate availability. According to Goldsworthy (1992), photosynthate availability is vital to seed formation. Low photosynthate availability, due to a reduced quantity of leaves, reduces seed production. This indicates that seed set levels may be increased via crown volume enlargement and improved sunlight intensity, both of which can be obtained by improved soil fertility and plant spacing.


    In the present study, fruit sizes and seed productions significantly differed between trees (Table 3), suggesting that differences in conditions among trees and their interaction with the local environment affect fruit and seed production. In addition, some production parameters differed among sub-branches on a particular tree, while these parameters did not differ significantly for other trees (Table 3). This suggests that the reproductive success of surian trees were sensitive to differences in local environmental conditions. For a given tree, the position of the panicle and the wind direction, both of which affect flowers’ access to pollinators and sunlight, and their interaction with plants, branches, or panicles nearby may play significant roles in seed production and fruit production. Differences in production among parts of a given tree and the benefits of northeast orientation of the tree crown have also been reported in Vitellaria paradoxa (Lamien et al. 2007).


    The dendrometric variables considered herein did not correlate with the number of flowers per panicle, probably due the effects of soil nutrients (Kelly et al. 2007) or climate on flowering (Sakai et al. 2006). Nonetheless, these dendrometric variables affected the number of fruits per panicle, consistent with studies conducted by Tabla and Bullock (2006), which revealed a significant relationship between tree size and fruit production of a particular tropical tree. In the present study, the number of fruits per panicle decreased with increasing canopy base height and total tree height. This is likely caused by low incidences of flower visits by insect pollinators due to increased distances between the pollinators’ nests/habitats and the flowers requiring pollination (Boreux et al. 2013), which indicates that herbaceous plants or the forest floor are the habitat of the insect pollinators. Indeed, Bawa et al. (1989) reported that plants on tropical forest floors experience the highest diversity of pollinators. It can, therefore, be surmised that small pollinators of surian that inhabit the forest floor prefer to visit flowers located in a low canopy. However, data related to surian pollinator movements were not obtained in this study.


    Crown length and crown base height significantly correlated with the number of fruit per panicle but did not significantly correlate with the number of seeds per fruit. It is possible that this occurred because the fruit set, which is determined by pollination, is influenced by pollinator visits, while the number of seeds, which is determined by the success of fertilisation, is influenced by the availability of compatible pollen stuck to the surface of each stigma. The canopy length and canopy base height influence the availability of pollinators more substantially than the availability of compatible pollen. The availability of compatible pollen is determined by outcrossing, which is influenced by the existence and condition of other surian trees in the surrounding areas.


    CONCLUSION


    In summary, productions of surian fruit and seeds vary greatly, and these variations differed significantly among trees as well as their branches, a phenomenon that is thought to be influenced by differences in a narrow range of local environmental factors. Dendrometric factors also affected the characteristics of fruit production. Stem diameter, crown width, and the number of sub-branches positively affected the production of panicles per plant. The lower the base of the crown and the greater the distance between the crown base to the total tree height, the higher should be the surian fruit set. With regard to managing seed sources, interactions of surian trees with other trees as well as with the forest floor environment are very important considerations. Therefore, more research is required to improve our understanding of the influences of soil, tree structure, and species composition and interactions on surian reproduction.
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    Abstrak: Perkembangan agrikultur di tropika ketinggalan di belakang perkembangan di kawasan temperat disebabkan kekurangan teknologi maju dan pelbagai faktor biotik dan abiotik. Untuk menghadapi permintaan yang meningkat terhadap makanan dan lain-lain produk berteraskan tumbuhan, varieti tanaman yang lebih baik perlu dihasilkan. Untuk membiak varieti yang lebih baik ini, pemahaman yang baik tentang genetik tanaman diperlukan. Dengan adanya teknologi penjujukan DNA generasi terkehadapan, banyak genom tanaman telah dijujuk. Kepentingan utama diberikan kepada tanaman makanan termasuk bijirin, tanaman ubi, sayuran, dan buahan. Maklumat jujukan DNA amat penting untuk mengenal pasti gen utama yang mengawal ciri agronomi penting dan untuk menentukan kevariabelan genetik antara kultivar. Namun, penjujukan semula DNA secara besar-besaran serta kajian pengekspresan gen perlu dilakukan untuk meningkatkan dengan ketara pemahaman kita dalam genetik tanaman. Aplikasi pengetahuan dari genom, transkriptom, kajian pengekspresan gen, dan epigenetik akan membolehkan perkembangan varieti yang lebih baik dan mungkin mengarah kepada revolusi hijau kedua. Aplikasi teknologi penjujukan DNA generasi terkehadapan dalam menambah baik tanaman, limitasinya, prospek masa hadapan, dan ciri-ciri penting projek genom tanaman diulas di sini.


    Kata kunci: Agrikultur Tropika, Genom Tanaman, Penjujukan Genom


    Abstract: Agricultural development in the tropics lags behind development in the temperate latitudes due to the lack of advanced technology, and various biotic and abiotic factors. To cope with the increasing demand for food and other plant-based products, improved crop varieties have to be developed. To breed improved varieties, a better understanding of crop genetics is necessary. With the advent of next-generation DNA sequencing technologies, many important crop genomes have been sequenced. Primary importance has been given to food crops, including cereals, tuber crops, vegetables, and fruits. The DNA sequence information is extremely valuable for identifying key genes controlling important agronomic traits and for identifying genetic variability among the cultivars. However, massive DNA re-sequencing and gene expression studies have to be performed to substantially improve our understanding of crop genetics. Application of the knowledge obtained from the genomes, transcriptomes, expression studies, and epigenetic studies would enable the development of improved varieties and may lead to a second green revolution. The applications of next generation DNA sequencing technologies in crop improvement, its limitations, future prospects, and the features of important crop genome projects are reviewed herein.
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    INTRODUCTION


    Tropical countries are generally underdeveloped compared to temperate countries. Poor agricultural productivity is a major reason for the underdevelopment of tropical countries (Gallup & Sachs 2000). The tropics are the centre of origin and domestication for many important crops. However, colonial rule in many developing tropical countries has reduced the number of crops to a few export commodities (Morales 2009), and the improvement of most of the staple food crops has received the least attention. Lack of technological adoption and various abiotic and biotic factors contribute to the decline in agricultural productivity in the tropics. An integrated approach using improved crop varieties and fertilisers and pesticides led to the green revolution in late 1960s, which could protect many of the developing countries against famine. Hybridisation has emerged in the 1960s to 1980s as a powerful breeding tool that gave rise to many high yielding crop varieties (Guimaraes 2009). A greater understanding of genetics, together with technological advancement led to the development of transgenic crops in 1990s (Mannion & Morse 2013). Transgenic technology was widely accepted initially, as it allows the transfer of one or a few desirable genes, in contrast to conventional breeding methods, in which undesired genes may also be transferred. Several transgenic varieties have been commercialised, including, insect resistant cotton, herbicide tolerant soybean, and virus resistant papaya (Mannion & Morse 2013). However, currently transgenic crops are controversial, especially genetically modified (GM) foods, as they may cause food allergies and may transfer antibiotic resistance to bacteria living in the gut (Mannion & Morse 2013). Environmentalists are concerned about the gene flow from transgenic plants to the wild varieties and the ecological imbalance that may be caused by transgenic plants with insecticidal proteins and herbicide resistance genes. Transgenic crops are not allowed in many countries, and transgenic research and field trials are not encouraged. Consequently, a different approach that can meet both the limitations of conventional breeding and the drawbacks of the transgenic approach is necessary for crop improvement. The advancements in sequencing technologies in recent years has revolutionised the field of genetics and opened a new era in crop breeding. The wealth of knowledge obtained from genome, transcriptome, gene expression profiles and epigenetic studies will help improve our understanding of underlying gene regulatory networks to empower a systematic improvement of crop breeding. Here, we review the applications in crop improvement for next generation sequencing technologies, discussing the limitations and future prospects of research. We also review the important crop genomes sequenced thus far.


    HOW NEXT GENERATION SEQUENCING HELPS CROP IMPROVEMENT


    Identification and exploitation of genetic variation is the basis of plant breeding. Traditional selection based on phenotype is tedious and time consuming. Molecular markers help to associate the phenotype with genotype. Many DNA based molecular markers have been developed for major crops during the past decades and used for detecting the genetic variation among the cultivars (Varshney et al. 2009). Marker assisted selection has been carried out in the progeny, which allows the early selection of desired progeny. DNA markers such as restriction fragment length polymorphism (RFLP), random amplification of polymorphic DNA (RAPD), amplified fragment length polymorphism (AFLP), single sequence repeat (SSR), and single nucleotide polymorphisms (SNPs) have been identified and applied to improve breeding of several plants (Salgotra et al. 2014). However, most of the conventional markers (RFLP, RAPD, AFLP, SSR) are selectively neutral, as they are located in non-coding and non-regulatory regions. When such markers are used for marker assisted selection, there will be chances of false positives, due to genetic recombination (Salgotra et al. 2014). Gene based functional nucleotide polymorphism, if identifiable within the gene of interest, is more powerful and reliable. It is more advantageous than conventional markers, as there is no recombination between the marker and the gene of interest. Therefore, there is no information loss over time. Markers that allow for the identification of allelic variation of a particular trait are more valuable in crop breeding (Salgotra et al. 2014).


    The recent advances in genome sequencing through next generation sequencing (NGS) technologies provide opportunities to develop millions of novel markers, as well as the identification of agronomically important genes (Edwards & Batley 2010). SNPs now dominate over other molecular marker applications, with the advancement in sequencing technology. Traditionally, PCR amplification is performed for the genomic region of interest from multiple individuals representing the diversity in a population, followed by sequencing. The sequences were then aligned to identify polymorphisms (Edwards & Batley 2010). This approach is expensive and time consuming. Now, large quantities of sequences generated through NGS platforms, together with the development of in silico methods, enable cheaper and more efficient SNP discovery. This approach also allows for the identification of functional indels (insertions or deletions), including partial or complete deletions of genes and different numbers of repeat motifs within SSRs (Salgotra et al. 2014). These markers have been used for the development of molecular genetic and physical maps, and for identifying the genes or quantitative trait loci controlling economically important traits (Varshney et al. 2009).


    Advancements in NGS enabled the development of high-density genetic maps. Genetic mapping places the markers in linkage groups based on their co-segregation. The genetic map predicts the linear arrangement of markers in a chromosome based on the recombination frequency between genetic loci in a population derived from crosses of genetically diverse parents (Edwards & Batley 2010). The enormous sequence data obtained through NGS technologies have enabled the improvement of genetic maps by increasing marker density. Thousands of markers may be located in different linkage groups. It helps to localise corresponding scaffolds on the map, thus enabling the possibility of complete genome mapping (Perez-de-Castro et al. 2012). It also helps to replace traditional quantitative trait locus (QTL) mapping with association mapping, because QTL provide a wide genome range within which the gene is located, whereas association maps mark traits with high resolution.


    The sequence data obtained from genomes and transcriptomes, together with their expression profiles that are associated with different physiological conditions, will help to identify the genes determining different traits. These data enable the unravelling of the regulatory mechanisms behind different traits, and help to elucidate the complete pathway. These data also enable the identification of allelic variations in candidate genes controlling important agronomic traits, which is crucial for successful breeding programmes. Identification of the key genes underlying a trait enables the transfer of the trait to another cultivar or species by genetic modification; alternatively, these traits may be incorporated into a cultivar by marker-assisted selection (Edwards & Batley 2010). Furthermore, the analysis of copy number variations among and between species will contribute to the understanding of the mechanism of heterosis (Bolger et al. 2014). In addition to the sequence variation, epigenetic changes are also responsible for heritable traits (Bevan & Uauy 2013). Advancement in sequencing technologies allows for the survey of genome-wide epigenetic variation at high resolution through techniques such as bisulfite sequencing (Bi-seq), methylated DNA immunoprecipitation sequencing (MeDIP-seq), and methylation-sensitive restriction enzyme sequencing (MRE-seq) (Bell & Spector 2011).


    Low agricultural productivity in the tropics can be explained by problematic soil due to humidity, rain fall variability, limited irrigation potential, pest and disease loads, and net photosynthetic potential differences (Gallup & Sachs 2000). The lack of freezing temperatures in the tropics favours an increased number of agricultural pests. Although the tropics are warmer and sunnier, it is generally cloudy, thus sunlight is blocked, which is disadvantageous for photosynthesis (Gallup & Sachs 2000). Also, night-time temperature is generally high, which causes high respiration and slows the rate of plant growth (Gallup & Sachs 2000). Identification of genes associated with disease resistance and other abiotic stress management would be particularly important for improving tropical agriculture. The knowledge obtained from genomes, transcriptomes, gene expression studies, and epigenetic variation studies would help to develop crop varieties that are capable of overcoming the disadvantages of tropical climates. Finally, one possible impact of genomics on plant breeding could be the development of a systems breeding approach, which integrates gene function information and regulatory networks to predict and estimate the contributions of genetic and epigenetic variations to phenotypes and field performance (Bevan & Uauy 2013).


    A GLIMPSE INTO THE SEQUENCED CROP GENOMES


    Following the genome sequencing of the model plant Arabidopsis, a number of crop species have been sequenced, many being important to tropical countries (Table 1). Most of the genome assemblies are in draft stage and extensive work is ongoing in the direction of closing the gaps and re-sequencing. In addition to the genome sequence, transcriptomes and expressions profiles are also available for many crops. The large genome size and polyploidy exhibited by many crop species impedes the sequencing and further analysis. A high percentage of repeat elements is also a major hurdle in genome assembly. However, a platform has been established for many important crops and further research could lead to more information for application in crop breeding.


    Sequencing Food Crops: An Endeavour to Reduce Hunger


    The recent surge in plant genome sequencing is primarily aimed to reduce hunger. Among the sequenced plant genomes, most are food crops that are especially important for tropical countries. These crops include different cereals, pulses, tuber crops, vegetables, fruits, and oil plants. Functional markers have been developed for many of these crops and genes controlling agronomically important traits have been identified. However, re-sequencing and gene expression studies are continuing to be completed for a comprehensive understanding of genetic mechanism behind each trait and to identify allelic variations. In addition to the sequenced crops, many genome projects are underway or at the planning stage.


    Three thousands rice genomes to feed billions


    Rice (Oryza sativa) is the most important crop, as staple food for more than half of the world’s population (Yu et al. 2002). It is the main food crop in most of the tropical countries. Rice cultivation occupies 11% of the world’s total arable land and it is a source of income for more than 100 million people around the world (Guimaraes 2009). O. sativa has two major sub species, indica and japonica. Japonica varieties are usually cultivated in temperate regions, while indica varieties are important for the tropics. A third sub species, javanica is also cultivated in the tropics and is also known as tropical japonica. Glaszmann (1987) classified O. sativa into six groups; indica, japonica, aromatic, aus, rayada, and ashina, based on isozymes.


    In the 1960s significant attention was given to the genetic improvement of rice, which preceded the green revolution. The main breeding goals were to increase yield, grain quality, resistant to blast disease, and drought tolerance (Guimaraes 2009). In the subsequent years, many high-yielding, semi-dwarf varieties (e.g., IR8) were developed by hybridisation. Mutation breeding was also popular for the development of new rice varieties. Biotechnological tools such as anther culture and protoplast fusion were shown to be promising tools in rice breeding (Guimaraes 2009). Several transgenic rice species (e.g., Golden rice) were also produced in 1990s (Khush & Brar 2003). In addition, different types of molecular markers were developed for rice and marker assisted selection has been employed in breeding programmes (Chen et al. 2000). A high-density rice genetic map was constructed with 2,275 markers (Harushima et al. 1998).


    Table 1: Features of major sequenced crop genomes.
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    The development of NGS technology enabled fast-forward genetic studies in rice (Huang et al. 2013b). The International Rice Genome Sequencing Project (IRGSP) started in 1997, and included representation from 11 countries (International Rice Genome Sequencing Project 2008). The 12 chromosomes of O. sativa were distributed among the groups from 11 different countries (China, Japan, India, United States of America, United Kingdom, Taiwan, Korea, Thailand, France, Brazil, and Canada) (Eckardt 2000). Some private firms also contributed to the rice genome sequencing. In 2000, Monsanto completed a draft of the rice genome and made it available to IRGSP (Eckardt 2000). IRGSP aimed to obtain a high quality, map-based sequence of the rice genome using cultivar Nipponbare of O. sativa ssp. japonica. IRGSP adopted the clone-by-clone shotgun sequencing strategy so that each sequenced clone can be associated with a specific position on the genetic map (http://rgp.dna.affrc.go.jp/IRGSP/index.html). In addition, two independent groups published the draft genome of both indica (Yu et al. 2002) and japonica (Goff et al. 2002) sub-species using whole genome shotgun strategy. The genome assembly of the indica subspecies was 466 Mb in size with an estimated 46,022 to 55,615 genes (Yu et al. 2002). The genome size of O. sativa ssp. japonica was estimated to be 420 Mb and the assembly covered 93% of the genome with 32,000–50,000 gene predictions. Only 49.4% of predicted rice genes had homologs in Arabidopsis thaliana, whereas 80.6% of predicted A. thaliana genes were represented in rice genome (Yu et al. 2002). IRGSP released a high-quality map-based draft sequence in December 2002. They completed the rice genome sequencing in December 2004 and a high quality map-based sequence of the entire genome was published (International Rice Genome Sequencing Project 2005) and is available in public databases. The genome size was found to be 389 Mb, comprising 37,544 protein coding genes. The transposon content was estimated to be 35%, and 80,127 polymorphic sites were identified that distinguishes japonica and indica. Sequence and physical maps for individual chromosomes were also published, including chromosome 1 (Sasaki et al. 2002), chromosome 4 (Feng et al. 2002), chromosome 10 (The Rice Chromosome 10 Sequencing Consortium 2003), chromosome 3 (The Rice Chromosome 3 Sequencing Consortium 2005), chromosome 11 and 12 (The Rice Chromosomes 11 and 12 Sequencing Consortia 2005) and chromosome 5 (Cheng et al. 2005).


    The various rice genome projects released an enormous amount of invaluable information and laid a strong foundation for rice genomics. These data were used to elucidate a major QTL for rice grain production, Gn1a, which was later identified as a cytokinin oxidase/dehydrogenase, an enzyme that degrades cytokinin (Ashikari et al. 2005). Later, the transcription factor controlling the expression of Gn1a was identified to be a zinc finger transcription factor, DST (draught and salt tolerance) (Li et al. 2013), which has been reported to regulate drought and salt tolerance in rice (Huang et al. 2009b). A genome-wide association study in a population of 950 world-wide rice varieties, including both indica and japonica subspecies, identified 32 loci associated with flowering time and 10 loci were associated with grain-related traits (Huang et al. 2012). However, more QTLs have to be mapped and the genetic variability between the cultivars and novel alleles from diverse germplasm has to be identified to improve breeding programmes. The International Rice Research Institute (IRRI), the Chinese Academy of Agricultural Sciences (CAAS) and the Beijing Genome Institute (BGI) have undertaken a re-sequencing of 3,024 rice varieties to uncover the allelic variation. Alignment to the reference, japonica Nipponbare genome identified variants at over tens of millions loci. Variant calling with other reference genomes is underway (McNally 2014). The re-sequencing of 3,000 rice genomes would be the second milestone in rice genomics. Systematic mining of these data would help to link phenotypic variation to functional variation. Future crop breeding programmes should consider the effects of climate change and loss of arable land. As this project comprised rice varieties from different geographical locations, including many indigenous varieties, it can address questions on the genetic variations linked to climate and geographical factors. The results would lead to the generation of some of the most valuable data for rice breeding, eventually leading to the development of superior varieties with improved yield, high nutritional quality and improved tolerance towards diseases, pests, different soil conditions, and stresses such as draught and flood, to feed billions, especially the populations of developing tropical countries.


    More than Food: Other Economically Important Crop Genomes


    In addition to food crops, a few other economically important crops were also sequenced (Table 1). Some of these crops are highly valuable, governing the economy of tropical countries. Systematic mining and utilisation of these data would help to develop varieties with higher yield and tolerance to biotic as well as abiotic stresses, and would boost up the economy of many tropical countries.


    Rubber and oil palm genomes: Promises to Malaysian economy


    Natural rubber (NR) is a unique biopolymer used in the manufacture of over 50,000 products world-wide (Nair 2010). Hevea brasiliensis (rubber tree) is the major source of NR. The rubber tree originated from the amazon basin and has been domesticated in other tropical countries. Today, rubber cultivation is mainly performed in the Asian countries, which account for 93% of the world’s supply. Malaysia has 4th position in NR production, after Thailand, Indonesia, and Vietnam. NR production in Malaysia was in its peak during the early 20th century; however, rubber plantation area has been gradually decreasing over the past 10 years. The rubber cultivation area reduced to 1.02 million ha in 2011 (Economic Transformation Programme [ETP] 2012). Decreased yield and susceptibility to diseases are the major challenges for rubber cultivation. Several high yielding clones were developed by the Malaysian rubber board and by rubber research centres in other countries. However, global demand for NR is increasing and to cope with this demand, genetically improved clones with more productivity have to be developed. In addition to NR, rubber wood is used as a source of timber with export value.


    Towards molecular breeding, several molecular markers have been developed for rubber tree and a saturated genetic linkage map was published based on RFLP, AFLP, microsatellite, and isozyme markers (Lespinasse et al. 2000). The same group published another linkage map for the H. brasiliensis cultivar MDF 180, which is resistant to South American leaf blight, and the QTL for resistance was mapped (Le Guen et al. 2011). Expressed sequence tags (EST) were generated from rubber latex, which provided more insights into rubber biosynthesis (Ko et al. 2003; Chow et al. 2007). With the advent of next generation sequencing technologies, several transcriptome sequencing projects have been completed and have been made available in the public domain (Triwitayakorn et al. 2011; Xia et al. 2011; Chow et al. 2012; Gébelin et al. 2012; Li et al. 2012; Lertpanyasampatha et al. 2012; Pootakham et al. 2012; Tang et al. 2013; Salgado et al. 2014). To obtain more insight into the noncoding regions and their regulatory roles, the draft genome of H. brasiliensis was published recently (Rahman et al. 2013). The assembly comprises 1.1 Gb of scaffolds of the estimated 2.1 Gb of genome. Approximately 78% of the genome was estimated to be repetitive DNA. A total of 68,955 gene models were predicted, of which 12.7% are unique to H. brasiliensis. Most of the genes associated with rubber biosynthesis, rubber wood formation, disease resistance and allergenicity have been identified. The genomic information together with transcriptomes provides a good foundation for the genetic studies and crop improvement.


    Rubber yield depends mainly on three factors—the number of laticifer rings, the rate of sucrose loading into the laticifers and the rate of isopentenyl diphosphate (IPP) polymerisation on the rubber particle. Systematic mining of genomic and transcriptomic information together with further expression studies would help to identify the key genes associated with the above aspects, which could be utilised in breeding clones with higher yield. A major impairment to rubber cultivation is its susceptibility to various diseases. Genomic and transcriptomic studies have identified the disease resistant genes and further studies would reveal more insights into the rubber tree’s genetic interaction with specific pathogens, leading to the development of disease resistant clones. Moreover, rubber cultivation is geographically restricted to a few regions. Increasing the area of rubber cultivation is another important approach to increase rubber production to cope with the global demand. Systematic mining of genomic and transcriptomic data would lead to the identification of genes imparting resistance to various geographical ailments and would lead to the development of clones suitable for various agro-climatic regions.


    Oil palm (Elaeis guineensis) is the principal source of palm oil. Palm oil is a food ingredient and is also used to produce biodiesel and other industrially important products. In addition, palm biomass is used to generate renewable energy, fuels, and biodegradable products. Oil palm is a native plant to west and central Africa, and domesticated in South East Asia in the 19th century (Gerritsma & Wessel 1997). Malaysia is the second largest producer of palm oil, after Indonesia. Indonesia and Malaysia produce approximately 85% of the world’s palm oil. The palm oil industry is one of the key economic drivers of these countries. In Malaysia, the oil palm planted area reached 5.23 million hectares by 2013 (Malaysian Palm Oil Board [MPOB] report, May 2013). Malaysia’s palm oil sector is targeted to boost the country’s total gross national income (GNI) by RM 125 billion to RM 178 billion by 2020 (ETP 2012).


    Oil palm breeding has been revolutionised by the discovery of a single gene inheritance for shell thickness. The gene shows co-dominant monogenic inheritance, and has been exploited in breeding programmes (Sambanthamurthi et al. 2009). With the advancement of genomics technology, the generation of ESTs, genetic mapping and application of DNA chip technology have been employed (Sambanthamurthi et al. 2009). A linkage map was constructed comprising 17 linkage groups with 117 RFLP loci, 384 AFLP markers and 23 SSR markers (Singh 2005). Several QTLs and the fruit colour genes (vir) have been successfully tagged in the linkage map. The markers associated with shell thickness have been identified; however, the closest marker linked to the shell thickness loci was mapped approximately 5 cM away from the shell thickness loci, far away to allow for an error free selection of the trait in the nursery (Sambanthamurthi et al. 2009). The ESTs also provided a platform for large-scale functional analysis of the genes using microarrays.


    With the recent surge in next generation sequencing, the 1.8 Gb E. guineensis genome was sequenced with a combination of Roche/454 and Sanger bacterial artificial chromosome (BAC) end sequencing (Singh et al. 2013b). In addition, transcriptome data from 30 tissues and a draft sequence of the South American oil palm, Elaeis oleifera were reported. A total of 34,802 genes were predicted, including oil biosynthesis genes, homologues of WRINKLED1 (WRI1), and other transcriptional regulators, which are highly expressed in the kernel (Singh et al. 2013b). In the subsequent studies, the gene responsible for the shell thickness (SHELL) was identified and mapped (Singh et al. 2013a), delivering the opportunity for further exploitation in breeding programmes. Recently, an SNP based high density linkage map was constructed using genotyping by sequencing approach, and 3 QTL affecting trunk height and a single QTL associated with fruit bunch weight were identified (Pootakham et al. 2015). The sequence information provides the opportunity to mine other key genes responsible for higher productivity and resistance to biotic and abiotic stress.


    A major criticism against oil palm cultivation is that oil palms are grown in rainforest regions and a large area of precious virgin forests is felled for oil palm plantation. This criticism will be more severe in the future, as the global demand for palm oil is increasing. Extending oil palm cultivation to less suitable areas is the only way to overcome this problem. However, this would severely affect the productivity and thereby the economy of Malaysia, the country currently with the highest cultivation of oil palms. Utilising the vast resource of genome sequence information, it is possible to identify the genes providing resistance against the adverse soil and environmental conditions in these areas, which would help to breed suitable varieties for these regions. The genome sequence could be a rich resource for oil palm breeders and could be an important step towards the sustainable production of palm oil to meet the global demand, and for the sustainability of Malaysian economy.


    LIMITATIONS AND FUTURE DIRECTIONS


    The advancement in sequencing technology has revolutionised the field of genetics, enabling the mass sequencing of genomes and transcriptomes. Taking advantage of the new technologies, many crop genomes have been sequenced. However, this research is still in its embryonic stage. Many crop genome assemblies are still in the draft stage. A high percentage of repeats in many plant genomes makes it difficult to assemble the short reads from the NGS platforms. Failure to capture the information embedded in the repetitive fraction of the genome is a major drawback, as it may have key roles in regulatory aspects (Feuillet et al. 2011). Heterozygosity and polyploidy also add to the difficulties. The redundancy created by 2 or more sets of genes can affect the accuracy of genome assembly (Feuillet et al. 2011). Scientists are trying to close the gaps in the assembly using a non-gridded BAC library approach. Launching third-generation sequencing platforms such as Pacific Biosciences would be promising to obtain longer reads for the assembly of whole chromosomes. Purification of individual chromosomes and using them for shotgun sequencing or construction of BAC libraries is also a powerful method to obtain the complete genome assembly (Bolger et al. 2014). Another shortcut to improve the assembly is the approximate ordering and positioning of genes, uses the synteny information from related species (Bolger et al. 2014). Extensive re-sequencing is needed for the detection of SNPs. The cost of sequencing is the major hurdle here. However, the cost has been reduced considerably in recent years and is expected to be cheaper in the near future. Sequence capture and targeted sequencing is advantageous in this respect as it is cost-effective and helps to find the variants in the selected genomic region. More reliable and user-friendly software have to be developed for more precise data analysis.


    Another challenge is that the functions of many genes identified by genome sequencing remain unknown and the genetic control of the majority of agronomic traits has yet to be determined. Global research in A. thaliana has revolutionised the understanding of basic mechanisms in plant development, adaptation and tolerance to abiotic and biotic stresses. As the basic pathways are common to all plants, Arabidopsis genes can be used as candidate genes for identifying orthologs in crops. However, such translational biology is complex and inefficient for disease resistance. This is because, there are two resistance mechanisms; pathogen associated molecular pattern-triggered immunity (PTI) and effector-triggered immunity (ETI), of which ETI is specific to each species (Feuillet et al. 2011). Moreover, several crop plants are polyploids with more complex regulation between homoeologous genes, which may obscure the orthologous relationship between models and polyploid crop genomes (Feuillet et al. 2011). Gene expression profiling of different physiological responses by microarray or RNA-seq can provide clues to the functionality of genes. However, complete characterisation is needed before attempting gene transfer. The negative pleiotropic side effects also have to be considered (Salgotra et al. 2014). A complete and precise knowledge of the sequence, expression and functions of the genes has to be obtained before translating them into application through breeding. This decade should focus on acquiring knowledge and the application of the knowledge acquired would be expected in the coming decades in the form of improved varieties of crops with better yield and resistant to biotic and abiotic stress.


    CONCLUSION


    Advancement in sequencing technologies has had a great impact on crop genetics, enabling the sequencing of genomes and transcriptomes of several crops. Although, reference genomes have been obtained for many important crops, massive re-sequencing and gene expression studies are essential to identify the key genes responsible for a desired trait and to find its allele variability. Utilisation of this knowledge in crop breeding would empower the development of better crop varieties and may lead to a second green revolution. This would reduce the hunger of billions and revolutionise the economies of developing tropical countries.
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    Abstrak: Kajian ini menganalisa pencapaian tiga alat penyampelan bentik yang selalu digunakan untuk memungut makroinvertebrata air tawar. Kecekapan jaring kualitatif rangka-D dan jaring akuatik segi empat dibandingkan dengan penyampel kuantitatif Surber di sungai tropika di Malaysia. Kepelbagiaan dan kepelbagaian makroinvertebrata yang dipungut menggunakan setiap alat dinilai bersama variasi relatifnya (RV). Setiap alat digunakan untuk menyampel makroinvertebrata dari tiga anak sungai yang mengairi kawasan yang berbeza: satu kebun sayur, sebuah ladang teh dan satu hutan simpan. Kepelbagaian makroinvertebrata yang tinggi direkod pada kaedah pungutan jaring segi empat dan penyampel Surber di sungai berhutan; sungguh pun begitu kelimpahan spesies yang sangat rendah direkod pada penyampel Surber. RV yang agak besar pada pungutan penyampel Surber (RV 36% dan 28%) diperhatikan masing-masing pada anak sungai di kebun sayur dan di ladang teh. Di antara tiga kaedah penyampelan, jaring segi empat adalah paling cekap, memungut kepelbagaian taksa dan bilangan (kelimpahan) makroinvertebrata yang tinggi secara keseluruhan, terutamanya dari anak sungai di kebun sayur dan di ladang teh (RV<25%). Hanya sedikit tangkapan jaring segi empat (<8 sampel) sudah mencukupi untuk menjalankan penilaian biologi kualiti air, tetapi setiap sampel memerlukan masa memproses yang lebih panjang (±20 min) dibanding dengan alat penyampel yang lain. Sebagai kesimpulan, semua alat penyampel adalah sesuai untuk pungutan makroinvetebrata di anak sungai di Malaysia dan mengumpul himpunan yang menghasilkan keputusan kelas kualiti air biologi Family Biotic Index (FBI) dan Biological Monitoring Working Party (BMWP) yang serupa. Namun di sebalik masa pemprosesan yang lebih panjang, jaring segi empat adalah lebih cekap (RV paling rendah) untuk memungut sampel dan lebih sesuai untuk pungutan makroinvertebrata dari anak sungai yang boleh diharung yang dalam, berarus deras dengan substrata yang kasar.


    Kata kunci: Alat Penyampel, Taburan Makroinvertebrata, Masa mengasing, Penggunaan Tanah


    Abstract: This study analyses the sampling performance of three benthic sampling tools commonly used to collect freshwater macroinvertebrates. Efficiency of qualitative D-frame and square aquatic nets were compared to a quantitative Surber sampler in tropical Malaysian streams. The abundance and diversity of macroinvertebrates collected using each tool evaluated along with their relative variations (RVs). Each tool was used to sample macroinvertebrates from three streams draining different areas: a vegetable farm, a tea plantation and a forest reserve. High macroinvertebrate diversities were recorded using the square net and Surber sampler at the forested stream site; however, very low species abundance was recorded by the Surber sampler. Relatively large variations in the Surber sampler collections (RVs of 36% and 28%) were observed for the vegetable farm and tea plantation streams, respectively. Of the three sampling methods, the square net was the most efficient, collecting a greater diversity of macroinvertebrate taxa and a greater number of specimens (i.e., abundance) overall, particularly from the vegetable farm and the tea plantation streams (RV<25%). Fewer square net sample passes (<8 samples) were sufficient to perform a biological assessment of water quality, but each sample required a slightly longer processing time (±20 min) compared with those gathered via the other samplers. In conclusion, all three apparatuses were suitable for macroinvertebrate collection in Malaysian streams and gathered assemblages that resulted in the determination of similar biological water quality classes using the Family Biotic Index (FBI) and the Biological Monitoring Working Party (BMWP). However, despite a slightly longer processing time, the square net was more efficient (lowest RV) at collecting samples and more suitable for the collection of macroinvertebrates from deep, fast flowing, wadeable streams with coarse substrates.


    Keywords: Sampling Tool, Macroinvertebrate Distribution, Sorting Time, Land Use


    INTRODUCTION


    Several qualitative and quantitative sampling tools are designed to collect benthic invertebrates (Barbour et al. 1999; Merritt et al. 2008), but none of these devices are an effective sampler in all habitats, particularly given differing stream degradation levels and site topographies. Both types of sampler (i.e., qualitative and quantitative) collect aquatic samples by physically removing macroinvertebrates from the substrate and trapping them in a net held downstream. Commonly used samplers such as the Surber sampler (Surber 1937), the Hess sampler (Hess 1941) and a D-frame net (Merritt & Cummins 1996) capture benthic organisms from stream substrates in very small areas (Surber: 0.09 m2, Hess: 0.09 m2, D-net: 0.3 m2). Extrapolating sample data from these methods to the square metre could lead to the overestimation of species abundance and diversity at the site due to the generally patchy distribution of invertebrates in streams (Downing 1979; Lancaster et al. 1991; Che Salmah et al. 2013). Collection of a large sample is required to accurately estimate the population size and diversity of a community, as well as to minimise the variance in measures of abundance (Needham & Usinger 1956; Allan 1982; Morin 1985; Che Salmah et al. 2007), especially in tropical streams where faunal abundance is thought to be low (Dudgeon 2008). In an attempt to minimise errors from using traditional samplers, Taylor et al. (2001) proposed the use of an electric shocker normally utilised in fish studies (Joy et al. 2013). This apparatus accumulates less debris, which reduces the sample processing time, and it facilitates the collection of a substantial number of invertebrates. Although this method can provide accurate estimates of population size and diversity, its efficiency is reduced and is less suitable in habitats with complex structures, such as woody debris or dense macrophyte (Portt et al. 2006), and it also threatens non-target organisms (Nielsen 1998). However, the vacuum benthos sampler (Brown et al. 1987) requires special equipment and a skilled operator to function efficiently (Lake 2013).


    A sampling tool’s efficiency is also determined by the time required to process the samples (Taylor et al. 2001), especially in a rapid water quality or environmental assessment (Barbour et al. 1999). The amount of debris collected in the sample and the condition of the organisms collected (Hawking & New 1996) determine the sample processing time. A longer processing time is less desirable because, apart from being laborious and costly, prey species are readily exposed to predators, such as predatory odonate larvae, when collected together in the samples (Peckarsky & McIntosh 1998).


    At present, two types of sampling tool are widely used to collect aquatic macroinvertebrates in Malaysia’s wadeable rivers (Merritt et al. 2008): the D-frame net (Che Salmah et al. 1999, 2001; Wahizatul et al. 2011, Al-Shami et al. 2013) and the Surber sampler (Othman et al. 2002; Azrina et al. 2006). These tools are used because they are practical and highly suited to sampling different habitats. However, in addition to only collecting within small substrate areas, these two sampling methods fail to collect macroinvertebrates drifting in the vertical water column above the height of the two tools (approximately 40 cm). Although quantitative collection using the Surber sampler is highly reliable in estimating the abundance and diversity of benthic invertebrates, its small size makes it difficult to set on rough substrates (Al-Shami et al. 2013) in deep water and often results in the loss of large organisms that are fast enough to crawl out of the front of the sampler (Hess 1941). A similar problem occurs with the D-frame net. Free-floating animals in the water column following physical disturbance of an area in front of the net can easily avoid the small net opening (approximately 40 cm) and escape collection in the fast flowing water of wide rivers.


    Large samples are required to estimate populations in tropical rivers because these locales often have low invertebrate abundance and relatively high diversity (Dudgeon 2008). Although a number of samplers have been used in aquatic studies in Malaysia, their comparative performances have not been evaluated. In this study, we compared the efficiency and overall performance of three sampling tools, a large square net (0.5 m wide × 0.5 m high), a D-frame net (radius and height 0.38 m) and a Surber sampler (0.4 m wide × 0.4 m high) in the collection of freshwater aquatic macroinvertebrates. The objective of this study was to identify a sampling tool with high efficiency, good overall performance and high suitability for use in various aquatic habitats commonly encountered in Malaysian streams or wadeable rivers.


    MATERIALS AND METHODS


    Study Sites


    We sampled macroinvertebrates in three high gradient rivers surrounded by different land uses in the Cameron Highlands, a high altitude landscape (approximately 2300 m a.s.l) located in the state of Pahang, Malaysia. The Bertam River (N04 26’34.1” E101 23’16.6”) drains a vast area of vegetable farms; the Ulong River (N04 44’80.4” E101 42’24.0”) flows through a tea plantation; and the Pauh River (N04 28’46.6” E101 22’59.4”) passes through a large forest reserve. Based on Strahler (1957), Bertam River belongs to the third river order while both Ulong and Pauh are second order rivers. Measuring river parameter prior to macroinvertebrate collection, we found that average river width ranged from 2.8 m to 12.23 m wide. The water temperatures varied slightly from 16.67°C to 22.43°C and pH from 5.53–7.01, dissolved oxygen (DO) levels from 7.42–8.08 mgL–1 and conductivity from 13.17–62.93 uScm–1. In the Pauh and Bertam rivers, 30% of the substrate was boulder (>25.6 cm), while in the Ulong River the substrate was dominated by sand (50%).


    Sampling Tool and Macroinvertebrate Collection


    In this study, benthic macroinvertebrates were sampled from the rivers on one sampling occasion in May 2013. Two qualitative sampling tools (D-frame net and square net) and a quantitative sampling tool (Surber sampler) were used to collect the aquatic macroinvertebrates from each of the three rivers. All tools are suitable for sampling multiple habitats, have good potential to support a rapid biological assessment (RBA) and are relatively inexpensive to use. Moreover, these tools do not require a skilled operator to function. One person is able to handle the Surber sampler, whereas two people are required to operate the other two tools.


    A D-frame net with a 1.2-m-long handle and a 60 cm long cone-shaped net with 0.3 mm mesh and a diameter of 0.38 m was used in this study. At sites with sandy substrate, the net was dragged against the water flow over an area of 1 m2 while large substrates were gently rubbed or kicked for 2 min with hands or feet, respectively, to dislodge free-living and burrowing aquatic macroinvertebrates from the river bed (Che Salmah et al. 2001; Che Salmah & Wahizatul Afzan 2005; Al-Shami et al. 2010a, b; Wahizatul et al. 2011). Cobble and boulders were hand-lifted, and their surfaces carefully rubbed to dislodge any aquatic macroinvertebrates into the net. A square frame net with a 0.5 m × 0.5 m opening, a 90 cm cone shaped net with 0.3 mm mesh, and a 1.2 m long handle were used to collect samples following a similar method to that employed for the D-frame net.


    The third tool was a Surber sampler, 40 cm wide × 40 cm long and 40 cm high with 0.16 m2 catching area and a net of 0.3 mm mesh. The sampler was firmly embedded into the river substrate with its opening faced upstream, against the water flow. The area within the frame was disturbed to dislodge all animals in the substrate, and the animals were subsequently swept by the water and collected in the net. Larger substrates within the frame were placed into a bucket filled with water and gently scrubbed to detach any macroinvertebrates clinging to their surfaces. These macroinvertebrates were added to the collection. Ten aquatic macroinvertebrate samples were collected along a 100 m reach using each sampler, and a total of 90 samples were collected from the 3 streams. The difference in the substrate area sampled by each tool was considered a defining attribute of that tool. Macroinvertebrates collected via a net were transferred into labelled plastic bags containing a small amount of water. The macroinvertebrates were sorted and preserved in universal bottles containing 75% ETOH in the laboratory. They were identified using keys found in Merritt et al. (2008), Morse et al. (1994), Yule and Yong (2004), Jäch and Ji (1998; 2003) and Sangpradup and Boonsoong (2006).


    Processing time was estimated and recorded as the time it took to sort all macroinvertebrates in a sample after it was emptied into a sorting tray. According to Taylor et al. (2001), the processing time is the duration (in min) taken to sort 100 individuals from a sample. Because the number of macroinvertebrates collected in most of our samples was less than 100, the duration spent to process a sample in this study was divided by the number of macroinvertebrates in each sample and multiplied by 100. To eliminate possible human error, the macroinvertebrates collected by all tools were sorted by the same person. The detritus collected in each sample was placed into an aluminium tray and dried in an oven at 60°C for 3 days. The dry mass was subsequently weighed using a AL-5000 microbalance (Denver Instrument, New York).


    Data Analysis


    Differences in the mean abundances of the macroinvertebrates collected by each of the three sampling tools from the three rivers were analysed using the Kruskal-Wallis test for non-normally distributed data. Levene’s test was applied to verify the homogeneity of the variances. Both the Kruskal-Wallis and Levene’s test were executed using the Statistical Package for the Social Sciences (SPSS Software Version 20.0). Relative variation (RV) was estimated to determine the efficacy of each sampling tool in macroinvertebrate collection. RV is defined as the ratio of the standard error of the mean (SEM) divided by the mean (m) and presented as a percentage (%).


    RV (%) = (SEM/m) × 100 (Pedigo et al. 1982).


    A Sampling tool with an RV>25% is considered to have low precision (Southwood 1978) and a tool with the lowest RV represents the most efficient sampler in this study.


    Box plots were constructed using SPSS Software Version 20.0 (IBM Corporation, New York) to represent the distribution of aquatic macroinvertebrates collected using different tools. Ecological indices of diversity (Shannon-Wiener Index, H’), richness (Margalef Index, R1) and evenness (Pielou Index, J) were calculated to compare the performance of each tool together with Alpha, Beta and Gamma diversity scores. All indices were generated using the SDR Program of Ecological Methodology (2nd ed., Exeter Software, New York) and Species Richness and Diversity (Version 4.1.2, PISCES Conservation Ltd., Hants, UK). The biological water quality indices Biological Monitoring Working Party (BMWP) (Armitage et al. 1983) and Family Biotic Index (FBI) (Hilsenhoff 1988) were calculated to compare water quality classifications corresponding to macroinvertebrate assemblages collected using different sampling tool. The distribution pattern of dominant intolerant insects was expressed using the Ephemeropteran, Plecoptera and Trichoptera (EPT) Richness Index (Lenat 1993). The relative tendency of each tool to collect a certain group of macroinvertebrates was determined by analysing variations in the number of dominant and rare taxa. Aquatic macroinvertebrate richness was estimated using the rarefaction analysis in BioDiversity Pro® (SAMS, Argyll, UK). The sampling tool associated with the maximum richness value at similar abundance levels to the other tools was identified using the rarefaction curves.


    RESULTS


    The total and relative abundances of aquatic macroinvertebrates collected using the three sampling techniques are listed in Table 1. Species richness and diversity varied significantly (Kruskal Wallis, p<0.0001) for macroinvertebrates collected from all three rivers using different sampling tool. The Levene’s test justified the homogeneity of the variances in all samples at p>0.05. The lowest macroinvertebrate abundance were found in the Surber sampler collection (30.23±5.05), but diversities within the samples collected using this tool were comparable to diversities in the square net sample (41) and were slightly higher than those in the D-frame net collection (40). High species abundance and diversity values were recorded for all square net samples (63.3±9.5).


    Baetis (family Baetidae), molluscs (Physa), trichopteran Hydropsyche and dipteran Simulium were identified as the most abundant genera collected by all three sampling techniques, and they represented the dominant macroinvertebrate genera in the rivers of the Cameron Highlands. The highest abundances of these genera were collected by the square net, a fact that was directly correlated with the net’s larger sampling area (i.e., the square net collected double the number of Baetis collected by the Surber sampler and two thirds the number collected using the D-frame net). Given the small sampling area surveyed using the Surber sampler, the recorded abundance and especially the diversity values were high. Less mobile taxa such as Physa and Simulium were well represented in the Surber samples. The actively moving gerrid Metrocoris was also collected in large numbers using this method because these insects moved within a confined area of shallow water within the sampler and thus were easily caught. Meanwhile, some genera, such as ephemeropteran Campsoneuria, trichopteran Psilotreta and dipteran Tipula, were better represented in the square net samples. However, 10 of the genera listed in Table 1 were only recorded in the D-frame net samples, and greater abundances of plecopteran, Kamimuria, Phanoperla, and Amphinemoura were also recorded using this method. Overall, however, the Surber sampler collected only 42% of the macroinvertebrate abundance collected by the square net, whereas the D-frame net collected 72% of the square net total. Variations in the data distribution are shown in Figure 1. The amount of data collected corresponded with the size of the area sampled by each method.


    Each sampling tool’s performance related to the collection of benthic macroinvertebrates from rivers draining different land uses is compared in Table 2 and Figure 2. In general, the highest macroinvertebrate abundances were recorded in the pristine river (Pauh River) running through the forest reserve, followed by the Ulong River draining the tea plantation and passing the highly disturbed vegetable farms. The highest diversity (H’) and richness (except for the tea plantation) values were recorded in samples taken using the D-frame net. Meanwhile, the lowest taxonomic variation (β diversity) was recorded in samples from square net collections (except for the tea plantation) and the highest variation was found in Surber sampler samples (Table 2). The D-frame net method further captured the richest and highest community diversity values in the vegetable farm and forest-reserve samples. Macroinvertebrate diversity collected by all sampling tools was in general poorly distributed in all types of land uses. The EPT Index was extremely low in the highly disturbed river (EPT Index <10), but the Surber sampler recorded the highest EPT score of all three methods in this land use type. In the forest reserve, higher EPT Index values were recorded, and again the Surber sampler collected the greatest number of these tolerant genera (17), likely because of the method’s ability to capture burrowing trichopterans or ephemeropterans. The dominant taxon in the Surber sampler collection was a less motile insect (Simulium), which attaches itself to substrate. Except for BMWP, biological water quality was similarly classified for all rivers regardless of the tool used (Table 3). However, the rarefaction prediction of macroinvertebrate diversity measured from different tool samples indicated that using the Surber sampler was more effective than the other two methods (Fig. 3). Nevertheless, at higher abundance levels (i.e., >1500), the differences in diversity may not be very obvious between tools.


    Table 1: Total and relative abundance of aquatic macroinvertebrate taxa in rivers of the Cameron Highlands, Pahang, collected using three sampling tools: the Surber sampler, D-frame net and square net.


    
      
        	Order

        	Family

        	Genus

        	
          Abundance (Relative abundance %)

        
      


      
        	
          Surber sampler

        

        	
          D-frame net

        

        	
          Square net

        
      


      
        	Platyhelminthes

        	

        	

        	
          2 (0.22)

        

        	
          34 (2.51)

        

        	
          17 (0.89)

        
      


      
        	Annelida

        	Eupobdellidae

        	

        	
          14 (1.54)

        

        	
          38 (2.81)

        

        	
          31 (1.63)

        
      


      
        	

        	Oligochaeta

        	

        	
          15 (1.65)

        

        	
          44 (3.25)

        

        	
          72 (3.79)

        
      


      
        	Mollusca

        	Physidae

        	Physa

        	
          143 (15.77)

        

        	
          127 (9.39)

        

        	
          211 (11.11)

        
      


      
        	

        	Lymnaeidae

        	Lymnaea

        	
          39 (4.30)

        

        	
          12 (0.89)

        

        	
          32 (1.68)

        
      


      
        	

        	Thiaridae

        	Melanoides

        	
          –

        

        	
          –

        

        	
          1 (0.05)

        
      


      
        	

        	

        	Amerianna

        	
          9 (0.99)

        

        	
          –

        

        	
          1 (0.05)

        
      


      
        	

        	Planorbiidae

        	Indoplanorbis

        	
          68 (7.50)

        

        	
          58 (4.29)

        

        	
          82 (4.32)

        
      


      
        	Brachyura

        	Sesarmidae

        	Varuna

        	
          1 (0.11)

        

        	
          3 (0.22)

        

        	
          –

        
      


      
        	Crustacea

        	Amphipoda

        	

        	
          1 (0.11)

        

        	
          –

        

        	
          –

        
      


      
        	

        	Isopoda

        	

        	
          –

        

        	
          5 (0.37)

        

        	
          –

        
      


      
        	Collembola

        	Mackenziellidae

        	

        	
          4 (0.44)

        

        	
          2 (0.15)

        

        	
          –

        
      


      
        	Coleoptera

        	Noteridae

        	

        	
          2 (0.22)

        

        	
          18 (1.33)

        

        	
          –

        
      


      
        	

        	Curculionidae

        	

        	
          1 (0.11)

        

        	
          –

        

        	
          –

        
      


      
        	

        	Psephenidae

        	

        	
          1 (0.11)

        

        	
          3 (0.22)

        

        	
          7 (0.37)

        
      


      
        	

        	Gyrinidae

        	

        	
          –

        

        	
          –

        

        	
          4 (0.21)

        
      


      
        	

        	Eulicadidae

        	Eulicas

        	
          –

        

        	
          –

        

        	
          3 (0.16)

        
      


      
        	

        	Hydrophilidae

        	Berosus

        	
          –

        

        	
          –

        

        	
          2 (0.11)

        
      


      
        	

        	Hydrophilidae

        	

        	
          1 (0.11)

        

        	
          1 (0.07)

        

        	
          –

        
      


      
        	

        	Dytiscidae

        	Laccophilus

        	
          –

        

        	
          1 (0.07)

        

        	
          –

        
      


      
        	

        	Dytiscidae

        	

        	
          –

        

        	
          4 (0.30)

        

        	
          –

        
      


      
        	Hemiptera

        	Naucoridae

        	Gestroiella

        	
          10 (1.10)

        

        	
          9 (0.67)

        

        	
          21 (1.11)

        
      


      
        	

        	Geriidae

        	Metrocoris

        	
          14 (1.54)

        

        	
          3 (0.22)

        

        	
          1 (0.05)

        
      


      
        	

        	Aphelocheridae

        	Aphelocheirus

        	
          –

        

        	
          1 (0.07)

        

        	
          –

        
      


      
        	

        	Corixidae

        	Micronecta

        	
          –

        

        	
          2 (0.15)

        

        	
          –

        
      


      
        	Odonata

        	Libelullidae

        	Tholymis

        	
          –

        

        	
          1 (0.07)

        

        	
          –

        
      


      
        	

        	Libelullidae

        	

        	
          –

        

        	
          –

        

        	
          1 (0.05)

        
      


      
        	

        	Aeshnidae

        	Aeshna

        	
          –

        

        	
          1 (0.07)

        

        	
          2 (0.11)

        
      


      
        	

        	Chlorogomphidae

        	Chlorogomphus

        	
          6 (0.66)

        

        	
          11 (0.81)

        

        	
      


      
        	

        	Euphaeidae

        	Eupahea

        	
          –

        

        	
          0 (0.00)

        

        	
          1 (0.05)

        
      


      
        	Ephemeroptera

        	Baetidae

        	Baetis

        	
          196 (21.61)

        

        	
          300 (22.17)

        

        	
          406 (21.37)

        
      


      
        	

        	Heptageniidae

        	Thalerosphyrus

        	
          21 (2.32)

        

        	
          17 (1.26)

        

        	
          10 (0.53)

        
      


      
        	

        	

        	Campsoneuria

        	
          17 (1.87)

        

        	
          5 (0.37)

        

        	
          60 (3.16)

        
      


      
        	

        	

        	Epeorus

        	
          2 (0.22)

        

        	
          5 (0.37)

        

        	
          5 (0.26)

        
      


      
        	

        	Ephemeridae

        	Ephemera

        	
          –

        

        	
          –

        

        	
          1 (0.05)

        
      


      
        	

        	Leptophlebiidae

        	Habrophlebiodes

        	
          –

        

        	
          –

        

        	
          3 (0.16)

        
      


      
        	Plecoptera

        	Perlidae

        	Kamimuria

        	
          13 (1.43)

        

        	
          21 (1.55)

        

        	
          9 (0.47)

        
      


      
        	

        	

        	Etrocorema

        	
          –

        

        	
          –

        

        	
          4 (0.21)

        
      


      
        	

        	

        	Phanoperla

        	
          7 (0.77)

        

        	
          62 (4.58)

        

        	
          42 (2.21)

        
      


      
        	

        	Peltoperlidae

        	Cryptoperla

        	
          –

        

        	
          –

        

        	
          3 (0.16)

        
      


      
        	

        	Nemouridae

        	Amphinemoura

        	
          7 (0.77)

        

        	
          12 (0.89)

        

        	
          –

        
      


      
        	

        	

        	Indonemoura

        	
          17 (1.87)

        

        	
          39 (2.88)

        

        	
          78 (4.11)

        
      


      
        	Lepidoptera

        	Pyralidae

        	Eouphyla

        	
          1 (0.11)

        

        	
          –

        

        	
          –

        
      


      
        	Trichoptera

        	Polycentropodidae

        	

        	
          2 (0.22)

        

        	
          –

        

        	
          –

        
      


      
        	

        	Hydropsychidae

        	Diplectrona

        	
          18 (1.98)

        

        	
          13 (0.96)

        

        	
          16 (0.84)

        
      


      
        	

        	

        	Hydropsyche

        	
          81 (8.93)

        

        	
          172 (12.71)

        

        	
          253 (13.32)

        
      


      
        	

        	

        	Hydropsychinae

        	
          4 (0.44)

        

        	
          –

        

        	
          –

        
      


      
        	

        	

        	Oestropsyche

        	
          –

        

        	
          –

        

        	
          1 (0.05)

        
      


      
        	

        	Lepidostomatidae

        	Lepidostoma

        	
          3 (0.33)

        

        	
          23 (1.70)

        

        	
          31 (1.63)

        
      


      
        	

        	Brachycentridae

        	

        	
          1 (0.11)

        

        	
          –

        

        	
          –

        
      


      
        	

        	Ecnomidae

        	Ecnomus

        	
          –

        

        	
          6 (0.44)

        

        	
          –

        
      


      
        	

        	Philopotamidae

        	Chimara

        	
          2 (0.22)

        

        	
          –

        

        	
          –

        
      


      
        	

        	Sericostomatidae

        	Gumaga

        	
          1 (0.11)

        

        	
          –

        

        	
          –

        
      


      
        	

        	Leptoceridae

        	

        	
          –

        

        	
          3 (0.22)

        

        	
          –

        
      


      
        	

        	

        	Ceraclea

        	
          –

        

        	
          –

        

        	
          6 (0.32)

        
      


      
        	

        	

        	Setodes

        	
          1 (0.11)

        

        	
          –

        

        	
          6 (0.32)

        
      


      
        	

        	Odontoceridae

        	Psilotreta

        	
          2 (0.22)

        

        	
          2 (0.15)

        

        	
          12 (0.63)

        
      


      
        	Diptera

        	Chironomidae

        	

        	
          50 (5.51)

        

        	
          203 (15.00)

        

        	
          257 (13.53)

        
      


      
        	

        	Simuliidae

        	Simulium

        	
          124 (13.67)

        

        	
          83 (6.13)

        

        	
          167 (8.79)

        
      


      
        	

        	Emphididae

        	Clinocera

        	
          0 (0.11)

        

        	
          4 (0.45)

        

        	
          –

        
      


      
        	

        	Dolichopodidae

        	

        	
          1 (0.11)

        

        	
          2 (0.15)

        

        	
          1 (0.05)

        
      


      
        	

        	Syrphidae

        	

        	
          –

        

        	
          –

        

        	
          1 (0.05)

        
      


      
        	

        	Tipulidae

        	Tipula

        	
          1 (0.11)

        

        	
          –

        

        	
          12 (0.63)

        
      


      
        	

        	Culicidae

        	

        	
          3 (0.33)

        

        	
          –

        

        	
          –

        
      


      
        	

        	Athericidae

        	Suragina

        	
          –

        

        	
          1 (0.07)

        

        	
          –

        
      


      
        	Abundance (diversity)

        	

        	

        	
          806 (41)

        

        	
          1360 (40)

        

        	
          1897 (41)

        
      


      
        	Mean±SE

        	

        	

        	
          30.23±5.05

        

        	
          45.1±9.3

        

        	
          63.3±9.5

        
      

    


    Note: SE = standard error.


    Table 2: Performances of three sampling tools in the collection of macroinvertebrates from rivers draining different land uses in the Cameron Highlands, Pahang.
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    Notes: SE = Standard error; EPT Index = Ephemeroptera, Plecoptera and Trichoptera Index.


    Based on the RV values (Table 4), the square net and the D-frame net efficiently collected macroinvertebrates from rivers in disturbed areas (i.e., the vegetable farm and tea plantation), generating RV values of <25%. On the other hand, the Surber sampler was more efficient for collections performed in a pristine forested stream. In disturbed areas, the Surber sampler had high RV values (>25%). An RV of 25% is equivalent to a sampling error of 20% (Southwood 1998), which is the maximum error level accepted in aquatic sampling (Elliot 1972).
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      Figure 1: Abundance of aquatic macroinvertebrates collected from rivers draining different land uses in the Cameron Highlands using three sampling tools.
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      Figure 2: Box plots of macroinvertebrate abundance collected using different sampling techniques in three rivers in the Cameron Highlands, Pahang (circle, median; box, 25th and 75th quartiles; whiskers, inter-quartile range).
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      Figure 3: Rarefaction analysis of aquatic macroinvertebrate richness in rivers of the Cameron Highlands, collected using different sampling tools.

    


    Table 3: Scores and water quality classification by FBI and BMWP of the macroinvertebrates collected from rivers draining different land uses using three sampling tools.


    
      
        	
          Land use

        

        	
          Sampling tool

        

        	
          FBI

        

        	
          Water quality

        

        	
          BMWP

        

        	
          Water quality

        
      


      
        	
          Vegetable farm

        

        	
          Surber

        

        	
          3.87

        

        	
          Very good

        

        	
          20

        

        	
          Poor

        
      


      
        	
          D-frame

        

        	
          3.87

        

        	
          Very good

        

        	
          24

        

        	
          Poor

        
      


      
        	
          Square

        

        	
          3.41

        

        	
          Very good

        

        	
          19

        

        	
          Poor

        
      


      
        	
          Tea plantation

        

        	
          Surber

        

        	
          0.87

        

        	
          Excellent

        

        	
          46

        

        	
          Moderate

        
      


      
        	
          D-frame

        

        	
          1.16

        

        	
          Excellent

        

        	
          39

        

        	
          Poor

        
      


      
        	
          Square

        

        	
          1.92

        

        	
          Excellent

        

        	
          45

        

        	
          Moderate

        
      


      
        	
          Forest reserve

        

        	
          Surber

        

        	
          2.60

        

        	
          Excellent

        

        	
          88

        

        	
          Good

        
      


      
        	
          D-frame

        

        	
          2.26

        

        	
          Excellent

        

        	
          105

        

        	
          Very good

        
      


      
        	
          Square

        

        	
          2.25

        

        	
          Excellent

        

        	
          123

        

        	
          Very good

        
      

    


    Table 4: Efficiency of sampling tool (RV) for macroinvertebrate collections from rivers draining different land uses in the Cameron Highlands, Pahang River Basin.


    
      
        	
          Sampling tool

        

        	
          RV (%)

        
      


      
        	
          Vegetable farm

        

        	
          Tea plantation

        

        	
          Forest reserve

        
      


      
        	
          Surber

        

        	
          36

        

        	
          28

        

        	
          20

        
      


      
        	
          D-frame

        

        	
          17

        

        	
          19

        

        	
          20

        
      


      
        	
          Square

        

        	
          15

        

        	
          19

        

        	
          23

        
      

    


    


    The sample processing time was faster for D-frame net samples than Surber sampler and square net samples (Table 5) because of smaller quantity of sediment and detritus (13.36 g) collected with the organisms. The Surber sampler accumulated 82.62 g of debris in its samples, while the square net collected 179.12 g of debris. However, samples from the D-frame net and Surber sampler required similar amounts of time to process. When processing time was estimated per 100 organisms, samples required approximately the same duration (19.84 to 21.74 min) to sort through; in fact, the greatest amount of time was spent processing the D-frame net samples because of the low diversity and abundance of the organisms present.


    Table 5: Time taken to process each macroinvertebrate sample and 100 aquatic macroinvertebrates collected using the Surber sampler, D-frame net and square net and associated amount of detritus (inorganic and organic material) in each sample.


    
      
        	Sampling tool

        	
          Time (min) (100 macroinvertebrates–1)

        

        	
          Detritus (g)

        
      


      
        	Surber

        	
          10.54 (19.84)

        

        	
          82.62

        
      


      
        	D-frame

        	
          9.47 (21.74)

        

        	
          13.36

        
      


      
        	Square

        	
          18.31 (20.83)

        

        	
          179.12

        
      

    


    Of the three collection techniques, the rarefaction curves (Fig. 3) predicted that the Surber sampler would produce the highest generic diversity results at the lowest abundance. The lowest genetic diversity was observed in collections from the square net. The species-accumulation curves of macroinvertebrate samples from different land uses show the rate at which new genera were discovered within a community (Fig. 4). In the tea plantation samples, 80% of taxa diversity was recorded after four site samples were reviewed, and all taxa were successfully catalogued after eight samples (Fig. 4a). Fewer samples were required to catalogue vegetable farm diversity (Fig. 4b), and 5 to 8 samples were needed to record 80% to 100% of taxa diversity presumably available in the forest reserve river (Fig. 4c).


    DISCUSSION


    Of the three sampling tools, the square net collected a much greater abundance of macroinvertebrates than the Surber sampler or the D-frame net. This was expected due to the larger area sampled by the square net (approximately 0.25 m2 area) compared with the Surber sampler (0.16 m2), although a larger area (approximately 1 m2) was disturbed in front of the D-frame net. Furthermore, the height of the square net permitted fewer macroinvertebrates to drift away from the net in the water column and escape collection compared with the Surber sampler and the D-frame net. Hughes (1989) suggested that the area disturbed within the Surber sampler is exposed, providing an opportunity for aquatic fauna to escape. In deep, fast flowing water, more animals may be carried away from the sampler’s net.
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      Figure 4: The species-accumulation curves of macroinvertebrates collected using different sampling tools in rivers draining different land uses: a) tea plantation; b) vegetable farm; c) forest reserve

    


    In this study, all sampling tool tended to collect more common taxa present in the habitat. The square net and D-frame net captured more easily dislodged and highly mobile taxa, whereas the more intensive Surber sampler collected the sessile and closely adherent taxa. Two families, Simuliidae (Order Diptera) and Physidae (Order Mollusca), had higher relative abundances represented in the Surber sampler samples compared with those found in the D-frame net and square net. In contrast, both the D-frame and square net samples indicated high abundances of actively moving insects, such as Odonata, some trichopterans and ephemeropterans. The results obtained in this study generally agree with a previous study by Hornig and Pollard (1978); these researchers recorded larger numbers of easily dislodged and highly mobile taxa using the D-frame net and more sessile and closely adherent taxa using the Surber sampler. As in the present study, they collected a large number of macroinvertebrates from the family Simuliidae (Order Diptera), a group of aquatic insects that restrict their developmental stages to a single habitat (De Moor et al. 1986), as well as the family Physidae (Order Mollusca), which moves very slowly in its aquatic environment (Kappes & Haase 2012), using the Surber sampler. Interestingly, actively striding hemipteran gerrids were recorded most often in the Surber sampler sample in the present study. It is likely that the shallow water and confined area within the sampler prevented their escape, which allowed them to be caught quickly by the operator.


    In the forested river, very high faunal diversity was recorded; this is supported by the fact that high environmental quality usually correlates with the greatest species richness and diversity. Of the three sampling tools, the Surber sampler collected a more diverse and richer macroinvertebrate assemblage in comparison with the qualitative sampling methods. Storey et al. (1991) reported consistently higher taxonomic richness using the Surber sampler than using qualitative tools and postulated that D-frame net and square net samples were biased towards collecting abundant over rare taxa. Similarly, Gillies et al. (2009) concluded that the D-frame net collected more abundant, widespread, and large animals.


    In this study, the rarefaction prediction of species richness (Fig. 3) provided an important comparison of macroinvertebrates richness collected using different sampling techniques and independent of abundance. The rarefaction analysis was performed by plotting the number of species as a function of the number of individual animals. When abundance along all rarefied curves was compared at the lowest level (n = 806), the greatest richness (diversity) value (41) belonged to the Surber sampler. Therefore, higher macroinvertebrate diversity was recorded in the Surber sampler collection, although that method collected less than half the abundance gathered using the square method. The fact that the curves for the square and D-frame nets were flatter to the right indicated that a reasonable number of organisms had been gathered through an intensive sampling of the habitats. A few more samples using the Surber sampler would result in a better curve gradient, which would provide clearer comparisons with the other two sampling tools.


    A comparison of each tool’s efficiency shows that the square net and D-frame net consistently demonstrated high sampling precision across the three rivers. Low precision was observed in the Surber sampler, especially in the vegetable farm and tea plantation rivers. According to Southwood (1978), sampling techniques with RV >25% have low precision and those with RV values of 25% or lower have good sampling precision. An RV of 25% is equivalent to a sampling error of 20% (Southwood 1998), which is the maximum error level accepted in aquatic sampling (Elliot 1972). In this study, square net samples demonstrated the highest precision values, except in the forested river samples, but they were still acceptable. This result indicates that the square net was most efficient at collecting macroinvertebrates, especially in rivers impacted by human activities. Meanwhile, although less efficient, the Surber sampler collected a greater diversity of fauna, particularly in pristine water bodies, presumably because of the availability of more productive (Merritt & Cummins 1996) and heterogeneous habitats in the rivers (Magurran 2004).


    Species abundance values vary based on multiple factors and may lead to different conclusions as a result of the precision of the tool used to collect samples in different microenvironments. For instance, when Stark (1993) and Mackey et al. (1984) compared collections from a Surber sampler with those from a D-frame net, they found that the D-frame net collected more taxa than the Surber sampler based on a species-sampling analysis. The opposite was observed in the present study, where more taxa were collected using the Surber sampler, even though the D-frame and square nets caught greater total abundances. The specific river environment sampled may influence the proliferation of certain taxa and the specific behaviours of those taxa in certain habitats, such as the less active Ephemeroptera, Trichoptera, and Plecoptera in low-order rivers (Merritt & Cummins 1996). However, in the forested river, the D-frame net samples yielded higher diversity values (H’ = 4.725, Table 2) than the Surber sampler and the square net.


    Because sample collection using these three sampling tools was based on traditional methods that require physical disturbance of the substrate to induce macroinvertebrate drifting in the water column, a large amount of debris was collected in each sample. A rapid sample processing time is important to avoid predatory macroinvertebrates, such as odonate larvae, from eating prey species collected within the same samples (Peckarsky & McIntosh 1998). Faster sample processing is also essential to reduce costs, especially during RBAs of water quality (Barbour et al. 1999) or in research that requires live specimens, such as a dietary study (Hawking & New 1996).


    In this study, the D-frame net samples were processed fastest (per sample) when compared with the Surber sampler and the square net. However, when analysed as time per 100 specimens, the Surber sampler proved faster. This contrasted with the findings in Taylor et al. (2001), who found that it took longer to process the Surber’s collection. Many cobbles were enclosed in the sampler, and hence, less debris was found within the sample during processing. Along these lines, Peckarsky (1991) and Scrimgeour et al. (1993) suggested a way to overcome sampling a small collection area (volume) in stony substrate using Surber’s sampler; they recommend individual stone sampling. In contrast, the square net samples contained the largest amount of detritus, especially in the fast water samples because the net collected macroinvertebrates over a larger substrate area. Consequently, the samples collected via this method took the longest to process.


    Armitage et al. (1983) suggest that a collection of at least 75% of total taxa will provide a reliable assessment of water quality in a temperate habitat. When the sample replicates were plotted against cumulative percentage of taxa (diversity) in Figure 4, the Square net was shown to require the fewest number of samples to collect 80% to 100% taxa presumed to live in the habitat, especially in the vegetable farm river. In the tea plantation, however, the same number of replicates (8) was required regardless of the method used. Unlike the species-poor sites (vegetable farms or a tea plantation), more replicates were required to accumulate a good representation of the taxa living in the pristine forest stream. To obtain total representation, collections of 8–9 samples (replicates) generated 100% habitat diversity and were sufficient for a water quality assessment.


    CONCLUSION


    This study highlighted the performance of different sampling tools used to collect macroinvertebrates in wadeable rivers in Malaysia. The square net method had the lowest RV and resulted in the greatest macroinvertebrate abundance values of all the methods, especially in deep, fast flowing streams. In addition, the square net had the tendency to capture more active taxa in fast flowing waters with coarse substrates and less detritus per specimen than the other methods. Due to the low diversity found in disturbed waters, fewer replicates were required to identify all taxa in impacted areas, such as vegetable farms and tea plantations. This study also indicated that the Surber sampler was more suitable for the collection of samples from shallow, pristine rivers. Given that this method tends to collect rare taxa, the Surber sampler should be used in studies focusing on taxa diversity, such as the RBA of water quality. However, the square net method is more efficient and suitable for population studies, as it is equally useful for RBAs, particularly in deep, wadeable rivers (>0.5 m) with heterogeneous substrates.
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    Abstrak: Memberikan dos separuh antelmintik merupakan suatu kaedah untuk mengesan daya tahan parasit yang menjangkiti haiwan ruminan kecil. Apabila satu antelmintik tidak berkesan dalam kambing biri-biri asal daripada Indonesia, satu kombinasi antelmintik daripada kelas kimia berbeza dengan cara tindakan berbeza diberikan sebagai satu strategi pengawalan parasit alternatif. Kajian ini membezakan kemujaraban antelmintik ivermectin (IVM) dan albendazole (ABZ) yang diberikan secara berasingan ataupun separuh dos ataupun diberikan bersama kepada kambing biri-biri yang dijangkiti secara semula jadi dengan Haemonchus contortus. Dua belas kambing biri-biri daripada Bogor, Jawa Barat, Indonesia telah dibahagikan kepada enam kumpulan rawatan: dos separuh IVM, dos penuh IVM, dos separuh ABZ, dos penuh ABZ, kombinasi IVM + ABZ, dan kawalan. Kemujaraban rawatan telah ditentukan menggunakan ujian pengurangan pengiraan telur tinja (FECRT) pada hari 0 (pra-rawatan) dan pasca-rawatan pada hari-hari 7, 14, 21, 28, 35, dan 42. Kemujaraban separuh dos IVM, dos penuh IVM, dos separuh ABZ, dos penuh ABZ, dan rawatan kombinasi bernilai daripada –1900% hingga 100%, 99% hingga 100%, –167% hingga 100%, –467% hingga 89%, dan –200% hingga 100%, masing-masing. FECRT untuk separuh dos IVM, dos separuh ABZ, dos penuh ABZ menunjukkan bahawa H. contortus mempunyai daya tahan terhadap separuh dos IVM dan ABZ. Dos penuh IVM berkesan terhadap H. contortus. Rawatan kombinasi lebih berkesan terhadap H. contortus berbanding menggunakan ABZ sahaja.


    Kata kunci: Ivermectin, Albendazole, Haemonchus contortus, Jawa Barat Indonesia


    Abstract: Administering a half dose of an anthelmintic is a simple method for detecting resistance in parasites infesting small ruminants. When a single anthelmintic fails in native sheep from Indonesia, a combination of anthelmintics from different chemical classes with different modes of action are administered as an alternative parasite-control strategy. This study compared the anthelmintic efficacy of ivermectin (IVM) and albendazole (ABZ) given either separately as a single dose or half dose or co-administered to sheep naturally infected with Haemonchus contortus. Twelve sheep from Bogor, West Java, Indonesia were divided into the following six treatment groups: half-dose IVM, full-dose IVM, half-dose ABZ, full-dose ABZ, combined IVM + ABZ, and control. The treatment efficacy was determined using the faecal egg count reduction test (FECRT) at day 0 (pre-treatment) and post-treatment at days 7, 14, 21, 28, 35, and 42. The efficacies of half-dose IVM, full-dose IVM, half-dose ABZ, full-dose ABZ, and the combination treatment ranged from –1900% to 100%, 99% to 100%, –167% to 100%, –467% to 89%, and –200% to 100%, respectively. The FECRT for the half-dose IVM, half-dose ABZ, full-dose ABZ showed that H. contortus is resistant to half-dose IVM and ABZ. Full-dose IVM was effective against H. contortus. The combined treatment was more effective against H. contortus than ABZ alone.


    Keywords: Ivermectin, Albendazole, Haemonchus contortus, West Java Indonesia


    INTRODUCTION


    In the tropics, gastrointestinal nematodes are a major problem in small ruminants, and they cause disease, death, and decreased production of milk, meat, and wool (Bekele et al. 1992; Zainalabidin et al. 2014). The barber pole worm, Haemonchus contortus, causes haemonchosis, which results in anaemia and digestive disorders. The adult worms live free in the abomasum of the host and attack the mucosa by piercing with their buccal lancets to suck the blood. Female worms produce eggs that are excreted in the faeces into the environment, and the larvae orally infect the host as the ruminants feed on grass (Monnig 1950).


    In small ruminants, gastrointestinal nematodes can generally be controlled using broad-spectrum anthelmintics. Widely available commercial anthelmintics commonly used by farmers include macrocyclic lactones (avermectin [AVM] and milbemycins [MLs]), benzimidazole (BZD), and imidazothiazoles (levamisole [LEV] and hydropyrimidines [pyrantel/morantel]). Ivermectin (IVM) is a macrocyclic lactone with broad activity against gastrointestinal nematodes (Egerton et al. 1979) and ectoparasites (Campbell et al. 1983). IVM acts by binding the α-subunit of glutamate-gated chloride channel receptors (GluCl) in nerve synapses (Wolstenholme 2011), which inhibits nematode feeding, fecundity, and motility (Yates et al. 2003). Albendazole (ABZ) is a BZD with a methyl carbamate group that is effective against lung worms (McKellar & Scott 1990), gastrointestinal nematodes, tapeworms, and liver flukes (Campbell 1990). BZD acts by binding to β-tubulin, which inhibits dimerisation with α-tubulin during microtubule formation in nematode cells (Lacey 1990; Wolstenholme 2011).


    The intensive use of anthelmintics has led to the development of anthelmintic resistance in small ruminants (Kaplan 2004; Wolstenholme et al. 2004). Resistance is considered present when a portion of a population is able to tolerate doses of a compound that are effective against other populations of the same species (Prichard et al. 1980). IVM-resistant H. contortus has been reported in Australia (Le Jambre 1993), Kenya (Mwamachi et al. 1995; Waruiru et al. 1998), South Africa (van Wyk et al. 1989), and Brazil (Echevarria et al. 1991; Vieira et al. 1992). BZD-resistant H. contortus has been reported in Australia (Green et al. 1981), Malaysia (Rahman 1994), India (Uppal et al. 1992), France (Kerboeuf et al. 1988; Hubert et al. 1991), Kenya (Mwamachi et al. 1995), South Africa (Berger 1975), and Brazil (Echevarria et al. 1991). The resistance problem is compounded by the fact that many parasite populations are resistant to more than one class of anthelmintic. It has been proposed that the combined use of anthelmintics might be more effective against gastrointestinal nematodes when a single anthelmintic has failed. In addition, anthelmintic combinations slow the development of resistance (Wolstenholme et al. 2004; Coles 2005; Leathwick et al. 2009).


    This study compared the anthelmintic efficacy of IVM and ABZ given separately in a single dose and half dose or co-administered to sheep naturally infected with H. contortus.


    MATERIALS AND METHODS


    Animal


    Twelve sheep (age 3–4 months, liveweight 13–20 kg) from Bogor, West Java, were studied. The management system was intensive, the sheep were housed colonially, fed hay, and water was provided ad libitum.


    Experimental Design


    The sheep were divided randomly into six experimental groups (Table 1). Faecal samples were collected directly from the rectums of the sheep at days 0 (pre-treatment) and at days 7, 14, 21, 28, 35, and 42 post-treatment.


    Table 1: The anthelmintic treatment.


    
      
        	Formulation

        	Route of administration

        	Dose
      


      
        	Control

        	–

        	–
      


      
        	Half-dose IVM

        	Subcutaneous

        	½ mL/50 kg liveweight
      


      
        	Full-dose IVM

        	Subcutaneous

        	1 mL/50 kg liveweight
      


      
        	Half-dose ABZ

        	Oral

        	½ mL/5 kg liveweight
      


      
        	Full-dose ABZ

        	Oral

        	1 mL/5 kg liveweight
      


      
        	Combined (IVM + ABZ)

        	Subcutaneous+oral

        	(½ mL/50 kg + ½ mL/5 kg) liveweight
      

    


    Faecal Egg Counts (FEC)


    The FEC were determined by a modified McMaster technique that is accurate to 50 eggs per gram. The total number of H. contortus eggs counted in two chambers of McMaster slide was multiplied by 50 to obtain the number of egg per gram (epg) of faeces. The FEC were plotted in curves to calculate the p-value of the regression. The identification of H. contortus eggs was based on the size, shape, and development stage of the eggs (Foreyt 2001).


    Anthelmintic


    The anthelmintics that were used for treatment were IVM (Ivomec Super, Merial, Brazil) and ABZ (Kalbazen®-SG-Albendazole 19 mg/mL, PT. Kalbe Farma, Bekasi, Indonesia).


    Data Analysis


    Susceptibility to the various anthelmintic drugs was quantified using the faecal egg counts reduction (FECR) method. The FECR was calculated according to the recommendations of the World Association for the Advancement of Veterinary Parasitology (Coles et al. 1992) to evaluate the effectiveness of each anthelmintic treatment, using the following formula described by Kochapakdee et al. (1995) and McKenna (2006):


    FECRi (%) = 100 × [1 – (Ti/T0)]


    where FECRi is FECR on days i, Ti is the arithmetic mean faecal egg counts after treatment (day 7, 14, 21, 28, 35, and 42), and T0 is the arithmetic mean of the faecal egg counts before treatment (day 0) in the treated group. Anthelmintic effectiveness was based on the FECR (%) and the lower 95% confidence limits. If the FECR percentage of an anthelmintic treatment was less than 95% and the lower 95% confidence limit for the reduction was less than 90%, resistance was considered to be present. If only one of the two criteria was met, resistance was suspected.


    RESULTS


    Full-dose IVM completely decreased the number of H. contortus eggs on day 7. However, the number of eggs was significantly different and actually increased in the control group and the group that received the full-dose ABZ. The anthelmintic combination decreased the number of eggs until day 35 (Fig. 1).
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      Figure 1: The H. contortus faecal egg count (epg) for each treatment, before (day 0) and after (day 7 to 42) treatment.


      Note: Control and full-dose ABZ; p<0.05.

    


    Table 2 summarises the results of the FECR. The efficacy of half-dose IVM, full-dose IVM, half-dose ABZ, full-dose ABZ, and the combined treatment ranged from –1900% to 100%, 99% to 100%, –167% to 100%, –467% to 89%, and –200% to 100%, respectively. Full-dose IVM had the greatest efficacy at 99%–100%. The low overall percentage reduction showed that H. contortus is resistant to IVM and ABZ.


    Table 2: FECR (%) and anthelmintic efficacy against H. contortus in sheep.
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    Notes: FEC = faecal egg counts; FECR = faecal egg count reduction; IVM = ivermectin; ABZ = albendazole; Combination = half-dose ivermectin + half-dose albendazole; CL = confidence limit.


    DISCUSSION


    Faecal Egg Counts (FEC)


    The FEC from each group prior to treatment (day 0) and after treatment (day 7 to 42) are shown in Figure 1. Based on the p-value, the significant treatments were the control and full-dose ABZ groups. The control group demonstrated an increase in the number of H. contortus eggs that was significant (p<0.05). The egg counts increased on days 21 and 35 in the controls because it takes approximately 18–21 days for H. contortus larvae to mature and produce eggs (Monnig 1950). Adult female worms can lay an average of 6.582 eggs per day (Coyne et al. 1991). By day 14, the control treatment had decreased the number of H. contortus eggs. According to Dobson et al. (2012), counts of untreated control animals may decrease because of density-dependent constraints on fecundity that are exacerbated by any incoming infection in the period between the pre- and post-treatment counts.


    Full-dose ABZ treatment increased the number of H. contortus eggs to a level that was significant (p<0.05). Cezar et al. (2010) showed that a full-dose ABZ treatment increased the number of H. contortus eggs by day 12.


    Although the response to the full-dose IVM treatment was non-significant, Figure 1 shows that the egg excretion dropped to 0 on day 7 after the administration of full-dose IVM. This result is in agreement with research from Yacob et al. (2009) that showed that IVM decreased the egg count to 0 on day 7 until day 21. Other studies have shown that IVM treatment decreased the number of H. contortus eggs on days 5 (McKenna & Watson 1987), 10 (Borgsteede 1993), and 14 (Gogolewski et al. 1995).


    Faecal Egg Count Reduction Test (FECRT)


    Giving half the dose of an anthelmintic is recommended as a simple method for the early detection of resistance (Hughes et al. 2005). According to Smith et al. (1999), when given at below the recommended dose, the anthelmintic has a shorter half-life. The parasite death rate due to the drug is seen as an instantaneous decrease with the administration of an anthelmintic. On days 7 and 14, the IVM status was resistant, but by day 21, the anthelmintic status became susceptible. Some important factors to be considered in the diagnosis of anthelmintic resistance and the interpretation of results are the route of administration and pharmacokinetic behaviour (Canga et al. 2009), host nutrition (Coop & Kyriazakis 2001), and the host immune system and age (Lanusse & Prichard 1993). Subcutaneous administration delays the absorption of IVM from the injection site, resulting in the prolonged presence of the drug in the bloodstream (Canga et al. 2009). Depending on the host nutrition, protein content affects the development rate of immunity against parasitic infections, according to Gibson (1983). Protein deficiency causes damage to T-lymphocytes (Beisel 1982). As demonstrated by Gill et al. (1993), T-lymphocytes play an important role in combatting haemonchosis in sheep. Sheep under the age of 6 months have very low protection from gastrointestinal nematodes (Lloyd & Soulsby 1987). The half-dose of ABZ was not effective against H. contortus. The activity of ABZ depends on the ability of the drug to reach and sustain sufficient concentrations at the site of infection (Lanusse & Prichard 1993).


    The full-dose IVM treatment is very effective against gastrointestinal nematodes that are resistant to ABZ, including H. contortus (George et al. 2011). The efficacy of a drug is also associated with the route of administration. The subcutaneous injection of IVM results in higher plasma IVM concentrations for a longer duration (Alvinerie et al. 1998). IVM paralyses the neuromuscular system in the target tissue by increasing the permeability of the plasma membrane to chloride ions (Cl–). This causes hyperpolarisation and inhibits pharyngeal pumping, feeding, parasite spawning, and muscle motility. The pharynx is a muscular digestive organ that acts in nutrient ingestion and excretion and regulates turgor pressure in the parasite. Paralysis of the pharynx reduces the energy reserves of the parasites (Sangster & Gill 1999) and inhibits feeding by blocking pharyngeal pumping (Geary et al. 1993). Paralysis of the uterine muscles in female worms can suppress egg production and the release of eggs that are already present in the uterus. In addition, IVM can sterilise female nematodes in several hosts without killing them (Coles 2005). Le Jambre (1993) reported that IVM suppressed the fecundity of female H. contortus. IVM paralyses the somatic muscles in the parasite mid-body, reducing parasite motility and facilitating its expulsion from host intestinal tract (Sangster & Gill 1999).


    In contrast, full-dose ABZ was less effective against H. contortus. George et al. (2011) also reported the low efficacy of ABZ. The mechanism of resistance involves a reduction in the binding affinity of ABZ to tubulin (Sangster et al. 2002) due to a mutation in β-tubulin (Kohler 2001). In H. contortus, selection for resistance is enhanced by the high biotic potential. Their fecundity can enable small populations of resistant worms to become large populations in a short amount of time, especially if the climate is favourable for the free-living stages (Craig 1993). In this study, the farmer used ABZ as worm therapeutics for several years. Using the same class of drugs for several years (Coles 2005) ensures that the worms that survive treatment will have a greater chance than susceptible worms to contribute to the next generation.


    In this study, the combined treatment with IVM and ABZ was effective against H. contortus from days 7 to 21; then, resistance was seen on days 28 to 42, suggesting that H. contortus is cross-resistant to the combination treatment. According to Prichard et al. (1980), cross-resistance occurs when a population can fight anthelmintics in different chemical groups that have different modes of action. Miller and Craig (1996) reported that the combination of IVM and ABZ was more effective against H. contortus than either given alone. Multiple-drug resistance in H. contortus has also been reported (Traversa et al. 2007; Cezar et al. 2010).


    CONCLUSION


    The percentage reductions in the faecal egg count in the half-dose IVM, half-dose ABZ, and full-dose ABZ groups showed that H. contortus is resistant to half-dose IVM and ABZ. The full-dose IVM treatment was 99%–100%, effective against H. contortus. The combined treatment was more effective against H. contortus than ABZ alone.
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    Abstrak: Objektif kajian ini adalah untuk memberikan informasi biologi pembiakan untuk perkembangan gonad belut short-finned, Anguilla bicolor bicolor, yang mendiami kawasan perairan pantai Thailand. Belut short-finned telah dikumpul daripada tiga kawasan pinggir laut di Provinsi Trang, di Selatan Thailand, dari September 2011 hingga Disember 2013. Gonad daripada 151 spesimen telah menjalani analisa histologi. Daripada pemerhatian histologi, betina pramatang dan matang dijumpai. Berpandukan oosit lanjut dalam keseluruhan bahagian ovari, ovari-ovari spesimen yang dikaji telah diklasifikasikan kepada tiga fasa matang: 1) fasa pramatang telah dikenal pasti dengan kehadiran ovari yang mengandungi oogonia dan oosit pertumbuhan primer, 2) fasa perkembangan telah dikenal pasti dengan kehadiran ovari yang mengandungi oosit peringkat vitellogenik awal bersama dengan oogonia dan oosit korteks alveolar dan adiposit yang banyak, dan 3) fasa vitellogenik lambat yang merujuk kepada ovari yang mempunyai hampir kebanyakannya oosit peringkat vitellogenik lambat. Kepadatan oosit yang berdampingan dengan matriks adipos dianggap mewakili darjah pembesaran gonad. Keputusan kajian ini boleh diaplikasi untuk takrif secara lanjut kawasan peneluran A. bicolor bicolor di kawasan Lautan Hindi.


    Kata kunci: Anguilla bicolor bicolor, Kematangan Betina, Oogenesis, Thailand


    Abstract: The objective of the present study was to provide reproductive biological information on the gonadal development of the short-finned eel, Anguilla bicolor bicolor, which inhabits the coastal waters of Thailand. Short-finned eels were collected from three coastal areas of Trang Province, southern Thailand, from September 2011 to December 2013. The gonads of 151 specimens were subjected to a histological analysis. The histological observations found both immature and maturing females. Based on the advanced oocytes within an entire ovarian section, the ovaries of the studied specimens were classified into three maturity phases: 1) the immature phase was defined by ovaries that showed oogonia and primary growth oocytes, 2) the developing phase was defined by ovaries that contained early vitellogenic-stage oocytes with some oogonia present along with cortical alveolar oocytes and many adipocytes, and 3) the late vitellogenic phase refers to ovaries that contained nearly entirely late-vitellogenic oocytes. The density of oocytes in juxtaposition to an adipose matrix is considered to represent the degree of gonadal development. The results of this study may be applicable in further defining the general spawning area of A. bicolor bicolor in regions of the Indian Ocean.


    Keywords:Anguilla bicolor bicolor, Female Maturation, Oogenesis, Thailand


    Anguillids, which belong to the family Anguillidae, are generally distributed in tropical and temperate seas and are occasionally found in the eastern Pacific and southern Atlantic. The life cycle consists of movements in two geographical directions, seaward from freshwater to spawn and landward during the early stages of development (Robinet & Feunteun 2002; Tsukamoto et al. 2011). The leptocephali then move landward to return to coastal areas, undergo metamorphosis and enter freshwater as elvers. The adults of the freshwater eel live in fresh water or in estuaries (Nelson 1994). However, there are minor differences between species regarding habitat use and distribution. Only true eels, Anguilla spp., inhabit inland freshwaters. Other taxa are either common in brackish water in estuaries or may even remain in coastal areas with high salinities. Some sub-adults may never inhabit freshwater for long periods (Miller & Tsukamoto 2004). Two Anguilla species are found in Thailand: the short-finned eel, Anguilla bicolor bicolor McClelland, and the long-finned marbled eel, Anguilla marmorata Quoy & Gaimard. Both A. bicolor bicolor and A. marmorata are also commonly found in the Indian Ocean along the coasts of India, Sumatra, Java, and northwestern Australia (Kottelat et al. 1993).


    Reproductive information about a commercially exploited freshwater eel is important both for fishery management and aquaculture development. However, scientific reports on aspects of the reproduction of these species are limited. A variety of topics, from the onset of the coastal spawning migration to oceanic spawning activity, remain to be investigated. Robinet and Feunteun (2002) reported the first silver eels at Reunion Island. Robinet et al. (2003) then performed physiological and histological observations and characterised the advanced stages of sexual maturation occurring prior to marine migration in A. bicolor bicolor and A. marmorata. Tsukamoto et al. (2011) described the oceanic spawning ecology of freshwater eels, Anguilla japonica and A. marmorata, in the western North Pacific. Although a substantial number of studies have reported the life history of freshwater eels from several regions, major questions remain, primarily in regard to reproductive biology (van Ginneken & Maes 2005).


    Previous studies have surveyed freshwater eel fisheries in Thailand (Piyavatee 1987; Laoprasert & Kaoeian 1995) and have attempted to collect elvers for growth experiments (Sihirunwong 1994; Kaoeian & Playlahan 2001). No previous reports have addressed the reproductive biology of freshwater eels.


    The objective of the present study was to provide reproductive information on the gonadal development of the short-finned eel inhabiting a coastal area of Thailand.


    This study was conducted in Trang Province on the southwest coast of Thailand. Trang Province is bordered by the Andaman Sea and has relatively large mangrove habitats (24,000 hectares) with a maze of winding creeks and rivers along the coast. These creeks and rivers may receive freshwater discharges from areas in the upper watershed, such as rubber plantations and oil palm plantations, and sewage from rubber and palm oil plants, shrimp farms and domestic sources. The lower parts of these creeks and rivers are covered by mangrove forests and are subject to tidal fluctuations of seawater associated with strong turbulence during the long rainy season (May to December) and with light turbulence during the dry season (January to April).


    Specimens of the short-finned eel were collected from three coastal areas: the Sikao mangrove estuary, the Trang River estuary and the coastal swamps of Libong Island (Fig. 1). The Sikao mangrove estuary receives fresh water from several inland small creeks via the upper mangrove area and flows into Sikao Bay. The salinity of the water from which the eels were sampled ranged from 15–29 psu, and was measured using a refracto-salinometer (Atago, Japan). The Trang River estuary forms the mouth of the Trang River. It receives freshwater runoff from several inland areas of Trang Province. The fishing area is located near the upper creeks of the mangrove estuary. The salinity of these creeks was low in the rainy season and high in the dry season, ranging from 0–25 psu. The coastal swamps of Libong Island receive fresh water from the flooding that follows rainfall. The salinity was relatively low during the dry season because the mouth of the creek was closed by a longshore sand bank. The salinity in the fishing area ranged from 10–30 psu. The specimens were captured using a cage net and a hook on a long line. The collecting gear was operated during the night between September 2011 and December 2013. The eels were anaesthetised using a clove oil solution prior to transport to the Marine Biodiversity Laboratory (Faculty of Science and Fisheries Technology, Rajamangala University of Technology Srivijaya) and preserved in a freezer at –4°C.


    In the laboratory, the specimens were defrosted and identified at the species level on the basis of their characteristic morphology (Smith 1999; Robinet & Feunteun 2002). In particular, the coloration of A. bicolor bicolor is plain with no marbling on the back. A total of 151 specimens were examined. The standard length and body weight (BW) were measured for each specimen (to the nearest 1 mm and 0.1 g, respectively). The gonads were removed, weighed to the nearest 0.01 g and preserved in 10% buffered formalin. The gonadosomatic index (GSI) was calculated for each specimen as follows:


    GSI = GW × 100/BW, where GW = gonad weight.


    For histological examination, the middle portion of the gonad was dehydrated in ethanol and embedded in paraffin wax. The embedded gonad was serially sectioned into 6-µm-thick sections and stained with Mayer’s haematoxylin and eosin. The developmental phases of the gonad and the stages of the oocytes were classified according to the categories and terminology in Lokman et al. (1998, 2003), Robinet et al. (2003) and Brown-Peterson et al. (2011). The phase of ovarian development was defined by the developmental stage of the most advanced oocytes within an ovary.
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      Figure 1: (a) Map showing sampling area in Thailand; (b) coastal swamp of Libong Island; (c) Sikao mangrove estuary; (d) Trang River estuary.


      Note: Elliptical symbol indicates fishing area.

    


    In this study, 151 individuals of the short-finned eel were used to examine gonad development. The standard length (SL) of these specimens ranged from 240–885 mm. The wet BW ranged from 22.57–1,117.39 g. Histological observations revealed that the samples from each study site included specimens representing several stages of gonadal development (Table 1). The sex of 136 specimens was determined. A total of 15 additional samples were unsexable due to low gonadal development. Based on the advanced oocytes within an entire ovarian section, the ovaries of the specimens examined were classified into three maturity phases: 1) the immature phase was defined by ovaries that contained oogonia and primary growth oocytes (Fig. 2 [a] and [b]); 2) the developing phase was categorised by ovaries that contained early vitellogenic-stage oocytes with some oogonia and cortical alveolar oocytes (these oocytes were surrounded by a thick adipose matrix, Fig. 2 [c] and [d]); and 3) the late vitellogenic phase refers to ovaries that nearly exclusively contained late vitellogenic oocytes (Fig. 2 [e] and [f]). Therefore, the female specimens could be classified into immature females and maturing females. The immature specimens were 302–742 mm (SL), weighed 50.03–793.08 g, and had gonadosomatic indices ranging from 0.07 to 1.87. The microscopic observations of the immature females showed that the entire sectioned ovary possessed oogonia and primary growth oocytes (perinucleolar stage) (Fig. 2 [a] and [b]). For the maturing female, the microscopic observations indicated that the fish entered the spawning cycle, the period of gonadal growth and the period of oocyte development prior to the beginning of the spawning season. The length (SL) of the specimens that were in the developing phase ranged from 421 to 885 mm, and their wet body weight ranged from 138 to 1,117.39 g; the gonadosomatic indices ranged from 0.09 to 3.18. Only one specimen was found in the late vitellogenic phase; the length (SL) of this specimen was 575 mm, and the wet body weight of the specimen was 187 g. The gonadosomatic index was relatively high, 8.42, with individual oocytes visible macroscopically. These histological observations showed that the late vitellogenic oocytes developed synchronously (Fig. 2 [e] and [f]). The size of late vitellogenic oocytes diameter ranged from 659 to 957 µm (preserved oocytes measurement, n = 125).


    Table 1: Number of individuals and maturity of A. bicolor bicolor collected from each study site.
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      Figure 2: Photomicrographs of ovarian histology of female A. bicolor bicolor: (a) and (b) immature phase; (c) and (d) developing phase; (e) and (f) late vitellogenic phase.


      Notes: PG = primary growth oocyte; Oo = oogonia; CA = cortical alveolar oocyte; E = early vitellogenic oocyte; Ad = adipocyte; L = late vitellogenic oocyte.

    


    In these specimens, histological evidence showed that lipid accumulation occurred prior to the spawning migration to a deeper marine environment. Our observations are similar to those previously made for other Anguilla species (Lokman et al. 1998; Robinet et al. 2003); however, our observations revealed several more degrees of gonad development. It was previously suggested (not based on scientific evidence) that the spawning ground of tropical eels was located in the Eastern Indian Ocean. Aoyama et al. (2003) analysed information about the distribution of the larvae (leptocephali) of several species of tropical eels (but not for A. bicolor bicolor) in the Celebes Sea and hypothesised that these species may perform a short-distance migration from the shore to spawn in areas near their freshwater habitat. The results of the present study may be applied to further define the general spawning area of the short-finned eel, A. bicolor bicolor, in a portion of the Indian Ocean.
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    Abstrak: Kulat endofitik mendiami tisu tumbuhan yang kelihatan sihat dan tersebar luas dalam tumbuhan daratan terutamanya tisu akar yang mengandungi himpunan pelbagai kulat endofitik. Kajian ini memberi tumpuan kepada pemencilan dan pencirian kulat endofitik yang terdapat dalam akar pisang liar (Musa acuminata). Sejumlah 31 pencilan kulat endofitik telah dipencilkan daripada 80 fragmen akar. Kulat endofitik tersebut pada mulanya diasing berdasarkan ciri-ciri morfologi dan dikenal pasti menggunakan jujukan gen faktor pemanjangan translasi-1α (TEF-1α) untuk mengenalpasti Fusarium spp. dan kawasan Internal Transcribed Spacer (ITS) digunakan untuk kulat yang lain. Spesies kulat yang paling lazim dipencilkan adalah Fusarium dan pencilan-pencilan tersebut telah dikenal pasti sebagai F. proliferatum, Fusarium sp., kompleks spesies F. solani dan F. oxysporum. Kulat endofitik lain yang telah dipencilkan adalah Curvularia lunata, Trichoderma atroviride, Calonectria gracilis, Rhizoctonia solani, Bionectria ochroleuca, dan Stromatoneurospora phoenix (Xylariceae). Beberapa genus kulat seperti Fusarium, Trichoderma, Rhizoctonia, dan Xylariceae merupakan antara kulat endofitik lazim yang dilaporkan dalam tumbuhan. Kajian ini menunjukkan bahawa akar pisang liar mengandungi pelbagai kumpulan kulat endofitik.


    Kata kunci: Kulat Endofitik, Musa acuminata, Akar


    Abstract: Endophytic fungi inhabit apparently healthy plant tissues and are prevalent in terrestrial plants, especially root tissues, which harbour a wide assemblage of fungal endophytes. Therefore, this study focused on the isolation and characterisation of endophytic fungi from the roots of wild banana (Musa acuminata). A total of 31 isolates of endophytic fungi were isolated from 80 root fragments. The endophytic fungi were initially sorted according to morphological characteristics and identified using the sequences of the translation elongation factor-1α (TEF-1α) gene of Fusarium spp. and the Internal Transcribed Spacer (ITS) regions of other fungi. The most common fungal isolates were species of the genus Fusarium, which were identified as F. proliferatum, Fusarium sp., F. solani species complex, and F. oxysporum. Other isolated endophytic fungi included Curvularia lunata, Trichoderma atroviride, Calonectria gracilis, Rhizoctonia solani, Bionectria ochroleuca, and Stromatoneurospora phoenix (Xylariceae). Several of the fungal genera, such as Fusarium, Trichoderma, Rhizoctonia, and Xylariceae, are among the common fungal endophytes reported in plants. This study showed that the roots of wild banana harbour a diverse group of endophytic fungi.
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    Studies on endophytic fungi were initially undertaken mainly in temperate plants. Plant diversity is higher in tropical regions, and these plants might harbour a wider assemblage and more diverse fungal communities. Therefore, the fungal endophytes from tropical plants have received much attention, and most studies indicate that the fungal endophytes from these tropical plants consist of a very diverse and species-rich fungal assemblage (Arnold & Lutzoni 2007; Rungjindamai et al. 2008; Tejesvi et al. 2009; Huang et al. 2009; Rocha et al. 2011; Orlandelli et al. 2012; Tayung et al. 2012). Studies on the occurrence and diversity of fungal endophytes are expected to yield potential sources of natural products and bioactive compounds for medicinal, agricultural and industrial uses, such as new antibiotics as well as novel biological control agents (Molina et al. 2012).


    Endophytic fungi are usually defined as fungal isolates that grow within plant host tissues without causing any disease symptoms (Schulz et al. 1999). Fungal endophytes also refer to fungi within apparently healthy, functional root tissues at the ‘moment’ of sample collection (Sieber 2002). This concept was supported by Schulz and Boyle (2005) to describe bacteria and fungi that can be detected at a particular ‘moment’ within the tissues of apparently healthy plant hosts.


    Almost all vascular plant species harbour fungal endophytes, which are present in virtually all plant tissues and organs. Some endophytic fungal taxa are regarded as seed-borne endophytes (Hyde & Soytong 2008). Endophytic fungi also contribute to fungal biodiversity, which was estimated to include 5.1 million existing species (Blackwell 2011).


    Wild banana (Musa acuminata) is in the family Musaceae, which is native to Southeast Asia and is an ancestor of the edible banana. The highest species diversity in the Musaceae family occurs in South East Asia, with representative species found across the Old World Tropics. Studies on the endophytes of Musa sp. were conducted in Australia and Hong Kong, mostly on isolations from the leaves of cultivated banana plants (Brown et al. 1998; Photita et al. 2001). In this study, endophytic fungi were isolated from the roots of wild banana (M. acuminata). Many reports have indicated that plant roots harbour diverse groups of fungi and, moreover, the occurrence of endophytic fungi in Musa sp. in Malaysia is not well-documented. Therefore, the objective of this study was to isolate and identify the endophytic fungal taxa in the roots of wild banana.


    Banana root samples were randomly collected from healthy and symptomless wild banana trees at five locations along Balik Pulau Road, Pulau Pinang. The roots were taken by digging the soil around the banana tree. All root samples were put in plastic bags according to their respective locations.


    The soil attached to the roots was removed by washing them with running tap water for 24 hr. To isolate the endophytic fungi, the surfaces were sterilised. The roots were cut into small fragments (2.0–3.0 cm), dipped in 70% ethanol for 30 sec, then dipped in 1% sodium hypochlorite for 3 min, 95% ethanol for 5 min and finally rinsed 3 times with sterile distilled water. The root fragments were then dried using sterile filter paper, cut into much smaller fragments (1.0–1.5 cm) and plated onto potato dextrose agar (PDA).


    Four root fragments were plated onto a PDA plate, and a total of 80 root fragments were used for isolation. Before plating onto the PDA plate, the root fragment was imprinted on the PDA plate to detect the presence of epiphytes on the root fragment (Schulz et al. 1993). The plates were incubated at 27±1°C and observed every day to detect any fungal growth from the root fragments. Mycelial growths from the roots were sub-cultured onto new PDA plates.


    To identify the endophytic fungal isolates, pure cultures from a single spore isolation were used. The fungal isolates were identified using microscopic and macroscopic characters according to the methods and fungal descriptions of Ellis (1971), Barnett and Hunter (2006), and The Fusarium Laboratory Manual (Leslie & Summerell 2006). The main purpose of morphological identification is to group the fungal isolates according to similar morphological characteristics. The fungal isolates were considered as belonging to the same group or genus if their morphological characteristics matched the morphological descriptions previously described or reported.


    For species confirmation of the morphologically identified isolates, sequencing of the translation elongation factor-1α (TEF-1α) gene and Internal Transcribed Spacer (ITS) regions was performed. TEF-1α sequences were used to confirm the morphologically identified Fusarium isolates (Geiser et al. 2004); ITS regions were used for the other morphologically identified endophytic fungal isolates. The ITS region is regarded as a DNA barcode marker for the identification of fungi (Schoch et al. 2012): therefore, this region was used in this study.


    ITS regions were amplified using ITS1 and ITS4 primer pairs (White et al. 1990). PCR amplifications were performed in a total volume of 25 μL containing 0.5 µL of 0.5 µM template DNA, 5 µL 5× PCR buffer, 4.0 mM MgCl2, 0.8 mM dNTP mix (Promega, WI, USA) of both forward and reverse primers and 0.625 U of Taq polymerase (Promega, WI, USA), in a PTC-100 Peltier Thermal Cycler (MJ Research Inc., MA, USA). PCR cycles began with an initial denaturation at 95°C for 3 min, followed by 34 cycles of denaturation at 95°C for 1 min, annealing at 52°C for 30 s, extension at 72°C for 1 min, and a final extension at 72°C for 10 min.


    The TEF-1α gene was amplified using EF1 (ATGGGTAAGGAGGACAAGAC) and EF2 (GGAAGTACCAGTGATCATGTT) primers modified from O’Donnell et al. (1998). PCR amplification was performed in a 25 µL reaction mixture containing 5 µL 5× PCR buffer, 2.5 mM MgCl2, 0.2 µL template DNA, 0.64 mM of dNTPs mix (Promega), 0.625 unit Taq polymerase (Promega), and 0.8 µM of both forward and reverse primers, and the PCR was also performed using a PTC-100 Peltier Thermal Cycler (MJ Research Inc.). The PCR cycles were based on O’Donnell et al. (1998) with some modifications: the initial denaturation at 94°C for 1 min was followed by 36 cycles of denaturation at 95°C of 35 sec, annealing at 59°C for 55 sec, and extension at 72°C for 90 sec, followed by a final extension at 72°C for 10 min. The PCR products were visualised using gel electrophoresis.


    The PCR products were purified using a QIAquick Purification kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol, and the PCR products were sent to a service provider (MyTACG Bioscience Enterprise, Selangor, Malaysia) for sequencing. After sequencing, pairwise alignment of the sequences was achieved using BioEdit software (Hall 1999). Using Basic Local Alignment Search Tool (BLAST), the consensus sequences of Fusarium isolates were compared with other sequences in the Fusarium-ID database and with other fungal isolates using Genbank. Identification of all fungal isolates was based on the closest match of the BLAST search.


    A total of 31 fungal isolates (Tables 1 and 2) from 80 fragments of wild banana roots were successfully isolated and identified. Fungal mycelia were not observed on the imprint plates used in the surface sterilisation, indicating the effectiveness of the surface sterilisation method for isolating endophytic fungi from the root fragments. The results also indicated that all the fungal isolates successfully isolated from the roots were endophytes, as epiphytic fungi inhabiting the surface of the root could not grow after surface sterilisation (Schulz et al. 1993).


    Table 1: Species identities of endophytic Fusarium spp. based on TEF-1α sequences.


    
      
        	
          Isolate

        

        	
          Morphological identification

        

        	
          TEF-1α sequence

        

        	
          % similarity

        
      


      
        	
          S1-R

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          98

        
      


      
        	
          S1-U

        

        	
          F. verticillioides

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S1-V

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S1-W

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          96

        
      


      
        	
          S1-X

        

        	
          F. proliferatum

        

        	
          Fusarium sp.

        

        	
          99

        
      


      
        	
          S1-Y

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S2-S

        

        	
          F. proliferatum

        

        	
          Fusarium sp.

        

        	
          99

        
      


      
        	
          S2-T

        

        	
          F. proliferatum

        

        	
          Fusarium sp.

        

        	
          99

        
      


      
        	
          S3-S

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          98

        
      


      
        	
          S3-U

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S4-N

        

        	
          F. solani

        

        	
          F. solani species complex

        

        	
          99

        
      


      
        	
          S4-R

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S4-S

        

        	
          F. verticillioides

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S4-T

        

        	
          F. verticillioides

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S4-U

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S5-R

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S5-S

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S5-U

        

        	
          F. proliferatum

        

        	
          F. proliferatum

        

        	
          99

        
      

    


    The most common endophytic fungal isolates recovered were from the genus Fusarium. The isolates were identified molecularly as F. proliferatum, Fusarium sp., and F. solani species complex based on the TEF-1α sequences; three Fusarium species were identified on the basis of the ITS regions, namely, F. oxysporum, F. solani, and F. proliferatum (Tables 1 and 2). The three Fusarium species, F. oxysporum, F. solani, and F. proliferatum, were morphologically ‘unidentified’, as the microscopic and macroscopic characteristics observed did not fall within the range of the descriptions of Fusarium species; therefore, the ITS regions were used for identification.


    Table 2: Species identity of endophytic fungi based on ITS sequences.


    
      
        	
          Isolate

        

        	
          Morphological identification

        

        	
          ITS sequence

        

        	
          % similarity

        
      


      
        	
          S1-S

        

        	
          Curvularia lunata

        

        	
          Curvularia lunata

        

        	
          99

        
      


      
        	
          S3-T

        

        	
          Unidentified

        

        	
          F. oxysporum

        

        	
          99

        
      


      
        	
          S3-F

        

        	
          Unidentified

        

        	
          F. solani

        

        	
          99

        
      


      
        	
          S3-I

        

        	
          Cylindrocladium sp.

        

        	
          Calonectria gracilis

        

        	
          99

        
      


      
        	
          S3-N

        

        	
          Trichoderma viride

        

        	
          Trichoderma atroviride

        

        	
          99

        
      


      
        	
          S3-Q

        

        	
          Cylindrocladium sp.

        

        	
          Calonectria gracilis

        

        	
          99

        
      


      
        	
          S2-A

        

        	
          Mycelia sterilia

        

        	
          Rhizoctonia solani

        

        	
          95

        
      


      
        	
          S2-C

        

        	
          Unidentified

        

        	
          F. proliferatum

        

        	
          99

        
      


      
        	
          S2-M

        

        	
          Unidentified

        

        	
          F. oxysporum

        

        	
          99

        
      


      
        	
          S1-E

        

        	
          Mycelia sterilia

        

        	
          Bionectria ochroleuca

        

        	
          99

        
      


      
        	
          S1-M

        

        	
          Trichoderma viride

        

        	
          Trichoderma atroviride

        

        	
          99

        
      


      
        	
          S3-M

        

        	
          Trichoderma viride

        

        	
          Trichoderma atroviride

        

        	
          99

        
      


      
        	
          S1-L

        

        	
          Xylaria sp.

        

        	
          Stromatoneuspora phoenix

        

        	
          97

        
      

    


    For the TEF-1α sequences, a BLAST search was performed using the Fusarium-ID database, as this database is strongly recommended for the identification of most Fusarium species (Geiser et al. 2004). Three isolates were identified only as members of the genus Fusarium sp., as the correct identity of these isolates remain ‘uncertain’ until rigorous morphological and multilocus phylogenetic studies are completed (Geiser et al. 2004). One isolate was identified as F. solani species complex, a species complex within which dozens of phylogenetic species have been recognised (Geiser et al. 2004).


    Species in the genus Fusarium are reported to be among the common root endophytic fungal communities (Sieber 2002). Endophytic Fusarium sp. was among the fungal flora identified from the healthy root tissues of wild banana in South China (Cao et al. 2002). Fusarium sp. has also been isolated from the leaves of mature wild banana from different localities in Sao Paulo, Brazil (Pereira et al. 1993) and from young and old leaf tissues of wild banana in Thailand (Photita et al. 2001).


    In this study, F. proliferatum was the most common species isolated and identified from the root fragments. Endophytic F. proliferatum has been recovered from Celastrus angulatus, a traditional Chinese medicinal plant, (Ji et al. 2005); the stems of Kandelia, a mangrove plant (Cheng et al. 2008); the inner bark tissue of a medicinal plant, Dysoxylum binectariferum (Mohana Kumara et al. 2012); and the leaves of the oil-seed crop Jatropha curcas (Kumar & Kaushik 2013). These studies showed that although F. proliferatum is a well-known plant pathogen, the species can also be an endophyte.


    Endophytic F. solani and F. oxysporum have been isolated from the root fragments of wild banana plants (Latiffah & Nur Hidayah 2011), and both species have been isolated from the healthy roots of the Cavendish banana (Athman 2006). F. solani has been isolated from the healthy leaf pieces of Musa spp. in Hong Kong and South East Queensland (Brown et al. 1998). Similar to F. proliferatum, both F. solani and F. oxysporum are well-known plant pathogens and can also be endophytes.


    Based on the ITS sequences, other endophytic fungi isolated included C. lunata, T. atroviride, C. gracilis, R. solani, B. ochroleuca and S. phoenix (Table 2). These fungi are reported to be endophytic in different types of host plants.


    C. lunata was identified from its morphological characteristics and ITS sequences. C. lunata is among the common endophytic fungi isolated from plants, and the occurrence of endophytic C. lunata has been reported in several studies, such as Rajagopal et al. (2010), Verma et al. (2011), Al-Mahi et al. (2013), and Tuppad and Shishupala (2013).


    T. atroviride was morphologically identified as T. viride, but according to the ITS sequences, the isolates exhibit the closest match (99%) to T. atroviride. Endophytic T. atroviride has been isolated from the roots of red sage (Salvia miltiorrhiza), which is used as a Chinese herbal medicine (Ming et al. 2013). Xia et al. (2011) reported the occurrence of various species of endophytic Trichoderma associated with banana roots.


    A morphologically identified Cylindrocladium sp. was identified as C. gracilis (Table 2). The genus Cylindrocladium has a Calonectria teleomorph, and Calonectria species are commonly characterised by their Cylindrocladium anamorphs (Crous & Wingfield 1994). The genus Calonectria consists of saprophytic and plant pathogenic species, which are associated with a wide range of diseases in various host plants worldwide (Crous 2002). The endophytic C. gracilis isolates in this study have a 99% similarity with C. gracilis as reported by Lombard et al. (2010). C. gracilis has not previously been reported to be endophytic.


    Two morphologically identified mycelia sterilia were identified as R. solani and B. ochroleuca on the basis of the ITS sequences. These two isolates did not produce any sporulating structure on PDA and therefore were morphologically identified as mycelia sterilia (Table 2). The two mycelia sterilia isolates showed a high sequence similarity (99%) with R. solani and B. ochroleuca. Endophytic R. solani has been recovered from the leaves of Taxus mairei (Wang et al. 2008) and from tropical orchids, and the occurrence of endophytic Rhizoctonia-like fungi was reported by Otero et al. (2002). Bionectria is rarely isolated as an endophyte; however, an endophytic B. ochroleuca was isolated from Nothapodytes foetida, a tree that grows wild in the forests of the Western Ghats (Samaga et al. 2013), and from healthy tissues of chili pepper plants (Narayan et al. 2013).


    A morphologically identified Xylaria sp. was identified as S. phoenix, a species in the family Xylariaceae, on the basis of the ITS sequences. Endophytic Xylariaceae have been reported in Magnolia liliifera (Promputtha et al. 2005), Pinus tabulaeformis (Wang et al. 2005), Piper aduncum (Silva et al. 2010), and the medicinal plant Dendrobium (Chen et al. 2013).


    This study showed that the roots of wild banana harbour diverse endophytic fungal taxa. The effect of endophytic fungi on the wild banana plant is relatively unknown. However, endophytic fungi are generally positioned between the trophic niches of pathogen and mutualist (Saikkonen et al. (1998). Some root endophytes may be latent pathogens, which in later stages can weaken or damage the roots (Schulz et al. 1999). Many other root endophytes provide benefits to the host plants by improving plant growth (Schulz et al. 2002), assisting in phosphorus uptake (Sieber 2002) and protecting against pests and diseases.
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