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Abstrak: Penyakit helmintiasis yang disebabkan oleh cacing seperti Haemonchus contortus, koksidiosis yang disebabkan oleh Eimeria sp. dan infeksi parasit darah seperti penyakit teleriosis yang disebabkan oleh Theileria sp. telah dilaporkan merupakan penyebab kepada kemorbidan dan kematian ternakan ruminan kecil setiap tahun di Malaysia. Tujuan kajian ini dijalankan adalah untuk menentukan penyebaran penyakit helmintiasis, koksidiosis dan teleriosis serta nilai packed cell volume (PCV) ke atas ternakan ruminan kecil di negeri Perak, Malaysia. Sebanyak 175 ekor ternakan ruminan kecil telah digunakan untuk mengambil sampel darah dan tinja daripada 7 buah ladang ternakan ruminan kecil di daerah Kampar, Larut Matang dan Selama, Kuala Kangsar dan Manjung di negeri Perak untuk pemeriksaan infestasi parasit dari bulan April hingga Julai 2011. Hasil kajian menunjukkan H. contortus telah ditemui pada 152 ekor (86.86%) ternakan, Eimeria sp. pada 162 ekor (92.57%) ternakan dan Theileria sp. pada 25 ekor (14.30%) ternakan. PCV pada kesemua ternakan menunjukkan nilai di antara 7% hingga 44%. Secara keseluruhannya 42 ekor (24%) ternakan menunjukkan tanda-tanda mengalami anemia dengan nilai PCV kurang daripada 21%. Pemantauan berterusan ke ladang-ladang ternakan ruminan kecil akan memberikan maklumat yang berguna kepada penternak bagi membantu menguruskan penyebaran infeksi parasit dan mengekalkan produktiviti ternakan.

Kata kunci: Helminthiasis, Coccidiosis, Theleriosis, Kambing, Kambing Biri-biri

Abstract: Helminthiasis due to strongyles such as Haemonchus contortus, coccidiosis caused by Eimeria sp. and blood parasite diseases such as theileriosis by Theileria sp. have been reported to cause severe morbidity and mortality annually in small ruminants in Malaysia. The aims of this study were to investigate the prevalence of helminthiasis, coccidiosis and theileriosis and to determine the packed cell volume (PCV) value of small ruminants in Perak, Malaysia. Blood and faecal samples were obtained from a total of 175 animals from 7 small ruminant farms in Kampar, Larut Matang and Selama, Kuala Kangsar and Manjung districts in Perak; the samples were examined for parasitic infestations from April to July 2011. The results of this study show that H. contortus was found in 152 (86.86%) animals, Eimeria sp. was found in 162 (92.57%) animals and the blood protozoa Theileria sp. was found in 25 (14.30%) animals. The PCV values of all of these animals were recorded between 7% and 44%. A total of 42 (24%) animals were anaemic, with a PCV of less than 21%. Continuous monitoring of small ruminant farms will provide important information for assisting farmers with managing the spread of parasitic infections and maintaining the productivity of animals.

Keywords: Helminthiasis, Coccidiosis, Theileriosis, Goat, Sheep

INTRODUCTION

In 2010, the Federation of Livestock Farmer’s Association of Malaysia (FLFAM) reported that the population of small ruminants (goat and sheep) were estimated at between 545,000 and 134,000, respectively (FLFAM 2010). Close to 2015, the levels of mutton production were estimated to increase from 8.99% to 35.00% by increasing the goat population to 1.5 million heads (Department of Veterinary Services 2008). To achieve this target, a disease control and eradication program was listed as one of the strategies for boosting the population of small ruminants. The aim of controlling parasitic infestation with helminthiasis, coccidiosis and blood protozoa in small ruminants was to reduce their morbidity and mortality rate.

Recently, helminthiasis, referring mainly to haemonchosis, was shown to be the second most important cause of mortalities in small ruminants in Malaysia (Nor-Azlina et al. 2011). Furthermore, Waller (2006) reported that the helminths in goats and sheep, which included Haemonchus contortus, Oesophagostomum spp., Cooperia spp. and Trichostrongylus spp., cause severe economic losses in the livestock industry. Further investigation found that the helminth infections were rampant due to the grazing activities of the livestock on pastures contaminated with third stage infective larvae of parasitic nematodes (Chandrawathani et al. 2008). Therefore, a diagnosis of helminthiasis and the monitoring of worm burdens in herds and flocks are two tasks that are commonly requested of veterinary laboratories.

Foreyt (1990) reported that coccidiosis is one of the most ubiquitous and economically important diseases of goats. In small ruminants, coccidiosis is mainly caused by Eimeria sp. (Soulsby 1982). Goats and sheep harbour their own species of Eimeria sp., and there is no cross-infection (McDougald 1979). These unicellular protozoa usually cause acute invasion and destruction of intestinal mucosa; they invade and destroy intestinal cells, resulting in loss of blood and electrolytes and poor absorption of nutrients. The most common sign of infection is diarrhoea, which may be severe and the faeces may contain blood. The pathogenic effect of coccidia can be aggravated by poly-parasitism, affecting the different portions of the digestive tract and the timing of the reproductive patterns (Craig 1986), gastro-intestinal nematodes (Taylor 2009), or even other pathogenic agents such as viruses or bacteria (Wright & Coop 2007). Coccidiosis develops and is exacerbated in association with overstocking or intensive indoor housing and poor sanitation. A diagnosis of coccidiosis can be based on faecal examination or oocyst identification (Urquhart et al. 1996).

Another parasitic infestation that affects small ruminant animals is theileriosis, which is a tick-borne haemoprotozoan disease that is caused by Theileria lestoquardi (formerly T. hirci), Theileria ovis or Theileria separata (Altay et al. 2008). Theileria spp. infect healthy animals and cause body weight loss and pale mucous membranes. The presence of Theileria spp. can be diagnosed with a blood smear examination.

One of the indicators of parasitic infestation is the packed cell volume (PCV), which is a measure of the anaemic status of animals. Previously, the reported anaemic status was easily obtained through PCV values (Bull et al. 2000). Typically, PCV values in goats were reported between 22% and 38% (Schalm et al. 1975). The animals were considered anaemic when the PCV value was below than 22% and dehydrated when the values exceeded 38% (Chandrawathani et al. 2008).

Thus objective of this study was to investigate the prevalence of helminthiasis, coccidiosis and theileriosis and to determine the PCV value of randomly selected farms in Perak, Malaysia.

MATERIALS AND METHODS

Study Design and Sampling Site

A total of 350 faecal and blood samples were randomly collected from 175 goats and sheep of 7 small ruminant farms in Kampar, Larut Matang and Selama, Kuala Kangsar and Manjung districts in Perak, as shown in Table 1. The samples were examined for their parasitic infestation status using faecal and blood examinations. Rectal faecal collections and jugular venous blood samples were taken between April until July 2011 from approximately 10% of the population in each farm. All samples were processed and diagnosed at the Parasitology Unit, Veterinary Research Institute (VRI), Ipoh, Perak.


Table 1: The type, number and breed of goats and sheep according to their sampling location.



	Farm

	Location/district

	Type of animals

	No. of animals (n)

	Breed of animals




	1

	Larut Matang and Selama

	Goat

	25

	Boer




	2

	Kuala Kangsar

	Goat

	25

	Boer, Katjang




	3

	Kampar

	Goat

	30

	Boer, Katjang




	4

	Kampar

	Goat

	15

	Katjang




	5

	Larut Matang and Selama

	Goat

	30

	Boer




	

	Kampar

	Goat

	20

	Boer, Katjang




	6

	

	Sheep

	5

	Siamese long tail cross




	

	Manjung

	Goat

	5

	Jamnapari




	7

	

	Sheep

	20

	Siamese long tail cross




	Total

	

	

	175

	





Blood Examination

The blood samples collected were subjected to blood smear examination and microhaematocrit techniques for the examination of blood protozoa and the measurement of the PCV values (Christopher et al. 1992). Briefly, blood smears were created and then fixed with methanol and stained with freshly prepared Giemsa stain at pH 7.2. All of the stained smears were then examined under a microscope for the presence of blood protozoa. PCV was determined using a microhaematocrit technique. The collected blood was mixed thoroughly and drawn into a microhaematocrit capillary tube to approximately ¾ of the length. The free end was sealed (Critoseal®, Illinois, USA) and the tube was centrifuged at 10,000 rpm for 5 minutes. The percentage of PCV was read directly from a microhaematocrit reader (Hawksley Microhaematocrit Reader, Sussex, UK).

Faecal Examination

Faecal samples collected were subjected to the McMaster’s and floatation methods as described by Christopher et al. (1992). All results were recorded as the number of eggs per gram (epg) for McMaster, and the presence of coccidia oocysts was considered to be a positive examination.

Data Analysis

All data were statistically analysed using Statistical Package for Social Science (SPSS version 13.0, SPSS Inc., Illinois, USA) software for the analysis of variance. All data are expressed as the mean±SEM. Differences between means were considered significant at p<0.05.

RESULTS

A total of 150 goats and 25 sheep of various breeds were successfully examined; 175 faecal samples and 175 blood samples were obtained for faecal and blood examinations.

The results are shown in detail in Table 2 and Figure 1. The analysis of the faecal samples showed that 86.86% (n=152) of the samples were positive for helminthiasis. The worm egg counts ranged from 100 to 14,600 epg (1634.44±195.54). Approximately 37.14% (n=65) of the animals showed a lower egg count, with a range between 100 and 500 epg, and 34.29% (n=60) were intermediate (500 to 1000 epg). However, only 15.43% (n=27) showed a high egg count (>1000 epg).


Table 2: Faecal and blood sample examination for helminthiasis coccidiosis, blood parasite cases and PCV values (n=175).



	
	Faecal samples

	
	Blood samples




	Positive cases
	Helminth faecal egg count (epg)

	Coccidia oocyst

	PCV value (%)

	Blood parasite (Theileria sp.)




	100–500

	600–1000

	>1000

	0–22

	22–38

	>38




	Number (n)
	65

	60

	27

	162

	42

	129

	4

	25




	%
	37.14

	15.43

	34.29

	92.57

	24.00

	73.71

	2.30

	14.30






[image: art]

Figure 1: The percentage of parasitic infestation in small ruminant farms in Perak, Malaysia in 2011.



Analysis of the faecal samples also showed that 92.57% (n=162) of the animals were positive for coccidiosis. In this study, the increased numbers of positive coccidiosis cases were shown to be increased along with the number of positive helminthiasis cases.

The examination of the blood samples showed that 14.30% (n=25) of the animals were positive for Theileria spp. In addition, the PCV values ranged between 7% and 44%. Of the 175 animals that were examined, 73.71% (n=129) of the PCV values were in the normal range, 24.00% (n=42) were anaemic, and 2.03% (n=4) exhibited high PCV values due to dehydration.

DISCUSSION

Based on the results, there was a high correlation between helminthiasis and coccidiosis. The findings support the previous studies that showed that both diseases have a similar faecal-oral route of transmission (Anderson 1992; Smith & Sherman 1994; Clark & Blake 2012). Through the ingestion of contaminated feed or water, animals become infected with strongyle eggs or coccidia oocysts and develop almost similar gastrointestinal-related clinical signs such as diarrhoea, inappetence, weight loss, poor growth and emaciation.

The epg results were separated into three groups according to their degree of infections (epg of faeces) as mentioned by Hansen and Perry (1994). Low epg (100 to 500 epg) indicates light infection, whereas high epg (>1000 epg) shows the heavy burden of helminth infection. Furthermore, mean epg is commonly used as an indicator for the severity of the infection in a population.

In the field, the PCV value is important for determining the unhealthy animals due to parasite infestation. As previously reported, helminthiasis was known to occur due to blood sucking parasites such as H. contortus in the abomasum, which may lead to blood loss, dehydration and anaemia in animals (Rowe et al. 1988; Wahab et al. 2007). However, anaemia also may be observed in some cases of severe infestation of coccidia due to intestinal mucosa invasion and destruction by unicellular protozoa (Aumont et al. 1984). In theileriosis, in addition to blood loss anaemia due to tick infestation, the presence of protozoa in the red blood cells of animals may also lead to anaemia (Nazifi et al. 2011).

Based on this study, we found that some of the farms do not have proper deworming records for controlling helminthiasis and are therefore unable to evaluate anthelmintic efficacy on their farm. According to Chandrawathani et al. (2013), anthelmintic resistance is an issue to be addressed in farms with animals that are treated with anthelmintics but still exhibit helminthiasis problems. Coccidiosis should be properly controlled due to its impact, which might cause poor nutrition in animals and indirectly reduce production. Furthermore, according to Jalila et al. (1998), the intensity of coccidiosis infestation was found to be related to the cleanliness level.

Helminthiasis, coccidiosis and theileriosis may cause a wide range of clinical signs in goats and sheep including fever, diarrhoea, anaemia, dehydration, inappetence, weight loss, emaciation and sometimes death (Muhammad et al. 1999; Kahn et al. 2005). Good management practices play a major role in preventing and reducing the occurrence of parasitic infestation in farms. Improving the cleanliness of the facilities, pastures, pens, feeding and water sources will minimise the incidence of infestation. Furthermore, animal stress due to high density and overcrowded pens may also encourage helminthiasis and coccidiosis. In theileriosis, Dolan (1989) reported that acaricides may play a role in controlling the tick infestation that can transmit Theileria spp. from one animal to another.

The control of parasitic infestations in small ruminant farms is very important, as healthy animals will increase production, reduce costs for treatment, directly increase domestic mutton production and indirectly increase farmers’ profit.

CONCLUSION

Based on the results of this study, helminthiasis, coccidiosis and theileriosis were found to be the common parasitic infestations in small ruminant farms causing high mortality and morbidity in Perak, Malaysia. Concerted efforts need to be taken to improve productivity and to safeguard food quality as drugs may be used rampantly to control these infections in high-density, overcrowded pens that encourage these diseases. The proper usage of anthelmintics and coccidiostats and the implementation of tick control on farms will help in controlling parasitic infestations.
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Abstrak: Corak diurnal masa-aktiviti oleh burung Small Bee-eater (Merops orientalis) telah dikaji antara tahun 2005 hingga 2006 di daerah Nagapattinam di Selatan India. Burung Bee-eaters telah diperhatikan menggunakan secara puratanya sebanyak 52.2% daripada masa mereka untuk mengimbas, 21.3% untuk makan, 13.3% untuk terbang, 8.8% untuk berehat dan 4.1% untuk aktiviti menyelisik. Masa yang telah digunakan untuk mengimbas berbeza mengikut musim pada tahun 2005 (p<0.05) dan antara blok masa (p<0.05), tetapi tidak berbeza antara tahun dan habitat (p>0.05). Corak pemakanan berbeza antara tahun, musim antara tahun, blok masa dan habitat (p<0.05). Pola penerbangan berbeza antara tahun, blok masa dan habitat (p<0.05) tetapi tidak berubah antara musim dalam tahun (p>0.05). Pola berehat berbeza antara tahun dan habitat (p<0.05) tetapi tidak berbeza antara musim dalam tahun atau blok masa (p>0.05). Aktiviti menyelisik berbeza antara tahun dan blok masa (p<0.05) tetapi tidak berbeza antara musim dalam tahun atau habitat (p>0.05). Kami membuat kesimpulan bahawa beberapa faktor, seperti ketersediaan makanan, faktor persekitaran dan ancaman pemangsa, boleh memberi kesan terhadap corak aktiviti diurnal burung Bee-eaters antara habitat dan musim; kajian lanjut boleh menjernihkan kesimpulan ini.

Kata kunci: Small Bee-eater, Masa-aktiviti, Mengimbas, Pemakanan, Blok Masa, Musim

Abstract: The diurnal time-activity patterns of the Small Bee-eater (Merops orientalis) were studied between 2005 and 2006 in the Nagapattinam District of Southern India. Bee-eaters were observed to spend an average of 52.5% of their day time scanning, 21.3% feeding, 13.3% flying, 8.8% resting and 4.1% engaging in preening activities. The time spent on scanning varied among seasons in 2005 (p<0.05) and among time blocks (p<0.05), but it did not vary among years or habitats (p>0.05). The feeding patterns differed among years, seasons within years, time blocks and habitats (p<0.05). The flying habits varied among years, time blocks and habitats (p<0.05) but did not change between seasons within years (p>0.05). The resting habits differed among years and habitats (p<0.05) but did not differ among seasons within years or time blocks (p>0.05). Preening differed among years and time blocks (p<0.05) but did not vary among seasons within years or habitats (p>0.05). We conclude that several factors, such as food availability, environmental factors and predation threats, may affect the diurnal activity patterns of Bee-eaters between habitats and seasons; a further study could clarify this conclusion.

Keywords: Small Bee-eater, Time-activity, Scanning, Feeding, Time Blocks, Seasons

INTRODUCTION

Activity pattern studies quantify the time allocation of animals performing behavioural activities (Rave & Baldassarre 1989). The amount of time allocated to various behaviours is therefore critical in understanding the ecological needs of a species and the pressures acting upon individuals of that species. From an animal’s time activity pattern, we can learn more about its individual physical condition, social structure and environmental conditions (Paulus 1988; Aissaoui et al. 2011). Daily activity is influenced by an individual’s need and its interactions with organisms, both conspecific and with other species. Animals modify their activities to maximise their energy gain and reproductive output. These conversions should vary according to the inherent factors of the animals, such as age, sex, mass and reproductive status (Corp et al. 1997); environmental factors, such as ambient temperature, humidity, illumination and precipitation; and ecological factors, such as group size, habitat, food availability and predation (Lillywhite & Brischoux 2012). The patterns of daily activity and behaviour often vary among and within species (Guillemain et al. 2002; Jeschke & Tollrian 2005); as a result, these activity patterns help us to study the life history and ecological adaptations of birds (Hamilton et al. 2002). The time and amount of energy a bird spends performing different activities must inevitably influence its survival. The time-activity patterns of birds vary greatly according to the type of habitats they inhabit and food they eat (Paulus 1984). Time-activity patterns are especially suitable for comparative studies, such as those among sexes, seasons of the year and habitats (Holmes et al. 1979).

Several studies have reported the diurnal activity pattern of various bird species (e.g., Morrier & McNeil 1991; Rave & Cordes 1993; Evers 1994; Martinez 2000; Acquarone et al. 2001; Muzaffar 2004; Baaziz & Samraoui 2008; Chen et al. 2008; Jónsson & Afton 2009). However, in the Indian context, information on the diurnal activity patterns of birds is limited, except for some preliminary works (e.g., Khera & Kalsi 1986; Mahabal 1991; Natarajan 1991; Ramachandran 1998; Sivakumaran & Thiyagesan 2003; Ali et al. 2010a, b; Asokan et al. 2010a; Upadhyaya & Saikia 2010; Das et al. 2011; Thakor et al. 2011, 2012; Yaseen et al. 2014).

Bee-eaters (family Meropidae) are one of 9 or 10 families in the order Coraciiformes (Fry 2001). There are 26 currently recognised species, which occur predominantly throughout the Afro-Asian tropics. There is considerable diversity in social and breeding behaviours among the Meropidae: they may perform colonial or solitary nesting, be sedentary or migratory, and utilise pair-breeding or a cooperative breeding system (Fry 2001; Burt 2002). The Small Bee-eater (Merops orientalis) is an abundant, widely distributed species that is found in western sub-Saharan Africa through the Middle East and in the Indian subcontinent to south Asia (Fry & Fry 1992). These birds are sexually monomorphic, and they feed upon airborne insects, predominantly beetles, bees, dragonflies, butterflies, bugs and grasshoppers, which they obtain by fly-catching from exposed perches (Asokan et al. 2009). Little information currently exists on the ecology of Small Bee-eaters (Bastawde 1976; Bannerjee 1992; Mishra 1993; Sihag 1993; Sridhar & Karanth 1993; Asokan 1998; Burt 2002; Milind et al. 2002; Asokan et al. 2003, 2010b). In particular, data on the diurnal activity patterns of Small Bee-eaters are lacking. Here, we describe the time allocated to different daily activities by the Small Bee-eater among seasons, time blocks and habitats in a region of Southern India.

MATERIALS AND METHODS

Study Area

The study was conducted in three different locations, Mannampandal (11°.09’ N, 79°.68’ E), Manakkudi (10°.58’ N, 79°.74’ E) and Thiruvalanagadu (13°.12’ N, 79°.78’ E) of the Nagapattinam District, Tamil Nadu, Southern India. The study area is generally referred to as the ‘granary of Southern India’ because it hosts large-scale agricultural operations for the cultivation of rice (Oryza sativa), sugarcane (Saccharum officinarum), cotton (Gossypium hirsutum), groundnut (Arachis hypogaea), banana (Musa paradisiaca), green gram (Vigna radiata), black gram (Vigna mungo) and other cereals. Based on rainfall and temperature, the study years were divided into the following seasons: post-monsoon (January-March), summer (April-June), pre-monsoon (July-September) and monsoon (October-December). The activity patterns of Small Bee-eaters were observed in three habitats, namely agricultural lands (at Thiruvalanagadu), river banks (at Mannampandal) and social forestry plantations (at Manakkudi). The agricultural lands are under paddy cultivation; the river bank terrain is characterised by the host of trees, shrubs and herbs on both sides of the river; and the social forests include a variety of village woodlots, such as Casuarina, bamboo, teak and eucalyptus.

Diurnal Activity Patterns

Data were collected twice monthly between 2005 and 2006 in all three habitats. The observations were made with 7×50 field binoculars, and the duration of each of the activities was measured using an electronic stopwatch. Each day was divided into four time blocks: early morning (0600–0900 hrs), late morning (0900–1200 hrs), midday or afternoon (1200–1500 hrs) and late evening (1500–1800 hrs). Behavioural data were collected using the focal animal sampling technique of Altmann (1974). The pattern of observation in each time block was as follows: each hour was divided into three 15-minute continuous monitoring periods, followed by a 5-minute break. During each 15-minute period, only one bird was monitored, and the same bird was monitored throughout the day. When the bird disappeared from our sight, another individual was selected and monitored. Small Bee-eaters are sexually monomorphic, so we did not differentiate the data between sexes. The time spent performing different activities was determined each month, and from these values, the percentage of time spent was estimated for each activity during the different time blocks of the day. In each year, we collected data on the diurnal activities of Small Bee-eaters for 144 hours, for a total of 288 hours over 2 years for each habitat. The activities are divided into five major categories:

(1) Scanning – the time spend by the bird in an upright position, scanning its surroundings actively.

(2) Feeding – the time spent by a bird in capturing prey and manoeuvring them into its mouth prior to swallowing.

(3) Flying – the time spent by a bird in flight, very often in pursuit of prey.

(4) Resting – the time spent by a bird sleeping or dozing while perched, with its head retracted and eyes closed.

(5) Preening – the time spent on all forms of comfort movements, including feather shaking, wing flapping, bill cleaning, bill scratching, body-shaking and tail-shaking.

Data Analysis

A comparison of the magnitude of each activity among the years was performed using the t-test, the Kruskal-Wallis (H) test was used to compare each activity among the seasons and the habitats, and the Chi-square (χ2) test was used to compare each activity among the time blocks. For computation and analysis, MINITAB (Minitab Inc. 2006, Pennsylvania, USA) was used, and the results of those analyses were interpreted using standard statistical procedures. The results are reported as significant if they are associated with a value of p<0.05.

RESULTS

Overall, scanning was the most important diurnal activity of the Small Bee-eaters (mean±SD: 52.5± 8.41%), followed by feeding (21.3±4.35%), flying (13.3±6.08%), resting (8.8±4.55%) and preening (4.1±3.27%). The diurnal activity patterns exhibited significant annual, seasonal and habitat differences. Scanning was the predominant activity throughout the year, and it was similar in both years (t=5.07, p>0.05), with an average of 51.7±6.55% in 2005 and 49.5±9.64% in 2006. In 2005, scanning activity differed among the seasons (H=86.5, p<0.05), with the maximum time spent of 54% during monsoon (Fig. 1); however, in 2006, the Small Bee-eaters spent a similar amount of time among seasons (H=4.7, p>0.05). Scanning differed among the time blocks (χ2=114.3, p<0.05); in general, the Small Bee-eaters spent more time scanning in the 0900–1200 hr time block (55.2±11.67%) than in the other time blocks (Fig. 2). The Small Bee-eaters spent more time scanning in social forests (53.7±9.31%) than in other habitats (Fig. 3), but scanning was statistically similar in all habitats (H=7.5, p>0.05).
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Figure 1: Seasonal variations (within years) in the mean percentage time spent on various activities by the Small Bee-eater, Southern India.
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Figure 2: Mean percentage of time spent on different activities by the Small Bee-eater in different times of day (years, seasons and habitats pooled).
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Figure 3: Mean percentage of time spent on various activities by the Small Bee-eater among habitats (years, seasons and time blocks pooled).



Diurnal time spent on feeding activity varied among the years (t=1.24, p<0.05), with a maximum of 21.3±4.34% in 2006. The percentage of time spent on feeding varied among the seasons within the years (H=138.6, p<0.05), and in both years, the birds spent more time feeding in summer (27.8±6.25% in 2005 and 26.8±4.34% in 2006) than in other seasons (Fig. 1). Feeding activity differed among times of day (χ2=178.5, p<0.05), being generally higher in the morning (22.5±7.23%) and evening (28.0±5.64%) time blocks (Fig. 2). Time allocated to feeding activity varied significantly according to the type of habitat (H=68.4, p<0.05) and was higher in agricultural lands (26.8±10.54%) than in river banks and social forests (Fig. 3).

The time spent flying exhibited similar results, with an average of 15.4±3.88% during 2005 and 13.1±6.20% during 2006. The time spent flying did not vary among seasons within the years (H=10.4, p>0.05); the birds usually spent more time flying during the summer of both years (20.1±6.50% and 16.6±5.23%) (Fig. 1). Flying activity varied among the time blocks of the day (χ2=131.2, p<0.05) and always peaked (20.1±6.40%) during the late evening (Fig. 2). Flying activity also differed among habitats (H=127.5, p<0.05), being minimal in social forests (11.3±8.32%) and reaching a maximum in agricultural lands (18.6±6.15%) (Fig. 3).

Resting activity varied between years (t=1.16, p<0.05), being lower in 2005 (4.5±2.55%) and higher in 2006 (6.7±3.47%). The time allocated to this activity did not change among the seasons within the years (H=5.87, p>0.05); in both years, birds spent more time resting post-monsoon (6.3±1.65% in 2005 and 8.9±2.5%2 in 2006) (Fig. 1). No significant differences were found in the mean duration of resting activity among the time blocks of the day (χ2=26.4, p>0.05). Resting activity peaked during midday (48.2±18.24%), being higher than in any of the other time blocks (Fig. 2). The percentage of time spent resting differed among the habitats (H=165.2, p<0.05), being highest in river banks (11.8±3.41%) and lowest in agricultural lands (3.1±2.01%) (Fig. 3).

The daily pattern of preening differed among years (t =1.28, p<0.05) and occupied a greater percentage of time in 2005 (9.4±3.16%) than in 2006 (6.8±1.58%). The time spent on this activity was similar among the seasons (H=8.4, p>0.05), and the birds spent more time preening during the monsoons of 2005 (10.3±2.84%) and 2006 (12.4±1.20%) (Fig. 1). Preening activities varied among time blocks of the day (χ2=64.3, p<0.05), reaching a maximum at the late evening (10.2±5.59%) and a minimum at midday (6.1±3.45%) (Fig. 2). Preening activities occurred similarly in all habitats (H=4.62, p>0.05), and it peaked at the river banks (10.2±5.44%) (Fig. 3).

DISCUSSION

Scanning was the main diurnal activity for Small Bee-eaters, accounting for more than half (52.5%) of their actions because of their ‘sit-and-wait’ predatory nature (Ettinger & King 1980; Sivakumaran & Thiyagesan 2003; Ali et al. 2010a, b; Asokan et al. 2010a). During our study, the birds mostly perched on electric power lines in agricultural lands, shrubby vegetation in river banks and small trees in social forests when searching/scanning for insect prey (Asokan & Ali 2010). Scanning activity was higher in the monsoon and post-monsoon periods and was relatively lower in the summer of the year. This difference may be due to the northeast monsoon rainfall; during this period, all the habitats were generally wet in nature, which can affect the insect prey distribution. In the post-monsoon, cold temperatures might be expected to force Small Bee-eaters to devote more time to scanning, while the reverse might be true during the summer. The amount of time spent on scanning among time blocks and habitats may be inversely correlated to the insect availability. When insects are abundant, the birds spend less time on scanning; when insects are in short supply, the reverse is true (Ali et al. 2010a).

The Small Bee-eater exhibited a typical bimodal feeding pattern: one peak during the morning (0600–0900 hrs) and another peak during the evening (1500–1800 hrs). Many species of birds are known to exhibit feeding maxima early in the morning and late in the evening (Natarajan 1991; Evers 1994; Ramachandran 1998; Rodway 1998; Sivakumaran & Thiyagesan 2003; Ali et al. 2010a, b; Asokan et al. 2010a; Aissauoi et al. 2011). The increased feeding at the beginning of the day may due to the start of their day-to-day activities, which have high energy requirements; the feeding peak at the end of the day may reflect the overnight energy requirements of the birds (Kelly 1998). The differences recorded in seasonal feeding activity indicate that the birds fed more often during summer and less during monsoon. In the study area, insect prey resources were abundant during the summer (Asokan et al. 2003). Small Bee-eaters fed on a variety of insect groups, exclusively beetles, grasshoppers, bees, butterflies and dragonflies from the study habitats (Asokan et al. 2009). Feeding activity was greater in the agricultural lands because the insect prey spectrum is wider. The till, plant, harvest and fallow cycle of crops represent dynamic habitats that, on a small scale, are unpredictable in terms of prey abundance and availability but on the larger scale provide year-round feeding opportunities. Less time spent in other habitats may reflect not only lower insect availability but also avian predatory pressure, inter-specific competitions and human disturbances (Ali et al. 2010a, b; Asokan et al. 2010a).

In general, the peaks in flying activity were similar to the peaks in feeding activity in all time blocks, seasons and habitats. Generally, flight occurs due to prey capture and movement from one location to another. Disturbances such as human activities and inter- and intra-specific competition are the primary causes of flight activity among Small Bee-eaters.

Resting is a major midday activity of Small Bee-eaters; they typically rest in densely shaded trees and shrubs. The birds take a complete rest when the temperature reaches its daily maximum (e.g., from 1300–1400 hrs); subsequently, they slowly restart their activities. Tamisier (1976) suggested that the increase in resting during midday was a mechanism to minimise the heat load on a bird subject to high environmental temperatures. Previous studies on the time activity patterns of birds (Verbeek 1972; Quinlan & Baldassarre 1984; Losito et al. 1990; Lee 1997; Martinez 2000; Ali et al. 2010a, b; Asokan et al. 2010a) have revealed similar patterns of resting during midday.

Preening occupied a small portion of the time budget and was usually performed in early morning (after leaving from roost sites) and late evening (before entering to roost sites). The wings, breast and back were the body parts most often preened by Small Bee-eaters, followed by the tail, neck, rump and feet. The most frequent comfort activities were bill scratching, feather shaking and wing flapping. Many bird species have been recorded spending time on these activities (Khera & Kalsi 1986, Natarajan 1991; Ramachandran 1998; Martinez 2000; Muzaffar 2004; Ali et al. 2010a, b; Asokan et al. 2010a).

The present study provided detailed information on the diurnal activity patterns of the Small Bee-eater, which may be useful in environmental monitoring, the evaluation of habitat suitability, and population management (Evers 1994; Hamilton et al. 2002; Jonsson & Afton 2006; Chen et al. 2008). Several factors, such as prey availability, environmental factors, and anthropogenic disturbances, are affected by the diurnal activity of birds (Gibson 1978; Mckinney & Mcwiliams 2005; Chen et al. 2008). However, further investigation is required to understand the effect of these factors on the diurnal activity patterns of the Small Bee-eater due to its potential role as a biological pest control agent against agricultural insect pests (Asokan 1998; Asokan et al. 2009). In the present study, we did not examine the effects of age and sex on the activity of Small Bee-eaters, despite the fact that differences in activity exist among age and sex classes in birds (Jónsson & Afton 2009). Future studies will clarify the differences in activity among the age and sex classes of Small Bee-eaters.
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Abstrak: Semenjak sedekad yang lalu, bidang biologi sel stem menjadi tarikan utama dalam kalangan penyelidik kerana potensi terapeutiknya yang luas. Sel stem adalah satu kelas sel tak terbeza yang berupaya membeza kepada sel jenis khusus. Sel stem boleh dikelaskan kepada dua jenis iaitu sel-sel stem dewasa (tisu dewasa) dan sel-sel stem embrio (embrio yang terbentuk semasa fasa blastosis dalam pembentukan embrio). Artikel ini akan membincangkan mengenai dua jenis sel stem mesenkim dewasa; sel stem gigi dan sel stem amnion dari segi keturunan pembezaan, bilangan pemindahan dan kajian model haiwan. Sel stem amnion mempunyai bilangan keturunan pembezaan yang lebih tinggi berbanding sel stem gigi. Sebaliknya, peringkat bilangan sub-kultur sel stem gigi adalah lebih banyak berbanding sel stem amnion. Untuk pertumbuhan semula tisu, sel stem amnion mengambil masa yang paling singkat bagi penjanaan semula berbanding sel stem gigi, berdasarkan kajian model haiwan.

Kata kunci: Sel Stem Gigi, Sel Stem Amnion, Keturunan Pembezaan, Peringkat Bilangan Sub-Kultur

Abstract: In the past decade, the field of stem cell biology is of major interest among researchers due to its broad therapeutic potential. Stem cells are a class of undifferentiated cells that are able to differentiate into specialised cell types. Stem cells can be classified into two main types: adult stem cells (adult tissues) and embryonic stem cells (embryos formed during the blastocyst phase of embryological development). This review will discuss two types of adult mesenchymal stem cells, dental stem cells and amniotic stem cells, with respect to their differentiation lineages, passage numbers and animal model studies. Amniotic stem cells have a greater number of differentiation lineages than dental stem cells. On the contrary, dental stem cells showed the highest number of passages compared to amniotic stem cells. For tissue regeneration based on animal studies, amniotic stem cells showed the shortest time to regenerate in comparison with dental stem cells.

Keywords: Dental Stem Cells, Amniotic Stem Cells, Differentiation Lineages, Number of Passages

INTRODUCTION

Stem cells (SCs) are one of the recent scientific findings of the 21st generation and have led to some parts of the fundamental knowledge of biological cells being rewritten. Embryonic SCs are derived from embryos, while adult, or somatic SCs, come from somatic cells. Both types are generally characterised by their plasticity. However, the pluripotentiality of embryonic SCs surpasses adult SCs. Although embryonic SCs seem to be the gold standard in terms of plasticity, ethical issues have capped it from being used widely, while adult SCs are multipotent SCs with less plasticity (Raff 2003) but generally raise no ethical issues. Adult SCs derived from bone marrow have been extensively studied (Woodbury et al. 2000; Terada et al. 2002). The cells are capable of differentiating into haematopoietic lineages (Huang & Terstappen 1992) and non-haematopoietic lineages (Le Blanc et al. 2003). Another type of multipotent SC is mesenchymal SCs (MSCs). However, the sources of these SCs pose some limitations because the procedure for obtaining adult SCs is usually invasive, painful and occasionally associated with morbidity (Baksh et al. 2007). In addition, sometimes only a handful of specialised SCs can be isolated (Pittenger et al. 1999; Sakaguchi et al. 2005). Taking all those factors into consideration, adult SCs remain the favourite SC because of ethics and the growing list of SC manipulation techniques, especially in the field of tissue engineering (Tuan et al. 2003; Caplan 2007). Thus, identifying alternative sources of adult SCs remains an important issue.

This review discusses two types of adult SCs: namely, dental and amniotic SCs. One of the best sources of SCs is dental SCs. Dental SCs are suggested to be remarkably resilient (Zhang et al. 2006) and have the capacity to differentiate into many specific cell types (Gronthos et al. 2000). In addition, dental SCs have a high number of passages before losing their stem cell markers (Kerkis et al. 2007), compared to SCs from the human amniotic membrane (HAM) (Miki et al. 2005). Thus, to understand these two types of SCs, the abilities of these two cell types must be understood, and these topics form the basis of the below sections. The induced pluripotent stem (iPS) cell, a synthetically derived SC that is recently becoming a popular source of SCs, is out of the scope of this review article.

CHARACTERISTICS OF MESENCHYMAL STEM CELLS

Several features of MSCs include phenotypic, morphological, cell lineage and stem cell marker characteristics. The plastic adherence nature of MSCs to tissue culture flasks constitutes its phenotypic characteristic (Horwitz et al. 2005). MSCs have a fibroblastic-like cell morphology (Väänänen 2005). SCs are considered mesenchymal if they can differentiate into osteogenic, chondrogenic and adipogenic lineages (Pittenger et al. 1999; Toda et al. 2007). However, recent studies showed that MSCs can also differentiate into myogenic and neurogenic lineages (Alviano et al. 2007; Portmann-Lanz et al. 2006). In 2006, the International Society for Cellular Therapy (ISCT) proposed a cell surface marker panel for the minimal identification of human MSCs (Takata et al. 2004). Under that recommendation, MSCs should be positive for CD73, CD90, and CD105 and lack typical hematopoietic antigens, which are CD45, CD34, CD14 (Pittenger et al. 1999), CD11b or CD19 or CD79α, and HLA-DR (Takata et al. 2004). Other expressed cell surface markers are CD44, CD166 (Sánchez et al. 2011), CD29 (Kern et al. 2006), and CD271 (Bühring et al. 2007).

Dental Stem Cells

Adult MSCs come from many sources, including the tooth (Fig. 1) and HAM (Fig. 2). Dental SCs can be isolated from a few locations of the tooth. The SCs isolated from the permanent third molars of adult human dental pulp are termed dental pulp SCs (DPSCs) (Shi & Gronthos 2003), while SCs isolated from the pulp of deciduous teeth are known as SCs from human exfoliated deciduous teeth (SHED) (Miura et al. 2003). The SCs from the apical papilla (SCAPs) are the SCs isolated from the tooth root apex (Sonoyama et al. 2008), while periodontal ligament (PDL) SCs (PDLSCs) are those SCs from the PDL (Demarco et al. 2011).
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Figure 1: Diagram showing sources of MSCs from the tooth.

Note: DPSCs: dental pulp SCs; SHED: SC from human exfoliated deciduous teeth; PDLSCs: periodontal ligament SCs; SCAP: SC from apical papilla
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Figure 2: Diagram showing sources of MSCs from the human amniotic membrane.

Note: HAECs: human amniotic epithelial SCs; HAMMSCs: human amniotic mesenchymal SCs



Amniotic Stem Cells

Two types of SCs can be isolated from HAM: human amniotic epithelial SCs (HAESCs) (Alonso & Fuchs 2003) and human amniotic membrane mesenchymal SCs (HAMMSCs) (Alviano et al. 2007). HAECs are cuboidal to columnar cells that form a monolayer lining on the membrane and are in direct contact with the amniotic fluid (Caruso et al. 2012). HAECs, which arise from the embryonic epiblast, are amongst the first cells to differentiate from the conceptus (Parolini et al. 2008). The conceptus includes all structures that develop from the zygote; it comprises the embryo as well as the embryonic part of the placenta and its associated membranes: the amnion and chorion (Gitlin et al. 1972; Jauniaux et al. 2005). In contrast, HAMMSCs are dispersed in an extracellular matrix largely composed of collagen and laminin and are derived from extraembryonic mesoderm (Boury-Jamot et al. 2006).

CULTURE CHARACTERISTIC COMPARISONS

Differentiation Lineages

Dental and amniotic SCs differ in terms of their differentiation lineages; Zhang et al. (2006) found that DPSCs can differentiate into 5 lineages: osteogenic, adipogenic, chondrogenic, myogenic and neurogenic. SHED can differentiate into 6 lineages: dentinogenic (Minguell & Erices 2006), chondrogenic, myogenic (Sakaguchi et al. 2005), adipogenic, neurogenic and osteogenic (Miura et al. 2003). Some studies found that SCAPs differentiate into 3 lineages, dentinogenic, adipogenic (Caplan 2007), and neurogenic (Sonoyama et al. 2008), while PDLSCs differentiate into 4 lineages, osteo/cementogenic, adipogenic (Le Blanc et al. 2003), chondrogenic (Seo et al. 2004), and neurogenic (Huang et al. 2009). Among all the dental SCs, SHED showed the highest differentiation capacity because they can differentiate into 6 lineages. As for amniotic SCs, HAECs can differentiate into 9 lineages: adipogenic, chondrogenic, lung (Díaz-Prado et al. 2011), myogenic, osteogenic, cardiomyogenic (Ilancheran et al. 2007), neural, hepatic, and pancreatic (Miki et al. 2005). On the other hand, HAMMSCs can differentiate into 8 lineages: adipogenic, chondrogenic, neurogenic, angiogenic (Alviano et al. 2007), osteogenic and myogenic (Portmann-Lanz et al. 2006), hepatic (Tamagawa et al. 2007), and cardiomyogenic (Zhao et al. 2005). Based on the above research, HAECs differentiate into more lineages than HAMMSCs, and amniotic SCs have the maximum number of differentiation lineages based on the differentiation potential of HAECs.

Number of Passages

In research, the number of passages is one of the important determinations for SC studies. Dental SCs showed a higher number of passages compared to amniotic SCs. DPSCs have been passaged for up to 25 passages (Zhang et al. 2006; Kerkis et al. 2007). Sakaguchi et al. (2005) stated that the maximum passage number for SHED was up to passage 5 based on their research. Minguell and Erices (2006) reported that the highest passage number for SCAPs was passage 10, and the highest passage number for PDLSCs was passage 4 (Le Blanc et al. 2003). Among the dental SCs, DPSCs showed the highest passage number compared to SHED, SCAPs and PDLSCs. HAECs and HAMMSCs can also be compared in terms of passage numbers. Miki et al. (2005) found that HAECs can be maintained up to passage 8. A study (Bilic et al. 2008) postulated that HAMMSC proliferation nearly stopped beyond passage 5, while another study (Parolini et al. 2008) reported that HAMMSCs proliferate for 2 to 6 passages before proliferation ceases. Thus, dental SCs showed the highest passage numbers.

Animal Model Studies

Dental SCs and amniotic SCs also can be compared based on studies conducted on animal models. Dental SCs, DPSCs, SHED, SCAPs and PDLSCs have been used for pulp dentin/tissue engineering and regeneration in animal studies. DPSCs and SCAPs have been used to regenerate dentin (Sonoyama et al. 2008; Alongi et al. 2010). Similar to DPSCs (Alongi et al. 2010), SCAPs also required 8 weeks to regenerate dentin in the presence of hydroxyapatite and tricalcium phosphate (HA/TCP) (Sonoyama et al. 2008). Another study employed SHED to observe the regeneration of pulp (Cordeiro et al. 2008). After only 2–4 weeks, SHED became pulp. Seo et al. (2004) used PDLSCs for periodontal repair. The PDL is similar to tendon in terms of its dense collagen fibre structure and its ability to absorb mechanical stress during normal physiological activity (Berkovitz 1990). Among dental SCs, SHED exhibited the shortest period for tissue regeneration compared to DPSCs, SCAPs and PDLSCs (Seo et al. 2004; Cordeiro et al. 2008; Sonoyama et al. 2008; Alongi et al. 2010). Some studies (Manuelpillai et al. 2010; Zhang et al. 2011) used amniotic SCs, HAMMSCs and HAECs to treat liver fibrosis using immunocompetent mice. HAECs only required 2 weeks to decrease fibrosis formation and the progression of toxic carbon tetrachloride-induced cirrhosis; the same processes required 4 weeks for HAMMSCs. When comparing HAECs and HAMMSCs, HAECs showed the shortest time to regenerate tissues in liver fibrosis (Manuelpillai et al. 2010; Zhang et al. 2011). Both types of SCs have been successfully used in animal models but for different purposes. However, amniotic SCs showed the shortest time for tissue regeneration compared to dental SCs (Table 1).


Table 1: Comparison of culture characteristics of dental SCs and amniotic SCs.



	
	Dental SCs

	Amniotic SCs




	
	6 lineages

	9 lineages




	Differentiation lineages
	dentinogenic, chondrogenic, myogenic, adipogenic, neurogenic and osteogenic

	adipogenic, chondrogenic, lung, myogenic, osteogenic, cardiomyogenic, neural, hepatic, and pancreatic




	Maximum number of passages
	25

	9




	Animal model studies
	Dentin and pulp regeneration, periodontal repair

	Liver fibrosis





CONCLUSION

Despite the lower passage number of amniotic SCs, they hold promise in tissue regeneration due to their greater number of differentiation lineages and shorter regeneration capacity compared with dental stem cells. The high number of differentiation lineages of amniotic SCs suggests their high multipotentiality.
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Abstrak: Lecithocladium angustiovum dikenal pasti daripada perut (87.33%) dan usus (12.67%) ikan makerel Indonesia (Rastrelliger brachysoma). Deskripsi termasuk badan yang panjang; min panjang total sebanyak 1018.84 µm; dan eksoma sebanyak 47.52% daripada panjang total. Nisbah penghisap oral dan ventral ialah 1:0.63, dan panjang farinks ialah 97.42 µm. Keputusan jujukan didapati melalui penjujukan gen 18s rDNA untuk segmen DNA sebanyak 354 basepair (bp), dan komposisi min base (%) ialah 17.7 A; 35.7 T; 29.6 G; dan 17.1 C. Pokok filogenetik telah dikonstruksi untuk menunjukkan jarak genetik antara L. angustiovum dan jujukan-jujukan daripada Lecithocladium excisum, Dinurus longisinus, Plerurus digitatus dan Lecithochirium caesionis yang didapati dari GenBank.

Kata kunci: Parasit Helmin, Lecithocladium angustiovum, Rastrelliger brachysoma, Indonesia

Abstract: Lecithocladium angustiovum is identified from the stomach (87.33%) and the intestine (12.67%) of Indonesian short mackerel (Rastrelliger brachysoma). The description includes an elongated body; a mean total length of 1018.84 µm; and an ecsoma of 47.52% of the total length. The oral and ventral sucker ratio is 1:0.63, and the pharynx length is 97.42 µm. The sequence results were obtained by 18s rDNA gene sequencing of the 354 basepair (bp) DNA segment, and the mean base composition (%) was 17.7 A; 35.7 T; 29.6 G; and 17.1 C. A phylogenetic tree was constructed to demonstrate the genetic distance between L. angustiovum and sequences from Lecithocladium excisum, Dinurus longisinus, Plerurus digitatus and Lecithochirium caesionis obtained from GenBank.

Keywords: Helminth parasitic, Lecithocladium angustiovum, Rastrelliger brachysoma, Indonesia

INTRODUCTION

Fish are an important source of animal protein for humans in Indonesia as well as globally. The short mackerel, Rastrelliger brachysoma, is the most commercially important small pelagic fish because of its low price as a relatively high protein source (Ghazali et al. 2012). In addition to its economic value as a human food source, the short mackerel play an important ecological role as host to a range of taxonomically diverse parasites that exhibit a wide variety of life cycle strategies.

Parasitism is a ubiquitous phenomenon in marine environments, and it is probable that all marine fish are infected with parasites (Ruiz 1991) because fish are very vulnerable to helminthic parasitical infections. Some tail or a few species of helminth parasites soften and inhabit the body of fish (Noble & Noble 1982). Parasites are used increasingly as indicators for the differentiation of marine ecology because parasitic fauna might show a distribution parallel to the host distribution (Madhavi & Lakshmi 2011). The prevalence and intensity depend on many factors, such as the parasite species, the feeding habits of the host and the quality of the water the fish inhabit. Additionally, they depend on the presence of intermediate hosts such as copepods (Chandra et al. 2011). The effect of parasites on fish has been an attractive theme for two decades (e.g., Barber et al. 2000; Lafferty 2008).

Digenean parasites are common and could cause gastro-intestinal tract histopathology in marine fish (Kabata 1985; Chambers et al. 2001). The digenean groups of the Hemiuridae family, including the Lecithocladium genus, are typically dominant in the digestive tract of marine fishes because the family has a very wide distribution worldwide (Cribb et al. 2002). Research on helminthic parasites in Indonesian fish is limited. Indaryanto et al. (2014) found four species of helminthic parasites (Lecithocladium angustiovum, Lecitochirium sp., Prodistomum orientalis and Anisakis typica) in Indonesian short mackerel (Rastrelliger brachysoma and Rastrelliger kanagurta) collected from two locations.

The Lecithocladium genera includes at least 83 defined species, and many of them are similar. Information on L. angustiovum or the Lecithocladium genus is not widely available; the identification of the species has not been clearly defined, which explains the many similar species (Madhavi & Lakshmi 2011). L. angustiovum has been reported to frequently infect fish of the Scombridae family (Yamaguti 1953; Bray 1990).

Identification by genetic information and sequence analysis are widely used to describe and determine any type of organism and are considered helpful for classifying organisms into groups for biodiversity study. Blair and Barker (1993) found that 18S rRNA was well suited for the inference of phylogeny among digenean families. In this study, the biological description of L. angustiovum (Digenea: Hemiuridae) parasites from Indonesian short mackerel digestive tracts (R. brachysoma) is revealed, and the description is supported with genetic information from the sequence analysis technique. Additionally, we present the DNA sequence of L. angustiovum and compare it with those of other Hemiuridae family members obtained from GenBank.

MATERIALS AND METHODS

Fish Collection and Parasite Identification

The short mackerel (R. brachysoma) collections were made in July 2012 from five areas of fish landing sites in Indonesia, i.e., Jawa Island (Pelabuhan Ratu Bay, Banten Bay [Karangantu], Jakarta Bay [Muara Angke] and Banyuwangi Bay) and Sumatera Island (Lampung Bay, Bandar Lampung) (Fig. 1). The fish were caught by local fishermen in surrounding waters near the fish landing sites.
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Figure 1: Sampling map. The numbers indicate the sites where the Indonesian short mackerel (R. brachysoma) were collected: 1) Pelabuhan Ratu Bay; 2) Bandar Lampung Bay; 3) Banten Bay (Karangantu); 4) Jakarta Bay (Muara Angke); 5) Banyuwangi Bay.



The fish were brought in a cool box for the laboratory work. In the Helminthology Laboratory, (Faculty of Veterinary Science, Bogor Agricultural University), the fish were dissected carefully to observe the digestive tracts and then placed in separate petri dishes containing physiological saline water. The contents of the digestive tract were then observed under a microscope to count and collect L. angustiovum parasites. According to Gibson (1996) and Gibson and Bray (1986), the keys to identification of L. angustiovum are the presence of ventral sucker organs, an ecsoma, adult parasites found in the gastrointestinal tract or in the body cavity of marine teleosts, a funnel-shaped oral sucker, Scombrid or the Rastrelliger genus as the main host, and an oral sucker much larger than the ventral sucker.

We performed morphological measurements on 13 L. angustiovum specimens using Leica microscopy applications (LAS EZ V 1.8.0, Leica Microsystems Cambridge Ltd., UK). In addition, data on the mean intensity (level of infection) and prevalence (frequency of infection) were recorded following Bush et al. (1997). Three L. angustiovum specimens from Pelabuhan Ratu Bay were kept in a sterile 1.5 ml tube that contained 0.5 ml of TNES 8 M urea buffer for the genetic analyses.

DNA Extraction and Sequence Analysis

The DNA extraction was performed using a standard phenol-chloroform method (Imai et al. 2004). The amplification of 18S rRNA fragments was conducted by PCR using the universal forward primers 5’-ATCCAAGGAAGGCAGCAGGC-3’ (18SU467F) and reverse primer 5’-GTGCCCTTCCGTCAATTCCT-3’ (18SL1170R) and KapaTAQTM DNA polymerase (Kapa Biosystems, Cape Town, South Africa). The program used was denaturation (94°C, 2 min), 30 cycles of denaturation (94°C, 30 s), annealing (45°C, 30 s), extension (72°C, 1 min), and a single final extension (72°C, 7 min). The PCR product was separated, electrophoresed on a 1% agarose TreviGelTM 500 (Trevigen, Inc., Gaithersburg, Maryland, USA) and stained with ethidium bromide. The primer and program were designed by Dr. Hideyuki Imai from the University of the Ryukyus, Okinawa, Japan. For DNA sequencing, the sample was sent to Macrogen (Tokyo).

The sequence data were initially aligned using ClustalX2, ver 2.1 (University College Dublin, Belfield, Dublin) (Larkin et al. 2007). A neighbour-joining phylogeny of L. angustiovum mitochondria was constructed with Kimura’s two-parameter model using the MEGA (version 5) software (Nei & Kumar 2000) and compared with Hemiuridae DNA obtained from GenBank, including Lecithocladium excisum AJ287529, Dinurus longisinus AJ287501, Plerurus digitatus AF029803, and Lecithochirium caesionis AJ287528 (Olson et al. 2003).

RESULTS AND DISCUSSION

Descriptions

Body elongate, mean total length of 1018.84±145.30 µm (range 775.57 to 1401.58 µm) and mean maximum width of 118.54±16.67 µm (a range of 89.73 to 150.71 µm) at the middle of the body or slightly posteriorly. Mean body length was 534.70±61.81 µm (range 442.80 to 668.78 µm), and mean ecsoma of 484.14±89.09 µm (range 328.13 to 732.80 µm). Ecsoma tapered posteriorly, usually extended, short and blunt. Body length was 52.48% of total length, and ecsoma was 47.52% of total length. Cuticular denticulations present on the entire surface of the body proper. The lateral cuticular folds curve backward in a longitudinal direction at the ventral posterior end of the body proper, so that this small midventral area was covered with smooth cuticle, similar to the ecsoma.

Oral sucker terminal, cup-shaped, with a pair of distinct submedian incisions ventrally. Oral sucker is much larger than the ventral sucker. The dimensions of oral sucker were 93.06 × 75.82 µm (range from 65.76 × 51.26 to 122.33 × 111.99 µm) and of ventral sucker were 59.00 × 58.09 µm (range from 42.20 × 48.08 to 72.69 × 66.48 µm), with an oral and ventral sucker ratio 1:0.63 (range from 1:0.52 to 1:0.75); distance from anterior to ventral sucker is 224.34 µm (range from 169.45 to 294.58 µm) or at 22% of total length. Size of body width in this ventral sucker area is 113.12±27.17 µm (range from 93.00 to 131.03 µm) or ventral sucker size is 52.16% of body width.

The pharynx is cylindrical, 97.42±13.18 µm (range from 68.15 to 133.52 µm) in size. Oesophagus is very short and frequently turned dorsally. Uterus extends into the ecsoma more than half of its length, coiled between the posterior testis and ovary, running in a dorsal or dextral direction, and occasionally in a sinistral direction. Excretory pore terminal; arms uniting the dorsal and posterior end of the oral sucker. The anatomies of the fresh specimens and the preserved specimens of L. angustiovum are presented in Figure 2.
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Figure 2: Anatomy of L. angustiovum collected from Indonesia short mackerel fish (R. brachysoma).

Note: 1) oral sucker; 2) pharynx; 3) ventral sucker; 4) prostate cell; 5) vesicula seminalis; 6) testis; 7) ovary; 8) vitellarium



Level of Infection

The helminth parasites of R. brachysoma are dominated by L. angustiovum, with 1365 individuals (96.47%) of a total of 1415 individual parasites. Among the 160 examined fish, 124 fish (77.50%) were infected by the parasite, and the intensity of the infection ranged from 1 to 69 parasites per fish (see Table 1).


Table 1: Abundance, intensity and prevalence of infection with L. angustiovum digenean parasites in Indonesian short mackerel (R. brachysoma).



	Fish landing site
	Number of collected fish

	Number of infected fish

	Total abundance (intestine – stomach)

	Mean intensity (min – max)

	Prevalence (%)




	Pelabuhan Ratu Bay
	36

	28

	92 (5–87)

	2.99 (1–7)

	77.78




	Lampung Bay
	40

	33

	252 (24–228)

	7.54 (2–26)

	82.50




	Banten Bay
	40

	35

	666 (109–557)

	19.03 (1–69)

	87.50




	Jakarta Bay
	26

	19

	275 (27–248)

	14.47 (2–65)

	73.08




	Banyuwangi
	18

	9

	80 (8–72)

	8.89 (3–15)

	50.00





Additionally, L. angustiovum infected five perciform families in the Indo-West Pacific, with Carangidae (47%) and Scombridae (44%) being the most frequently reported families. The Indian mackerel, Rastrelliger kanagurta, had a large proportion (37%) of the recorded parasites (Bray 1990). A fish parasitism study in India showed that L. angustiovum in R. kanagurta collected from the Visakhapatnam coast occurred with a prevalence of 88.5% (Madhavi & Lakshmi 2011). In Ghana, this parasitic species was found in different hosts, including Upeneus prayensis (Mullidae), Trachinotus glaucus and Trachinotus goreensis (Fischthal & Thomas 1971).

Site in Host

This parasite is frequently found in the stomach and intestine (Yamaguti 1953; Fischthal & Thomas 1971; Bray 1990). In this study, L. angustiovum parasites were found in the stomach, with a 87.33% occurrence, and in the intestine, with a 12.67% occurrence; this finding was similar to earlier results. A study on the distribution of another digenean species, Genarchopsis dasus (the Hemiuridae family), in Channa punctatus from the Mymensingh District in Bangladesh (72.8%) reported that the parasites were found in 6.6% of the anterior part, 9.0% of the middle part and 11.6% of the posterior part of the intestine (Chandra et al. 2011). Digeneans might cause little or no overt pathology in the gastro-intestinal tract of fish (Kabata 1985) because digenean are typically small (typically 1–2 mm long), mobile (they do not create permanent feeding scars) and do not feed deeply on host tissues (e.g., few ingest blood) (Chambers et al. 2001).

Genetic Information

Identification of genetic information is a classical taxonomy method for revealing genetic variations. In this study, the sequence results were obtained by DNA sequencing of 354 basepairs (bp) of the DNA segment, and the mean base composition (%) was 17.7 A, 35.7 T, 29.6 G and 17.1 C. The neighbour-joining phylogeny position is presented in Figure 3.
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Figure 3: Phylogenetic tree (Neighbour Joining [NJ] with a Kimura 2 parameter model) of the L. angustiovum compared with other members of the Hemiuridae family obtained from GenBank.



In the Lecithocladium genera, 32 among 83 defined species were recorded in marine fish of India. Most of these species are not well defined, and many of them might not be valid species (Madhavi & Lakshmi 2011). Gibson and Bray (1986) revised poorly described species of the Indian Ocean and reduced these species to six species (Table 2).


Table 2: Regional distribution area, main host and size of genera Lecithocladium according Gibson and Bray (1986).



	Group species
	Regional distribution

	Main host

	Body length (mm)

	Sucker size




	L. angustiovum

Syn:

L. scombri

L. bulbolabrum

L. unibulbolabrum

	Indo-Malaysian

	Scombrid genus Rastrelliger

	±4

	Oral sucker much larger than the ventral sucker




	L. excisum
	Mediterranean, Northeast Atlantic

	Scomber scombrus

	±3–8

	Same size sucker or slightly larger oral sucker




	L. apolecti

Syn:

L. excisiforme

L. psenopsis

L. hexavitellarii

L. anteporus

L. tetravitellarii

L. microductus

L. arabiana

L. microcaudum

L. stomatei

	Indo-Malaysian

	Stromateids, Stromateus and Formioniger

	±14

	Oral sucker much larger than the ventral sucker




	L. parviovum

Syn:

Cleftocolleta magnum

L. karalense

L. indicum

	Indo-Malaysian

	Rastrelliger, Carangids and Stromateids

	±12

	Oral sucker much larger than the ventral sucker




	L. glandulum

Syn:

L. carultum

L. triacantha

L. thapari

	Indo-Malaysian

	Sciaenids

	±6

	Same size sucker or slightly larger ventral sucker




	L. harpodontis

Syn:

L. Brevicaudum

L. ilishae

L. chauhani

	Indo-Malaysian

	Hilsa

	±6

	Same size sucker or slightly larger ventral sucker




	L.karachii

Syn:

L. pakistanensis

	Indo-Malaysian

	Carangids

	±5

	A ventral sucker much larger than the oral sucker






Table 3: Comparison of some morphological characteristics of L. angustiovum and L. excisum.



	
	L. excisuma

	L. angustiovum




	
	Mediterranean

	Black Sea

	NE Atlantic

	Macassar Indonesiab

	Indian Oceanc

	Pelabuhan Ratu Indonesiad




	Total length (mm)
	2.92–4.85

	5.00–8.00

	3.5–7.30

	–

	–

	0.75–1.40




	Body (mm)
	–

	–

	0.6–1.20

	2.50–4.00

	1.30

	0.44–0.66




	Ecsoma (mm)
	0.64–1.03

	–

	0.15–4.00

	1.30–2.10

	1.36

	0.32–0.73




	Oral sucker (mm)
	0.14–0.48

	0.33–0.67

	0.35–0.65

	–

	185–240

	0.07–0.09




	Ventral sucker (mm)
	0.23–0.35

	0.33–0.56

	0.3–0.50

	–

	145–160

	0.05




	Sucker ratio
	–

	–

	1:0.72–0.95

	–

	1:0.86

	1:0.63





Note: a) Gibson and Bray (1986); b) Yamaguti (1953); c) Bray (1990); d) present study

The species most similar to L. angustiovum is L. excisum. The differences between L. angustiovum and L. excisum are the distribution area, main host, body size and position in the neighbour-joining phylogeny (Tables 2 and 3, and Fig. 3). These data show that L. angustiovum and L. excisum are two distinctly different species. Additional convincing records of L. angustiovum are reported by Yamaguti (1953), Bray (1990), Arthur & Lumanlan (1997), Liu et al. (2010), and Madhavi & Lakshmi (2011); however, most of them were collected from R. kanagurta as the host, and Yamaguti (1953) and Bray (1990) gave descriptions of the morphological measurements of L. angustiovum. No measurements are detailed enough to permit a dependable identification. The morphological examination of L. angustiovum in this study demonstrated that some characteristics (the length of the body, an ecsoma, oral sucker and ventral sucker) of L. angustiovum in Pelabuhan Ratu Bay were much smaller than those of L. excisum and L. angustiovum collected from other areas (Table 2).
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Abstrak: Bakteria pengikat nitrogen endofit telah diasingkan daripada daun, batang dan akar pokok tebu jenis industri (cv. U-Thong 3; UT3), liar dan kunyah yang telah bertumbuh selama 6 minggu dalam pasir bebas nitrogen (N). Lapan puluh sembilan pencilan bakteria endofit telah didapati daripada agar bebas N. Cerakin penurunan asetilena (ARA) telah mengesan aktiviti nitrogenase dalam kesemua 89 pencilan. Ciri-ciri tiga pencilan daripada tebu jenis kunyah (C2HL2, C7HL1 and C34MR1) dan satu daripada jenis industri (UT3R1) dan respons terhadap extrak yis yang berbeza kepekatan telah dikaji. Tiga respons aktiviti nitrogenase berlainan telah diperhatikan. Pencilan C2HL2 dan C7HL1 menunjukkan peningkatan major dengan penambahan ekstrak yis sebanyak 0.005%, C34MR1 tidak menunjukkan sebarang respons, dan C7HL1 menunjukkan pengurangan yang signifikan dalam aktiviti nitrogenase dengan penambahan ekstrak yis sebanyak 0.005%. Dalam kesemua pencilan, aktiviti nitrogenase berkurangan dengan peningkatan yis ekstrak hingga 0.05%. Aktiviti nitrogenase tertinggi diperhatikan dalam pencilan C2HL2 dan C7HL1, yang mempunyai jujukan gen 16S rRNA yang menyerupai Novosphingobium sediminicola dan Ochrobactrum intermedium, masing-masing.

Kata kunci: Endofit, Bakteria Pengikat Nitrogen, Tebu

Abstract: Endophytic nitrogen fixing bacteria were isolated from the leaves, stems and roots of industrial variety (cv. U-Thong 3; UT3), wild and chewing sugarcane plants grown for 6 weeks in nitrogen (N)-free sand. Eighty nine isolates of endophytic bacteria were obtained on N-free agar. An acetylene reduction assay (ARA) detected nitrogenase activity in all 89 isolates. Three isolates from the chewing (C2HL2, C7HL1 and C34MR1) sugarcane and one isolate from the industrial sugarcane (UT3R1) varieties were characterised, and their responses to different yeast extract concentrations were investigated. Three different responses in nitrogenase activity were observed. Isolates C2HL2 and C7HL1 exhibited major increases with the addition of 0.005% yeast extract, C34MR1 exhibited no response, and UT3R1 exhibited a significant decrease in nitrogenase activity with 0.005% yeast extract. In all the isolates, nitrogenase activity decreased with further increase of the yeast extract to 0.05%. The highest nitrogenase activity was observed in isolates C2HL2 and C7HL1, which had 16S rRNA gene sequences that were closely related to Novosphingobium sediminicola and Ochrobactrum intermedium, respectively.

Keywords: Endophyte, Nitrogen Fixing Bacteria, Sugarcane

INTRODUCTION

Sugarcane (Saccharum officinarum L.) is a major crop in the tropics, where it is grown for the production of biofuel as well as food. In Brazil, ethanol produced from sugarcane has been used extensively to replace petroleum fuel in cars. It was previously suggested that sugarcane could benefit from nitrogen fixing bacteria (Döbereiner et al. 1972; Boddey et al. 2003), and Acetobacter diazotrophicus (now renamed Gluconacetobacter diazotrophicus) was isolated from sugarcane (Boddey et al. 2003). Many species of endophytic nitrogen fixing bacteria have since been isolated from sugarcane (Baldani et al. 1992; Dong et al. 1994; Loiret et al. 2004) and other plants, e.g., rice, kallar grass and maize, and these bacteria supply fixed nitrogen (N) to their hosts (Hallmann et al. 1997; James 2000; Baldani et al. 2002). Other nitrogen fixing bacteria, including Azospirillum spp., Herbaspirillum spp., Burkholderia spp., Enterobacter cloacae, Klebsiella oxytoca, Klebsiella pneumoniae and Pantoea sp., were reported to have been isolated from the roots, stems and leaves of sugarcane (Govindarajan et al. 2007, 2008; Mendes et al. 2007). Symbiotic associations between sugarcane and its endophytic nitrogen fixing bacteria provide mutual benefits such as a combined N (NH3) supply to the plant and photosynthesis, refuge and transmission to the bacteria. Co-evolution of these partners to engage in symbiosis would be expected in advantageous environments. As Thailand lies within the Vavilov Center of Diversity for sugarcane (Ladizinsky 1998), diversity in terms of endophytic nitrogen fixing bacteria might be expected. The aim of this study was to isolate and characterise endophytic nitrogen fixing bacteria from the tissues of industrial variety, wild and chewing sugarcane grown in Thailand.

MATERIALS AND METHODS

Sugarcane Samples

The sugarcane plants used in this study consisted of an industrial variety (U-Thong 3; UT3), two varieties of wild sugarcane (W1 and W2) obtained from Suphanburi Field Crops Research Center and five local varieties of chewing sugarcane with either low plant N levels of 0.31%–0.33% N (C13L and C15L), medium levels of 0.66%–0.70% N (C34M) or high levels of 0.81%–0.95% N (C2H and C7H) obtained from local sugarcane plantations in Chiang Mai province. Sugarcane cuttings that were 20 cm long with two buds for each variety were planted in drainable pots (30 cm diameter, 30 cm deep), with one plant per pot filled with washed river quartz sand (collected from Chiang Mai province). The sugarcane plants were watered twice daily with N-free nutrient solution containing 1000 µM calcium chloride (CaCl2), 50 µM potassium dihydrogen phosphate (KH2PO4), 10 µM ferric citrate (C6H5O7Fe), 250 µM magnesium sulphate (MgSO4), 250 µM potassium sulphate (K2SO4), 1 µM manganese sulphate (MnSO4), 0.5 µM zinc sulphate (ZnSO4), 0.2 µM copper sulphate (CuSO4), 0.1 µM cobalt sulphate (CoSO4), 0.1 µM sodium molybdate (Na2MoO4) and 2 µM boric acid (H3BO3).

Bacterial Isolation and Culture

A one-gram sample each of the fresh roots (R), stems (S) and leaves (L) of the sugarcane plants was taken for bacterial isolation at 6 weeks after planting. The samples were surface sterilised by sequential washing in 50% ethanol for 1 min, 2% sodium hypochlorite for 3 min, and 50% ethanol for 30 sec and then rinsed twice with sterile distilled water. Each sample was ground in a sterile mortar, suspended in a N-free broth (0.1 g of dipotassium hydrogen phosphate [K2HPO4], 0.4 g of KH2PO4, 0.2 g of MgSO4, 0.1 g of sodium chloride [NaCl], 0.02 g of CaCl2, 0.01 g of ferric chloride [FeCl3], 0.002 g of sodium molybdate [NaMoO4], and 10 g of glucose in 1000 ml of distilled water) (Döbereiner et al. 1972) for 24 h at 30°C. Ten-fold serial dilutions of the suspensions ranging from 10–1 to 10–4 were spread on N-free agar (NFA) in triplicate. After 72 h of incubation, individual bacterial colonies on NFA were isolated and purified on new NFA. The bacterial cultures were stored in 25% glycerol at –20°C.

Morphological and Biochemical Characterisation

Bacterial isolates were characterised according to Bergey’s Manual of Determinative Bacteriology (Holt et al. 1994). All cultures and reactions were incubated at 30°C. Colony morphologies were examined on NFA after 24 to 48 h of incubation. Cell morphology observations and Gram typing of bacteria were determined by Gram staining with a 3% potassium hydroxide (KOH) confirmation test within 24 h of incubation. Bacterial isolates grown on nutrient agar (NA) were tested for the presence of catalase and oxidase within 24 h. Indole production was examined for each culture grown in tryptone broth within 24 h via a reaction with Kovac’s reagent. Methyl red (MR) and Voges-Proskauer (VP) tests were performed on each culture grown in MR-VP medium after 48 h of incubation via reaction with MR solution for the MR test and 5% α–naphthol solution and 40% KOH for the VP test. Motility was examined on cultures grown in semi-solid motility test medium. Starch hydrolysis was tested by flooding cultures grown on starch agar containing 2% soluble starch after 24 h of cultivation with Lugol’s iodine. A urease test was performed on each bacterial isolate grown in urea broth after 15, 30, and 60 min and up to 4 h of incubation. A citrate test was performed on point inocula grown on Simmon’s citrate agar after 24 h. Utilisation of glucose, arabinose, rhamnose and mannitol as carbon sources were assayed on oxidative fermentative medium after 24 h of cultivation.

Determination of Nitrogenase Activity

Nitrogenase activity was determined with an acetylene reduction assay (ARA). Each bacterial isolate was grown in a 20 ml test tube containing 10 ml of N-free semi-solid medium for 72 h at 30°C. Each test tube was sealed with a rubber stopper, and 1 ml of acetylene gas was added to the air in the headspace (10 ml). The test tubes were incubated at 30°C for 24 h. One ml of each gas sample from the headspace was assayed for ethylene (C2H4) production by gas chromatography (GOW MAC series 750, New Jersey, USA) equipped with a hydrogen flame ionisation detector (FID) and a Porapack N column. Nitrogenase activity was calculated as nmol of ethylene per tube per h. To examine the effect of yeast extract on nitrogenase activity, ARA was performed as mentioned above, but N-free semi-solid medium was added with yeast extract at 0%, 0.005%, 0.01% and 0.05%.

Isolation of Total DNA

Bacterial isolates with the highest nitrogenase activity were selected and grown in nutrient broth (NB) at 30°C for 48 h and centrifuged at 12000 rpm. Bacterial DNA was extracted according to Prakamhang et al. (2009). The DNA pellets were resuspended in 720 µl of extraction buffer (100 mM Tris-HCl, 50 mM ethylene diamine tetra acetic acid [EDTA], 500 mM NaCl and 1.25% sodium dodecyl sulfate [SDS]) and incubated in a water bath at 65°C for 20 min. Proteins were precipitated by adding 225 ml of 5 M potassium acetate and incubated on ice for 20 min before decanting supernatant into a new microcentrifuge tube. The cleaned DNA lysates were extracted with 500 µl of phenol:chloroform:isoamyl alcohol (25:24:1). The DNA extracts were precipitated by adding 2/3 volume cold isopropanol, precipitated again with 300 ml of 70% cold ethanol then suspended in 20 ml of Tris-EDTA (TE) buffer and stored at –20°C.

PCR Amplification and Sequencing of the 16S rRNA Gene

The 16S rRNA gene sequences of the isolates were determined by PCR amplification with the universal primers 27F (5´ - AGA GTT TGA TCM TGG CTC AG - 3´) and 1525R (5´- AAG GAG GTG WTC CAR CC - 3´) (Lane 1991). Each amplification was performed in a total volume of 50 µl of reaction mixture. Each reaction mixture contained 5.0 µl of 10x Tris-acetate-EDTA (TAE) buffer, 2.0 µl of 50 mM magnesium chloride (MgCl2), 1.0 µl of 10 mM dNTP mix, 1.0 µl each of 1 nm primers, 0.4 µl of Taq DNA polymerase, 1.0 µl of template DNA, 2.5 µl of 5% dimethyl sulfoxide (DMSO) and 36.1 µl of deionised water. PCR amplifications were carried out with the following temperature profile: initial denaturation at 94°C for 2 min, 30 cycles of denaturation at 94°C for 30 sec, annealing at 55°C for 30 sec and extension at 72°C for 30 sec, with a final extension at 72°C for 7 min. PCR products were electrophoresed on a 0.8% agarose gel in 1x TAE buffer. The PCR products of the 16S rRNA gene were sequenced and aligned with the corresponding sequences of representatives within the related genera Ancylobacter, Novosphingobium and Ochrobactrum, which were retrieved from the GenBank databases, using Bioedit software version 7.0.9.1 (Hall 1999). Phylogenetic trees were inferred with Neighbour-Joining (NJ) trees using MEGA 4 (Saitou & Nei 1987).

RESULTS AND DISCUSSION

Eighty nine isolates of endophytic bacteria were obtained from the leaves, stems and roots of industrial variety, wild and chewing sugarcane grown in N-free sand (Table 1). All the isolates grew in N-free media and had nitrogenase activity that was detectable with ARA, confirming that they were nitrogen fixing bacteria. Colonies of most isolates on NFA were slimy, slightly viscous, white or pale yellow, smooth, and convex with intact margins. Sixty three isolates (71%) were Gram-negative, and 26 isolates (29%) were Gram-positive. Many genera of endophytic nitrogen fixing bacteria were actually Gram-negative (Iniquez et al. 2004; Loiret et al. 2004; Reis et al. 2004). Four Gram-negative isolates with the highest nitrogenase activity were selected for further investigation. These isolates were UT3R1, isolated from the root of industrial sugarcane, C7HL1 and C2HL2 from the leaf of chewing sugarcane, which both exhibited high N content while growing in N-free sand, and C34MR1 from the root of chewing sugarcane, which exhibited moderate N content in N-free sand. Isolates with the highest nitrogenase activity did not include those from the wild or chewing sugarcane plants with low N content in N-free sand.


Table 1: Bacterial isolates from sugarcane.



	Varieties of sugarcane
	Number of isolates




	Root

	Stem

	Leaf

	Total




	U-Thong 3 (UT3)
	6

	3

	4

	13




	Chewing (C13L)
	3

	3

	2

	8




	Chewing (C15L)
	2

	2

	2

	6




	Chewing (C34M)
	4

	3

	3

	10




	Chewing (C2H)
	3

	3

	4

	10




	Chewing (C7H)
	5

	4

	3

	12




	Wild (W1)
	4

	4

	3

	11




	Wild (W2)
	3

	4

	3

	10




	Total
	29

	29

	31

	89





Nitrogenase activities of the bacterial isolates responded differently to increasing yeast extract concentrations (Table 2). The responses were divided into three groups: C2HL2 and C7HL1 exhibited increases in nitrogenase activity with the addition of 0.005% yeast extract, and C34MR1 demonstrated no response, whereas UT3R1 exhibited a significant decrease in nitrogenase activity at the lowest concentration of yeast extract. Nitrogenase activity generally declined in all isolates with further increase of the yeast extract concentration to 0.05%. Reis et al. (2004) reported that the growth and nitrogenase activity of Burkholderia tropica were stimulated by the addition of 0.01% yeast extract. Yeast extract is a source of vitamins that act as coenzymes as well as an alternative N source. Thus, the bacteria should be able to directly use organic N compounds such as amino acids for growth. For symbioses between legumes and nodule bacteria, it has been well established that there is a shift from N fixation to ammonium and nitrate as alternative sources of N with high levels of soil and N fertiliser (Evans 1982; Saxena et al. 1996). The suppression of nitrogenase activity at higher concentrations of yeast extract, particularly at 0.05% in this study, is indicative of the shift towards the yeast extract as a N source instead of N fixation by the endophytes. Variation in the responses of the isolates to 0.005% yeast extract in terms of nitrogenase activity ranged from a negative response (UT3R1) to no response (C34MR1) to positive responses (C2HL2 and C7HL1), indicating that differential adaptation may have practical implications for sugarcane cultivation as well as our understanding of the N fixing symbiosis between sugarcane and these endophytes.


Table 2: Nitrogenase activities of four endophytic bacterial isolates from sugarcane with varying concentrations of yeast extract in the media.



	Isolates
	Nitrogenase activity by ARA(nmol C2H4/mg protein/h)




	Yeast extract




	0%

	0.005%

	0.01%

	0.05%




	UT3R1
	52.9f

	22.1g

	15.1g

	6.5g




	C2HL2
	354.1b

	403.8a

	320.9c

	23.6g




	C7HL1
	22.5g

	208.7d

	9.6g

	9.4g




	C34MR1
	23.0g

	24.1g

	15.4g

	5.6g





Note: Different letters indicate a significant difference at the 5% level (according to Duncan’s multiple range test) with five replicates.

Characterisation of the bacterial isolates UT3R1, C7HL1, C2HL2 and C34MR1 via morphological and biochemical tests was carried out according to Bergey’s Manual of Determinative Bacteriology (Holt et al. 1994). The 16S rRNA gene sequences of the four bacterial isolates were analysed. All the isolates were Gram-negative, had short rods, and had colonies that were circular with intact margins and a smooth surface. They were catalase-positive and negative for indole production and starch hydrolysis (Tables 3 and 4). The phylogenetic tree of the 16S rRNA gene sequence from UT3R1 (1391 bp) demonstrated that this isolate belonged to the genus Ancylobacter (Fig. 1). Bacteria in this genus, such as A. rudongensis, A. vacuolatus sp. nov. and A. polymorphus sp. nov., have been reported to possess nitrogenase activity (Xin et al. 2004, 2006). C7HL1 exhibited some characteristics of the genus Ochrobactrum (Holt et al. 1994), and the phylogenetic tree of the 16S rRNA gene sequence (1487 bp) was 98.7% similar to O. intermedium (Fig. 2). Ochrobactrum oryzae sp. nov. and Ochrobactrum anthropi are endophytic bacteria that were isolated from rice (Tripathi et al. 2006; Mano & Morisaki 2008). C2HL2 and C34MR1 exhibited some characteristics of the genus Novosphingobium, such as yellow colonies, Gram-negative, short rods, non-motile, non-spore forming and catalase-positive (Takeuchi et al. 2001; Baek et al. 2011). The 16S rRNA gene sequence of C2HL2 (1426 bp) had the highest similarity to Novosphingobium sediminicola at 97.4%, and that of C34MR1 (1409 bp) was 98.29% similar to Novosphingobium capsulatum (Fig. 3). Islam et al. (2010) reported that N. capsulatum was isolated from rice paddy soil. Bacteria in the genus Novosphingobium are plant endophytes and include N. rosa, which was isolated from rose roots (Takeuchi et al. 1995), and N. tardaugens, which was isolated from Oryza sativa (Mano & Morisaki 2008). Addison et al. (2007) reported that N. nitrogenifigens sp. nov. is a polyhydroxy alkanoate-accumulating diazotroph isolated from pulp and paper waste water.


Table 3: Characteristics of selected endophytic bacterial isolates.



	Characteristics
	Isolates




	UT3R1

	C2HL2

	C7HL1

	C34MR1




	Colony forming on N-free agar:



	Size (mm)

	2–3

	3–5

	1–3

	3–5




	Pigmentation

	White

	White

	White

	Yellow




	Shape

	Circular

	Circular

	Circular

	Circular




	Margin

	Entire

	Entire

	Entire

	Entire




	Elevation

	Raised

	Convex

	Raised

	Convex




	Microscopic characteristics:



	Gram staining

	Negative

	Negative

	Negative

	Negative




	Cell shape

	Rod

	Rod

	Rod

	Rod






Table 4: Biochemical tests of selected endophytic bacterial isolates.



	Biochemical tests
	Isolates




	UT3R1

	C2HL2

	C7HL1

	C34MR1




	Catalase

	+

	+

	+

	+




	Indole production

	–

	–

	–

	–




	MR

	–

	–

	+

	–




	Motility

	–

	–

	+

	–




	Oxidase

	+

	+

	+

	+




	Starch hydrolysis

	–

	–

	–

	–




	VP

	–

	–

	+

	–




	Urease

	+

	–

	+

	–




	Citrate

	–

	–

	+

	–




	Carbon source utilisation:



	Mannitol

	–

	+

	–

	–




	Rhamnose

	–

	+

	+

	+




	Arabinose

	–

	+

	+

	+




	Glucose

	–

	+

	+

	+





Notes: For biochemical tests: (+) = positive reaction; (–) = negative reaction

For carbon source utilization: (+) = presence of growth; (–) = absence of growth


[image: art]

Figure 1: Phylogenetic position of UT3R1 within the genus Ancylobacter.
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Figure 2: Phylogenetic positions of C7HL1 within the genus Ochrobactrum.
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Figure 3: Phylogenetic positions of C2HL2 and C34MR1 within the genus Novosphingobium.



CONCLUSION

Endophytic nitrogen fixing bacteria were found on the roots, leaves and stems of industrial, chewing and wild sugarcane plants. Although nitrogenase activity was detected in all 89 isolates, their response to 0.005% yeast extract varied from an increase in activity to no response or even a decrease. The highest nitrogenase activity was observed for C2HL2 and C7HL1, which had 16S rRNA gene sequences closely related to Novosphingobium sediminicola and Ochrobactrum intermedium, respectively. These bacteria were isolated from the leaves of chewing sugarcane plants and were able to achieve high N concentrations when grown in N-free sand.
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Abstrak: Mengenal pasti sumber makanan berpotensi di dalam ekosistem paya bakau adalah suatu proses yang kompleks kerana penerimaan pelbagai input daripada darat dan laut. Kajian ini, yang telah dijalankan di ekosistem paya bakau Manko, Okinawa, Jepun, telah mengenal pasti komposisi isotop stabil δ13C dan δ15N dalam pengeluar primer dan makrozoobentos untuk menganggarkan sumber makanan berpotensi yang telah diasimilasi dan untuk mengetahui aras trofik sasaran makrozoobentos. Kami telah mengukur penanda-penanda dua isotop stabil oleh tiga gastropod (Cerithidea sp., Cassidula mustelina, Peronia verruculata), dua ketam (Grapsidae sp., Uca sp.), daun pokok paya bakau (Kandelia candel) dan endapan dari ekosistem paya bakau tersebut. Keputusan tanda isotop karbon dan nitrogen masing-masing adalah seperti berikut: –22.4‰ dan 8.6‰ untuk Cerithidea sp., –25.06‰ dan 8‰ untuk C. mustelina, –22.58‰ dan 8‰ untuk P. verruculata, –24.3‰ dan 10.6‰ untuk Grapsidae yang tidak dikenal pasti, –21.87 ‰ dan 11.5 ‰ untuk Uca sp., –29.81‰ dan 1‰ untuk K. candel, dan –24.23‰ dan 7.2‰ untuk endapan. Penanda asimilasi isotop stabil makrozoobentos menunjukkan endapan sebagai sumber makanan. Melihat kepada aras trofik, nilai isotop stabil juga boleh menunjukkan bahawa lima spesies makrozoobentos tersebut ialah pengguna sekunder atau lebih tinggi.

Kata kunci: Sumber Makanan, Isotop Stabil, Aras Trofik, Ekosistem Paya Bakau, Makrozoobentos

Abstract: Identifying potential food sources in mangrove ecosystems is complex because of the multifarious inputs from both land and sea. This study, which was conducted in the Manko mangrove ecosystem of Okinawa, Japan, determined the composition of the stable isotopes δ13C and δ15N in primary producers and macrozoobenthos to estimate the potential food sources assimilated and to elucidate the target trophic levels of the macrozoobenthos. We measured the two stable isotope signatures of three gastropods (Cerithidea sp., Cassidula mustelina, Peronia verruculata), two crabs (Grapsidae sp., Uca sp.), mangrove tree (Kandelia candel) leaves, and sediment from the mangrove ecosystem. The respective carbon and nitrogen isotope signature results were as follows: –22.4‰ and 8.6‰ for Cerithidea sp., –25.06‰ and 8‰ for C. mustelina, –22.58‰ and 8‰ for P. verruculata, –24.3‰ and 10.6‰ for unidentified Grapsidae, –21.87 ‰ and 11.5 ‰ for Uca sp., –29.81‰ and 11‰ for K. candel, and –24.23‰ and 7.2‰ for the sediment. The stable isotope assimilation signatures of the macrozoobenthos indicated sediment as their food source. Considering the trophic levels, the stable isotope values may also indicate that the five macrozoobenthos species were secondary or higher consumers.

Keywords: Food Source, Stable Isotope, Trophic Level, Mangrove Ecosystem, Macrozoobenthos

INTRODUCTION

Mangrove ecosystems serve significant ecological functions, particularly in providing food sources for various terrestrial and marine animals (Field 1998; Hsieh et al. 2002; Hogarth 2007; Nagelkerken et al. 2008). The forms of carbon and nitrogen that are found in the food sources in mangrove ecosystems are complex; these food sources are derived from external ecosystems and are transported by river and tidal movements (such as land plants and seagrass) or from ecosystems, such as phytoplankton and micro- or macro-algae (Marguillier et al. 1997; Bouillon et al. 2004; Kristensen et al. 2008).

Many types of macrozoobenthos have been shown to consume mangrove-derived material and its associated biota, such as detritus, microphytobenthos, filamentous algae, diatoms and sediment (Wada & Wowor 1989; Marguillier et al. 1997; Hsieh et al. 2002; Bouillon et al. 2004; Muzuka & Shunula 2006; Nordhaus & Wolff 2007; Pape et al. 2008; Penha-Lopes et al. 2009; Nordhaus et al. 2011).

The food sources of macrozoobenthos can be identified using four methods: direct observation in the field and examination of the digestive system (Nordhaus & Wolff 2007; Davenport et al. 2011), biomarkers (fatty acids) (Meziane & Tsuchiya 2000; Meziane et al. 2002; Dalsgaard et al. 2003; Alfaro et al. 2006), stable isotopes (Wada et al. 1991; Marguillier et al. 1997; Kasai et al. 2004; Alfaro 2008; Vonk et al. 2008; Nordhaus et al. 2011) and DNA molecular composition (Blankenship & Yayanos 2005).

Stable isotope (i.e., carbon and nitrogen isotopes) analysis has been widely used in marine ecosystems to understand ecological processes, including to elucidate the origin of dissolved organic matter in mangrove ecosystems (Marguillier et al. 1997; Bouillon et al. 2002; Hsieh et al. 2002; Kasai et al. 2004; Alfaro 2008; Vonk et al. 2008; Nordhaus et al. 2011); to differentiate different food web paths; to determine the trophic levels of the community (Vander Zanden et al. 1999; Pasquaud et al. 2007; Abrantes & Sheaves 2009); to trace food sources, the origin of water contamination, nutrient and animal migration patterns, nutrient input, and species’ body size (Jardine et al. 2003; Fry 2006); and to study the physiology of marine biota (Lorrain et al. 2002). In addition, stable isotope analysis can be used to study mangrove photosynthesis (Muzuka & Shunula 2006), to assess the levels of nitrification (Sulzman 2007), and to study bio-indicators in marine ecology (Fukumori et al. 2008).

Stable isotopes of carbon in consumers have signatures that are identical to or reflective of their food source (DeNiro & Epstein 1978), and nitrogen in animals can provide information on the composition of nitrogen in their food sources (DeNiro & Epstein 1981). Carbon and nitrogen assimilation by consumers indicates the degree of fractionation or transfer of carbon and nitrogen (Δδ13C and Δδ15N) (DeNiro & Epstein 1978, 1981; Dubois et al. 2007). The signatures of the ratio of carbon assimilation from food sources by consumers are usually in the range of –2 to +2‰ (Bouillon et al. 2008).

This study, which was conducted in the Manko mangrove ecosystem of Okinawa, Japan, had the following goals: (1) to determine the stable isotopic ratios of carbon, δ13C, and nitrogen, δ15N, in primary producers and five species of macrozoobenthos; (2) to elucidate the potential food sources assimilated by the macrozoobenthos; and (3) to estimate the trophic level position of the macrozoobenthos.

MATERIALS AND METHODS

Study Site

The research site was a Manko mangrove ecosystem on Okinawa Island, Japan (26°11’N, 127°40’E) (Fig. 1) that contains several species of mangrove trees, including Kandelia candel, Bruguiera gymnorhiza, Rhizophora stylosa and Excoecaria agallocha. The mangrove ecosystem is dominated by K. candel (Mchenga et al. 2007) growing in black, soft clay or sandy mud (Islam et al. 2004). Various macrozoobenthos, such as crustaceans, molluscs, fishes and polychaetes, are found distributed according to their required habitats (Islam et al. 2002).
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Figure 1: Map showing the research site, which is located on the main island of the Ryukyus Archipelago. The black circle indicates the location of the Manko mangrove ecosystem.

Source: Modified from Khan et al. (2009).



Five species of macrozoobenthos, i.e., three gastropod species (Cerithidea sp., Cassidula mustelina, Peronia verruculata) and two crabs (Grapsidae sp. [an unidentified grapsid crab], Uca sp.), were selected as the fauna targets. Mangrove leaves (K. candel) and sediment were also analysed as potential food sources of the macrozoobenthos.

Sample Collection and Preparation for Stable Isotopes Analysis

The macrozoobenthos were collected during low tide. Mangrove leaves and surface sediment samples were collected near the benthic collection site to minimise bias (Bouillon et al. 2004). Samples were placed in plastic containers and then stored in a cool box containing dry ice during transportation to the Laboratory of Marine Biology and Coral Studies (Marine and Natural Science Department, University of the Ryukyus). Samples of macrozoobenthos were divided into two parts; one part was for identification purposes, and the other part was for stable isotope analysis. The macrozoobenthos were identified according to the procedure of Okutani (2000) and Sakai (1976). In the laboratory, all samples were stored in a freezer at –18°C to minimise any changes in the δ13C and δ15N isotope signatures (Kaehler & Pakhomov 2001; Carabel et al. 2006).

Macrozoobenthos Preparation

Sample preparation followed the method described by Carabel et al. (2006), Ng et al. (2007), and Jaschinski et al. (2008). Each macrozoobenthos sample was washed with Milli-Q water; in addition, for the gastropods, the soft tissue was removed from its shell. For crustaceans, the carapace was excluded. These samples were then washed with 1.2 N hydrochloric acid (HCl) to remove carbonate (CaCO3) until air bubbles were no longer observed. Finally, the samples were rinsed three times with Milli-Q water.

Sediment Preparation

Sediment samples were filtered using a 0.25 mm sieve (No. 60 mesh size) to remove large particles and non-sediment materials. The samples were then soaked with 1.2 N HCl for 6 h to remove carbonates, followed by rinsing with Milli-Q water. Subsequently, they were soaked with 6 N HCl for 24 h to ensure the complete removal of the carbonates. Finally, they were rinsed three times with Milli-Q water and then centrifuged to separate the water and the sediment sample (Carabel et al. 2006; Ng et al. 2007; Jaschinski et al. 2008).

Mangrove Leaf Preparation

Samples of mangrove leaves were washed with Milli-Q water (Carabel et al. 2006; Ng et al. 2007; Jaschinski et al. 2008) and then dissected into small pieces. All samples were freeze-dried for 24 h, ground with a mortar and pestle, and then placed in tin capsules (Santis 5 × 9 mm, SÄNTIS Analytical AG, Switzerland) with three replicates for analysis.

Stable Isotope Analysis

The δ13C and δ15N isotopes were analysed using a mass spectrometer (Delta V Advantage IRMS, Thermo Scientific, Germany) connected for elemental analysis (NA-2500, CE Instruments, Rodano, Italy). The analytical precision of the instrument was ±0.15‰. The isotope ratios (R) are expressed according to the following formula (Hoefs 2009):



	δ13C or δ15N = (Rsample/Rstandard – 1) 1000 (‰),
	(1)





where Rsample and Rstandard are the 15N/14N or 13C/12C ratios of the sample and standard, respectively. The δ15N values are reported relative to atmospheric N2, and the δ13C values are expressed relative to the Vienna Pee Dee Belemnite (VPDB).

The assimilation of food biota (δ13C or δ15N ratio) was determined using the following formula (DeNiro & Epstein 1978, 1981):



	ΔAnimal-Diets = δ13Canimal - δ13Cdiet or δ15Nanimal - δ15Ndiet
	(2)





where Δ is the signature of δ13C or δ15N assimilation. The food sources assimilated by the macrozoobenthos can be determined if the Δ value falls between –2‰ and + 2‰ (Bouillon et al. 2008).

The trophic level (TL) position was estimated according to the following formula (Post 2002; Won et al. 2007):



	TL = λ + (δ15Nconsumer - δ15Nmean producer)/3.4
	(3)





where λ is the signature for the TL primary producers (Post 2002), δ15Nmean producer is the average signature of the primary producers, i.e., 3.9‰, and 3.4 is the average trophic enrichment of the δ15N signatures (Minagawa & Wada 1984; Post 2002). A TL value approaching 1 indicates primary consumers, and a value >2 indicates carnivorous species or higher consumers (Won et al. 2007). In addition to the mangrove leaves and sediment from the study site, potential food sources from the results of other studies were considered when determining the food assimilation by the macrozoobenthos.

RESULTS AND DISCUSSION

Stable Isotope Composition in Mangrove Leaves and Sediment

The mean (range) δ13C signature of K. candel leaves was –29.81‰ (–27.83 to –31.80‰), and that of the sediment was –24.23‰ (–21.39 to –25.94‰) (Table 1). The mean δ15N was 11.0‰ (8.6–15.2‰) in K. candel leaves and 7.2‰ (6.8–7.6‰) in the sediment.


Table 1: Mean and standard deviation (SD) of the signatures of δ13C and δ15N of two potential food sources of macrozoobenthos in the Manko mangrove ecosystem, Okinawa, Japan.



	Potential food sources
	δ13C (‰)

	δ15N (‰)




	Mean

	SD

	Mean

	SD




	K. candel leaves
	–29.81

	1.98

	11.00

	3.61




	Sediment
	–24.23

	2.48

	7.20

	0.44





The mean signature of δ13C for K. candel leaves has been reported in several previous studies. The research conducted in Taiwan by Hsieh et al. (2002) and in the Ohura area, Okinawa, by Doi et al. (2009) found δ13C values in K. candel of –28.3 and –27.5‰, respectively. Other mangrove species have produced comparable results for δ13C, including –28.8‰ in Avicennia marina (Penha-Lopes et al. 2009), –27.8‰ in Avicennia officinalis (Nerot et al. 2009), –27.9‰ in Excoecaria agalocha (Bouillon et al. 2002), and –27.5‰ in Rhizophora mucronata (Penha-Lopes et al. 2009).

The δ15N measured in our study appears to be higher than the previously reported values; Doi et al. (2009) measured 5.8‰ in K. candel leaves in the Ohura area. Furthermore, A. marina and R. mucronata and a non-mangrove species (Suaeda sp.) exhibited smaller δ15N values (Bouillon et al. 2002, 2004; Nerot et al. 2009; Penha-Lopes et al. 2009).

The range of δ13C in the sediment in the Manko mangrove ecosystem was –21.39 to –25.94‰, which is comparable to the δ13C values reported for other mangrove or intertidal areas (e.g., Bouillon et al. 2002; Hsieh et al. 2002; Doi et al. 2009). The δ15N in the Manko mangrove sediment was enriched by ~6‰ compared with the major vegetation in the Manko mangrove ecosystem. Although the value was higher than that of the sediment in Ghazi Bay, Kenya (Bouillon et al. 2004), it was similar to the range found in sediment from the mangrove ecosystem of Inhaca Island, Mozambique (Penha-Lopes et al. 2009).

Stable Isotope Composition of Macrozoobenthos

The δ13C and δ15N signatures in the five macrozoobenthos were found to vary by species (Table 2). C. mustelina had the lowest δ13C, although it exhibited a wide range in δ15N. However, Uca sp. exhibited a wide range in δ13C and an even wider range in δ15N.


Table 2: Mean and SD of the signatures of δ13C and δ15N of five macrozoobenthos species in the Manko mangrove ecosystem, Okinawa, Japan.



	Macrozoobenthos
	δ13C (‰)

	δ15N (‰)




	Mean

	SD

	Mean

	SD




	Cerithidea sp.
	–22.40

	0.32

	8.60

	0.34




	C. mustelina
	–25.06

	0.63

	8.00

	0.29




	P. verruculata
	–22.58

	1.69

	8.00

	0.83




	Grapsidae sp.
	–24.30

	0.70

	10.60

	0.32




	Uca sp.
	–21.87

	2.54

	11.50

	3.30





The δ13C and δ15N values in the three gastropods (Cerithidea sp., C. mustelina, and P. verruculata) in this study were within the range of Cerithidea cingulate (–21.3‰ and 6.2‰, respectively) and Cerithidea decollate (–21.6‰ and 4.7‰, respectively) (Bouillon et al. 2004), C. mustelina in India (–25.4‰ and 5.9‰, respectively) (Bouillon et al. 2002), Onchidium sp. in the Coringa Wildlife Sanctuary, India (–23.4 to –23.7‰ and 1.7 to 5.7‰, respectively) (Bouillon et al. 2002, 2004), and Terebralia palustris (Family Potamididae) (–22.2‰ and 11.8‰, respectively) (Penha–Lopes et al. 2009). However, Doi et al. (2009) reported δ13C and δ15N values in Cerithidea djadjariensis of –14.1‰ and 12.8‰, respectively.

For the benthic crustaceans, the δ13C value of the grapsid crabs in the Manko mangrove ecosystem were similar to those found in other locations, with the exception of δ15N (e.g., Hsieh et al. 2002; Kristensen et al. 2010). The grapsid crab Helice formosensis, for example, had a mean carbon isotope signature in its body tissue of –21‰ (Hsieh et al. 2002), and Neoepisesarma versicolor had mean δ13C and δ15N signatures of –24.3‰ and 7.15‰, respectively (Kristensen et al. 2010). Fukumori et al. (2008) suggested that the differences in the carbon and nitrogen isotope signatures among benthic species may be influenced by their food sources. In addition, Miyazaki et al. (2011) found that the δ13C and δ15N values in benthic fauna were species specific.

Food Sources of Macrozoobenthos and the Trophic Level

The variability of δ13C in various macrozoobenthos provides a possible indication of their food sources via the relationship between the Δ-isotope values in the δ13C of the macrozoobenthos and those of the possible food materials. Bouillon et al. (2008) found that sediment, microphytobenthos, and micro-epiflora were the food sources of invertebrates, with Δ-values (signature assimilation values) in the range of approximately –2 to +2‰. In the present study, Cerithidea sp. and C. mustelina exhibited Δ-values that were closely related to those of the sediment compared with those of other materials, such as mangrove leaves, microphytobenthos, and micro-epiflora (Table 3). The Δ-values of the gastropod (P. verruculata) and of the two crab species were closely related to those of both the sediment and the mangrove leaves. This result indicates that the sediment was likely a food source for these benthic organisms. Moreover, the graph of δ13C and δ15N shown in Fig. 2 indicates that the plot of the five species is closer to the sediment, which further supports the conclusion that the sediment was a food source for these macrozoobenthos.

Figure 2 also shows the relationship between the macrozoobenthos and the trophic level in the Manko mangrove ecosystem. C. mustelina displayed the strongest relationship to the sediment, and Uca sp. displayed the weakest relationship. This result is likely due to the different degrees of mobility of the two species. Uca sp. is more mobile and thus has more food source options. In general, no macrozoobenthos in this area exhibited δ13C and δ15N values close to those of the mangrove leaves. Sediment consists of both organic and inorganic components. Many microbial products are accumulated in the sediment, and they may be derived from other autotrophic organisms, such as microphytobenthos and micro-epiflora. A comparison of these findings with data reported by Bouillon et al. (2002, 2004) indicates that none of the macrozoobenthos sampled in our study had δ13C and δ15N values close to the values of these autotrophic organisms. The area likely developed with microflora or phytobenthos, which were decomposed microbially to form the sediment. Benthic organisms, such as P. verruculata and Grapsidae sp., likely consumed these decomposition products of microphytobenthos and micro-epiflora. However, the enrichment of δ15N in the macrozoobenthos indicates that they must have consumed other nitrogen-containing material, such as microfauna (Kristensen et al. 2010). However, C. mustelina, as the organism with the δ13C and δ15N values closest to those of the sediment, may be a scavenger.


Table 3: The ratio of the signatures of δ13C and δ15N of macrozoobenthos assimilated food sources and the trophic level in the Manko mangrove ecosystem, Okinawa, Japan.



	Macrozoobenthos
	Food source
	ΔAnimal-Diets

	Trophic level




	δ15N (‰)

	δ13C (‰)




	Cerithidea
	sp. Sediment
	1.34

	1.83

	



	
	Mangrove leaves
	–2.37

	7.41

	



	
	Benthic microalga
	6.90

	–5.10

	2.4




	
	Microphytobenthosb
	6.70

	–0.30

	



	
	Micro-epiflorab
	11.00

	1.80

	



	C. mustelina
	Sediment
	0.80

	–0.83

	



	
	Mangrove leaves
	–2.91

	4.75

	



	
	Benthic microalgaa
	6.40

	–7.76

	2.2




	
	Microphytobenthosb
	6.20

	–2.96

	



	
	Micro-epiflorab
	10.50

	–0.86

	



	P. verruculata
	Sediment
	2.52

	1.65

	



	
	Mangrove leaves
	–1.19

	7.23

	



	
	Benthic microalgaa
	8.10

	–5.29

	−0.5




	
	Microphytobenthosb
	7.90

	–0.49

	



	
	Micro-epiflorab
	12.2

	1.61

	



	Grapsidae sp.
	Sediment
	3.39

	–0.06

	



	
	Mangrove leaves
	–0.32

	5.51

	



	
	Benthic microalgaa
	9.00

	–7.00

	1.0




	
	Microphytobenthosb
	5.40

	–2.20

	



	
	Micro-epiflorab
	9.70

	–0.10

	



	Uca sp.
	Sediment
	4.22

	2.37

	



	
	Mangrove leaves
	0.51

	7.94

	



	
	Benthic microalgaa
	9.80

	–4.57

	3.2




	
	Microphytobenthosb
	9.60

	0.23

	



	
	Micro-epiflorab
	13.90

	2.33

	




Source: a = Bouillon et al. (2002), b = Bouillon et al. (2004)


[image: art]

Figure 2: δ13C and δ15N signatures (error bars indicate mean±SD, n = 3) of macrozoobenthos and the primary producers in the Manko mangrove ecosystem. Benthic microalgae data from Bouillon et al. (2002), and micro-epiflora and mikrophytobenthos data from Bouillon et al. (2004).



Many studies have shown that macrozoobenthos consumed autotrophic organisms, such as the gastropod Onchidium sp. (from the same family as the species P. verruculata) (Bouillon et al. 2002), and other materials, including mangrove litter, algae growing on bark (Hogarth, 2007), phytoplankton (Kurata et al. 2001; Bouillon et al. 2002; Antonio et al. 2010), microalgae, zooplankton, mangrove tissue (Alfaro 2008), and epiphytic plants on mangrove trees (Penha-Lopes et al. 2009). The species T. palustris (Family Potamididae) consumed mangrove leaves (Marguillier et al. 1997; Fratini et al. 2004, 2008; Penha-Lopes et al. 2009), but it also consumed diatoms (Pape et al. 2008). However, Nordhaus et al. (2011) found that the grapsoid crab was omnivorous.

In our study, Uca sp. was categorised as a secondary or higher consumer. This categorisation was confirmed by Nordhaus and Wolff (2007), who demonstrated that Uca sp. consumed dead organisms. Other studies have demonstrated that Uca sp. food sources were derived from benthic microalgae (Currin et al. 1995), a mixture of benthic microalgae and particulate organic matter (POM) sediment (Hsieh et al. 2002), diatoms, green algae, mangroves, and food pellets (Meziane et al. 2002), diatoms and cyanobacteria (Bouillon et al. 2002; 2004), and plant material, detritus, sediment, and mangrove leaves (Nordhaus & Wolff 2007).

CONCLUSION

The macrozoobenthos in the Manko mangrove ecosystem appear to consume the sedimentary material derived from various decomposed autotrophic organisms can thus be categorised as secondary or higher consumers. Variations in the δ13C and δ15N compositions provide a possible indication of the degree of mobility of organisms within the ecosystem.
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Abstrak: Ketam renjong Portunus pelagicus merupakan spesies penting untuk banyak perkampungan persisiran pantai di perairan Laut Jawa, tetapi status pembiakan dan stok spesies tersebut kurang diketahui. Kami telah mengkaji fekunditi ketam betina yang telah dikutip setiap bulan dari tapak pendaratan dari Jun 2011 hingga Mei 2012, telah mengira perhubungan dengan saiz badan, jisim telur dan bulan dalam tahun, dan telah mengetahui saiz betina yang berpotensi untuk membiak dalam populasi yang menghuni di perairan Timur Lampung (barat Laut Jawa). Nilai-nilai fekunditi ialah daripada 229,468 hingga 2,236,355 (min = 926,638±30,975 [±SE]). Nilai ini positif dan berkorelasi secara linear dengan lebar karapas (CW), tetapi perhubungan dengan berat badan (BW) dan jisim telur diterangkan terbaik menggunakan regresi logaritma. Satu corak puncak, yang berkitaran sementara dalam fekunditi dilihat, dengan tempoh puncak yang berbeza secara signifikan (F = 226.36; df = 22, p<0.05) daripada Mac hingga Mei 2012. Betina yang boleh membiak berada dalam julat CW sebanyak 111.0–155.9 mm; potensi pembiakan yang tinggi secara signifikan (F = 14.59; df = 30, p<0.05) dijumpai dalam kumpulan betina dengan CW sebanyak 126.0−130.9 mm. Saiz minimum sah (MLS = 100 mm CW) masa kini tidak sesuai sebagai titik rujukan limitasi, dan satu langkah berjaga-jaga diperlukan untuk strategi penangkapan yang lestari. Pengesetan semula MLS kepada CW 115 mm berpotensi untuk memberi perlindungan secukupnya kepada betina yang membiak, dan meningkatkan produksi total telur, maka mengekalkan produktiviti populasi dan meningkatkan kebingkasan dalam pada menghadapi tekanan perikanan masa kini.

Kata kunci: Ketam Renjong, Fekunditi, Potensi Pembiakan, Saiz Sah Minimum, Perairan Timur Lampung

Abstract: The blue swimming crab Portunus pelagicus is an important catch species for many coastal villages along the Java Sea coastline, but little is known regarding its reproductive biology or stock status. We examined the batch fecundity of female crabs that were collected monthly at landing sites from June 2011 to May 2012, calculated the relationships with body size, egg mass and month of the year, and determined the size at which females became potentially reproductive in the population inhabiting East Lampung waters (western Java Sea). Fecundity values ranged from 229,468 to 2,236,355 (mean = 926,638±30,975 [±SE]). The fecundity was positively and linearly correlated with carapace width (CW), but the relationships with body weight and egg mass were best described by logarithmic regression. A peaked, temporally cyclical pattern in fecundity was observed, with a peak period that was significantly different (F = 226.36; df = 22, p<0.05) from March to May 2012. Reproductive females were within the 111.0–155.9 mm CW size range; significantly higher reproductive potentials (F = 14.59; df = 30, p<0.05) were found in females within the 126.0−130.9 mm CW size group. The current minimum legal size (MLS = 100 mm CW) is not an appropriate limit reference point, and a precautionary approach is needed for a sustainable harvesting strategy. Resetting the MLS to 115 mm CW would potentially provide adequate protection for spawning females and increase total egg production, thereby maintaining population productivity and enhancing resilience in the face of current fishing pressures.

Keywords: Blue Swimming Crab, Fecundity, Reproductive Potential, Minimum Legal Size, East Lampung Waters

INTRODUCTION

The blue swimming crab Portunus pelagicus is abundant in shallow coastal and estuarine waters of tropical and temperate regions in the Indo-West Pacific. Demand for this species is increasing, which, coupled with its abundance, makes the crab a valuable target in the fishery sector (Ng 1998; Lai et al. 2010). In Indonesia, P. pelagicus is exploited year-round by small-scale fishery enterprises in most of the nation’s coastal waters. This resource is of considerable socioeconomic importance to coastal villages bordering the Java Sea, where the catch is used mainly in the crab meat industry and is also exported. However, the catch-per-trip and the sizes of captured crabs have been declining for several years. Accordingly, the P. pelagicus fishery has been placed under a recent management directive whereby the minimum legal size (MLS) of caught crabs has been set to 100 mm carapace width (CW, i.e., the distance between the tips of the 9th anterolateral spine; Ministry of Marine Affairs and Fisheries [MMAF] 2014). This directive was put in place without comprehensive consideration of the crab’s reproductive biology, which is poorly understood. Furthermore, no adequate stock assessments have been made for this species in most Indonesian waters.

Crab size at sexual maturity has been studied off the northern coast of Java (Hermanto 2004; Sunarto 2012) and in East Lampung waters (Zairion et al. unpublished data). These previous studies reported the mean size at which 50% of females reached physiological maturity (Lm50; judged by gonad condition) to be 105, 101 and 103 mm CW, respectively. Only Hermanto (2004) has estimated batch fecundity (the number of viable eggs released by a serial spawner in a pulse of spawning) in P. pelagicus, but he did not measure other key traits of reproductive biology (i.e., egg mass size and reproductive potential) that contribute to a better understanding of population dynamics and aid in stock assessment analyses. In addition, the reproductive biology of P. pelagicus is highly variable across its distribution area, which adds further complexity to the design of management strategies.

Measures of fecundity are key components of studies of the reproductive biology and population dynamics of all crustacean species. Fecundity estimates have increasingly become the preferred measures of stock reproductive potential and may be incorporated into scientific recommendations that provide biological reference points (BRPs) for sustainable fisheries management (Campbell & Robinson 1983; Goni et al. 2003; Tallack 2007; Cooper et al. 2013).

Reproductive potential may be determined as the largest egg contribution by a particular number of spawning females in the population (Kanciruk & Herrnkind 1976; Chang et al. 2007). Batch fecundity has been estimated as a measure of reproductive potential in P. pelagicus females off the coasts of south-western India (Sukumaran & Neelakantan 1997) and southeastern Australia (Johnson et al. 2010), where the highest reproductive output was from crabs in the 130–140 mm CW and 65–69 mm carapace length (CL) ranges, respectively. Estimates varied geographically in both studies, and it would therefore be inappropriate to make extrapolations from India or Australia to populations located in Indonesian coastal waters. Thus, local data on the reproductive biology of P. pelagicus in East Lampung waters are required to calculate an appropriate size-based reference point and for the development of a precautionary approach (PA) to sustainable crab harvesting.

The specific aims of this study were to measure: (1) batch fecundity and its relationships with body size, egg mass and time of year; and (2) the size of potentially reproductive females in the population of P. pelagicus in East Lampung waters, Indonesia.

MATERIALS AND METHODS

Sample Collection and Environmental Regime

Samples of P. pelagicus were collected by stratified random sampling each month from June 2011 to May 2012, at two main landing sites: Kuala Penet (5°15’22.53’’S, 105°51’41.52’’E) and Labuhan Maringgai (5°21’32.98’’S, 105°49’06.52’’E) in the East Lampung District, Lampung Province, Indonesia (Fig. 1). Crabs brought ashore at these landing sites were captured by local fishers using set gill-nets as their main fishing gear; nets had mesh sizes of 3.0−4.5 in (7.6−11.4 cm). Each boat set three to five nets (Wardiatno & Zairion 2011). During the sampling year, the proportion of landed crabs (males, ovigerous females and non-ovigerous females) from selected fishing boats was recorded. Measurements of individual CW and body weight (BW) were conducted at different landing sites and fishing grounds. CW was measured to the nearest 0.01 mm using a digital calliper (PT Intralab Ekatama, Bogor, Indonesia), and BW was measured to the nearest 0.1 g using a digital balance (PT Intralab Ekatama, Bogor, Indonesia) (Potter at al. 2001, de Lestang et al. 2003). Ovigerous females (n = 22±2 [mean±SD]) of representative sizes and proportions were selected each month and were used to determine batch fecundity.

Based on 2003−2012 data from the Maritime Climatologic Station in Lampung, there are two main seasons in the East Lampung area; the wet season (west and northwest monsoon) takes place from December to May, and the rest is the dry season (east and southeast monsoon). However, a transition period occurs between both seasons, with the first transition occurring in April to May and the second in October to November. Mean monthly air temperature for the year was 24°C–34°C, and the mean annual rainfall ranged from 1295–2493 mm, whereas humidity was in the range of 76.8%–81.0%.
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Figure 1: Map of the coastal area and marine waters off East Lampung showing P. pelagicus fishing grounds using set gill-nets; the two main landing sites are indicated.



According to Wardiatno and Zairion (2011), the coastal land area of East Lampung is covered by approximately 60% lowland forest and is protected as Way Kambas National Park (WKNP). There is no seagrass bed found in the shallow waters, but most of the coastal waters up to ~15 NM from the shoreline are P. pelagicus habitat and fishing grounds. Based on water quality monitoring at the fishing grounds in August 2011 and February 2012 (representative of the dry and wet seasons, respectively), there was not a high degree of variability in sea surface temperature (i.e., 28°C–32°C) for both seasons; temperatures near the bottom ranged from 28.0°C–29.5°C. Salinity at the sea surface and bottom were within 10–25 PSU and 25–29 PSU, respectively, from near shore to offshore in the northern sector in February, whereas values ranged from 29–30 PSU and 30–32 PSU, respectively, in the southern sector, close to Labuhan Maringgai. The low salinity in the northern sector was influenced by the high supply of freshwater from the Way Seputih River. In contrast, the salinity of the surface and bottom water during the dry season were 17–27 PSU and 27–30 PSU, respectively, in the northern sector, whereas the ranges were 28–32 PSU and 29–32 PSU, respectively, in the southern sector.

Fecundity and Egg Mass Estimation

Fecundity, defined as the number of eggs per batch produced by a female, and the weight of the spawning egg (brood) mass attached to the pleopods during embryonic development were estimated. Embryonic stages were categorized by the development of colour (Pinheiro & Fransozo 2002; Ikhwanuddin et al. 2012; Soundarapandian et al. 2013): (1) initial or 1st stage, which is yellow or orange-yellowish; (2) intermediate or 2nd stage, which is brown; and (3) final or 3rd stage, which is black-grey or black. The masses at each stage were measured following the procedure described by Johnson et al. (2010) before removing each egg batch. Egg-bearing pleopods were removed carefully; the wet weight of the whole egg mass (eggs+pleopods) was measured to the nearest 0.001 g using an electronic balance (PT Intralab Ekatama, Bogor, Indonesia). Prior to the removal of the eggs, the egg-bearing pleopods were immersed in 400 ml of 1M KOH for 12 h. The separation process was completed by scraping the pleopods clean and removing all setae. These organs were then weighed, and their combined weight was subtracted from the whole egg mass to give the mass of the eggs alone. Three replicate subsamples of ~0.2 g were randomly taken from each wet egg mass, and the number of eggs in each subsample was counted under a stereomicroscope (PT Intralab Ekatama, Bogor, Indonesia) mounted over a counting tray. The mean number of eggs per unit subsample weight was counted; this value was then scaled up to estimate the total number of eggs per individual egg batch.

Data Analysis

Fecundity relationship

Regression analyses, either linear or logarithmic, and power functions were performed to establish the relationships between fecundity at all stages of spawning, egg development, body size and egg mass. An appropriate relationship was chosen based on the highest correlation coefficient (r). Differences in the regression slopes for the relationships between fecundity and body size were analysed statistically using a t-test (Fowler & Cohen 1992). Temporal patterns of fecundity were examined by comparing the relative mean fecundities across months (adapted from Pinheiro & Terceiro 2000), and one-way ANOVA was used to detect significant differences among the means.

Reproductive potential

To estimate reproductive potential, the relative proportions of non-ovigerous and ovigerous females in each 5 mm CW size class were determined. The procedures of Kanciruk and Herrnkind (1976) and Sukumaran and Neelakantan (1997) were used to calculate an index of relative reproductive potential (IRP) and of reproductive productivity, which allowed us to estimate the relative contribution of each size class to the total number of eggs produced. The IRP was calculated using the following expression:

[image: art]

where, Ai is the proportion of size class i in a group containing all females across size classes that contained ovigerous females; Bi is the proportion of ovigerous females in size class i; Ci is the mean fecundity in size class i; and D is a constant (31.942). The index for the 106.0–110.9 mm size class was assigned a standardized value of 100. Productivity was estimated by dividing Ci by Ai, and reproductive females were defined as having a productivity value ≥1.0. One-way ANOVA was used to detect significant differences in the IRP and productivity values across the size classes.

RESULTS

Fecundity and Its Relationships

A total of 267 ovigerous females were collected within the following size ranges: 91.58−168.00 mm CW (mean = 126.42±0.88 mm [±SE]) and 78.1−387.5 BW (mean = 166.3±3.82 g [±SE]). Within the total, 168 (62.55%), 26 (9.74%) and 74 individuals (27.72%) were in the 1st, 2nd and 3rd stages of egg development, respectively. The estimated batch fecundity range for the 1st stage of egg development was 229,468−2,236,355 (mean = 926,638±30,975 [±SE]). Table 1 lists the mean estimated fecundity, mean CW, net BW and egg mass wet weight for each size class. The estimated total mean fecundities (±SE) were within the range of 264,134±15,867−1,534,538±308,890 eggs across the size classes. Fecundity was linearly and positively correlated with CW (Fig. 2), but logarithmically related to net BW (Fig. 3) and egg mass weight (EMW; i.e., fecundity = 695.74*ln[EMW] – 1140.6; R2 = 0.7099). The logarithmic relationships were influenced by large variations in egg mass and fecundity, particularly in crabs exceeding 111 mm CW (coefficient of variation [CV] = 24%−38%). Moreover, estimated mean fecundity varied temporally within the 567,003±51,067−1,237,665±121,968 (mean±SE; CV = 6.23%−14.37%) range and showed a cyclical pattern (Fig. 4). Values differed significantly between months (F = 226.36; df = 22, p<0.05), with the lowest and the highest significantly different values occurring in November 2011 and from March to May 2012, respectively.

Estimated mean fecundity in the 2nd stage of egg development was lower than that in the 1st stage, and the value in the 3rd stage was lower than that in the 2nd. The relationships between stage and fecundity for the 2nd and 3rd stages were similar to the relationships in the 1st stage. The linear regression slopes for the 1st and 2nd stages of egg development were not significantly different (t = 0.02, df = 190, p<0.05); the slopes for the 2nd and 3rd stages (t = 0.178, df = 96, p<0.05) and for the 1st and 3rd stages of egg development (t = 0.188, df = 238, p<0.05) also were not significantly different. Because the regression slopes of the relationships between CW and fecundity were not significantly different in the egg developmental stages, only the fecundity of the 1st stage was used in further analyses.


Table 1: Mean CW, BW, egg batch weight and fecundity of ovigerous female P. pelagicus in each 5 mm CW size class (values are the mean±SE).



	CW size class (mm)
	Number of individuals

	Mean CW (mm)

	Mean net body wet weight (g)

	Mean egg mass wet weight (g)

	Total number of eggs per individual




	91.00–95.99
	2

	93.73±2.15

	81.80±3.70

	8.70±0.70

	264,134±15,867




	96.00–100.99
	4

	99.11±0.55

	84.68±2.56

	9.35±1.24

	384,806±54,384




	101.00–105.99
	6

	104.08±0.47

	89.60±2.02

	10.19±0.40

	415,811±33,197




	106.00–110.99
	12

	109.40±0.34

	104.12±2.23

	13.02±1.06

	494,895±40,831




	111.00–116.99
	16

	113.28±0.36

	111.28±1.77

	15.07±0.92

	681,589±43,776




	116.00–120.99
	20

	118.84±0.30

	127.47±2.91

	17.52±1.25

	712,593±42,296




	121.00–125.99
	21

	123.25±0.30

	146.18±2.41

	18.92±1.13

	825,907±40,902




	126.00–130.99
	22

	128.45±0.31

	164.71±3.63

	20.69±1.73

	970,608±55,473




	131.00–135.99
	19

	133.10±0.30

	190.91±4.63

	26.50±2.53

	1,107,402±76,177




	136.00–140.99
	13

	138.82±0.43

	213.63±3.99

	28.59±3.05

	1,258,908±102,362




	141.00–145.99
	10

	143.02±0.41

	244.29±3.90

	29.05±4.75

	1,225,732±129,916




	146.00–150.99
	8

	148.51±0.42

	257.95±4.02

	30.25±4.45

	1,237,420±101,290




	151.00–155.99
	6

	153.54±0.72

	294.95±5.87

	40.03±5.16

	1,487,686±186,448




	156.00–160.99
	4

	158.14±0.39

	335.65±10.26

	31.33±5.69

	1,420,511±150,184




	161.00–165.99
	3

	163.69±1.24

	331.63±13.71

	43.75±16.21

	1,368,550±197,558




	166.00–170.99
	2

	167.45±0.10

	386.35±1.15

	43.65±13.15

	1,534,538±308,890




	Total
	168
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Figure 2: Linear relationship between the fecundity of P. pelagicus and CW.
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Figure 3: Logarithmic relationship between the fecundity of P. pelagicus and net BW.
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Figure 4: Mean fecundity (+95% confidence interval) of P. pelagicus in each month.



Reproductive Potential

Among the data for all P. pelagicus females across the size classes that contained ovigerous individuals, estimated IRPs were within the range 1.00−384.02 (mean = 132.02); IRP values differed significantly (F = 14.59, df = 30, p<0.05) across the size groups, with the lowest and highest values found in the 91.0–95.9 mm and 126.0–130.9 mm size classes, respectively (Table 2).

The productivity estimates exhibited a similar pattern, with a range from 0.01−1.86 (mean = 0.88) and values that differed significantly (F = 40.26, df = 30, p<0.05) across the size classes. Our findings revealed that newly spawning females (91.0–95.9 mm CW) represented ~4.32% and ~0.28% of non-ovigerous and ovigerous females, respectively, and produced only ~0.05% of the estimated total egg production; this group of females had the lowest reproductive productivity (productivity estimate = 0.01) of all of the size classes (Table 2). The highest percentage of P. pelagicus females occurred in the 111–115.9 mm CW size class, but ovigerous females were most frequent in the 126–130.9 mm size class, which also had the highest IRP, producing ~18.16% of the estimated total egg production (productivity estimate = 1.86). The reproductive P. pelagicus females were in the 111–155.9 mm CW size class (productivity estimate ≥1.0). Individuals below the current MLS of 100 mm CW (91–100 mm) comprised 9.85% of the total number of females and 1.41% of ovigerous females. These smaller individuals produced only 0.4% of the estimated total egg production. Ovigerous females of less than 115 mm CW accounted for ~21.38% of the ovigerous female total and produced ~17.45% of the estimated total egg production.


Table 2: Indices of reproductive potential and reproductive productivity for female P. pelagicus in each 5 mm CW size class.
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DISCUSSION

Fecundity and Its Relationships

Our estimate of P. pelagicus batch fecundity in the study site (range: 229,468–2,236,355) was high, similar to most species of portunid crabs (e.g., Batoy et al. 1987; Ravi et al. 2008; Johnson et al 2010; Ikhwanuddin et al. 2011). It is believed that these types of reproductive traits in crustaceans are associated with evolutionary mechanisms that compensate for the eggs lost during the incubation period and larval mortality during development (e.g., Muino 2002; Goes et al. 2005). Specifically, our estimated batch fecundity exceeded previous estimates for a population of a similar size off the coastal waters of Subang, West Java (81,000–1,343,000; Hermanto 2004) and in south-western India (56,000–1,070,000; Sukumaran & Neelakantan 1997); it also differed from all other estimates throughout the species distribution range (Table 3). Thus, the reproductive biology characteristics of P. pelagicus in our study area differed from those in all other populations that have been analysed.


Table 3: Ranges of fecundity values for P. pelagicus in Indonesian waters (1–2) and other parts of the species’ distribution range; CW = carapace width, CL = carapace length. Table values in brackets are average fecundities (±SE in two cases).



	No.

	Location
	Ovigerous female size (mm)

	Fecundity (x1000)

	Source




	1.

	East Lampung, Indonesia (Western Java Sea)
	91.58–168.00 CW

	229–2236(928±30.97)

	Present study




	2.

	Subang, West Java, Indonesia
	89–156 CW

	81–1343(543.9)

	Hermanto (2004)




	3.

	Johor, Malaysia
	96.4–133.2 CW

	43–183.1(105.4)

	Ikhwanuddin et al. (2012)




	4.

	Sarawak, Malaysia
	144–193 CW

	213.3–3376.7(233±24)

	Ikhwanuddin et al. (2011)




	5.

	Port Dickson, Malaysia
	102.25–140.58 CW

	148–835

	Arshad et al. (2006)




	6.

	Leyte and Bohol, Philippines
	41–71 CL

	420.98–1312.24(894.284)

	Batoy et al. (1987)




	7.

	Mandapam, Tamil Nadu, India
	100–190 CW

	60–1976

	Josileen (2013)




	8.

	Southwestern coast of India
	89–170 CW

	56–1070

	Sukumaran and Neelakantan (1997)




	9.

	Khuzestan, Iran
	110–169 CW

	150.5–1106.2(815.2)

	Jazayeri et al. (2011)




	10.

	Southeastern Australian estuary
	55–80 CL

	463–1781

	Johnson et al. (2010)




	11.

	Cockburn, Southwestern Australia
	84–154 CW

	68.5–324.4(196.4)

	de Lestang et al. (2003)





Note: The blue swimming crabs of the eastern India coastal waters have been recently assigned to Portunus reticulatus; in the western Indian Ocean (from Pakistan throughout the Arabian Sea, the Persian Gulf and off the coasts of Egypt and Tanzania) the crabs have been assigned to P. segnis; in the western, southern and southeastern waters of Australia, they have been assigned to P. armatus (Lai et al. 2010).

The fecundity of brachyuran crabs varies among individual females within the same area and among females of the same species in different areas within the same region and is influenced by several intrinsic and extrinsic factors. According to Ramirez-Llodra (2002), the major intrinsic factors contributing to differences in fecundity among females in the same population include variation in individual female size or maternal size, nutritional history related to food availability and quality, age and the age at sexual maturity or first reproduction, which influence the reproductive effort and residual reproductive value. The major extrinsic factors are both inter- and intra-specific competition. The production of eggs is energetically expensive, and optimal energy and energy costs are also required to maintain somatic growth. A trade-off between the energy spent on both types of growth is an important strategy and might affect fecundity. In addition, large females produce higher numbers of eggs than smaller ones, and female CW is the main factor contributing to fecundity variability (e.g., Muino 2002). This type of maternal effect is not related to genetics, but it significantly and positively affects fecundity (e.g., Fischer et al. 2009). This variation might also relate to physical constraints, e.g., large individual females have larger body cavities and thus larger pleopod capacities (Hines 1982). Reproductive effort and residual reproduction might also relate to the reproductive period or life stage of each female (e.g., Pinheiro et al. 2003; Arshad et al. 2006).

The presence of variability in the fecundity of the same species in dissimilar areas of the same region might be influenced by female growth rates, which are associated with variations in the environmental conditions of their habitat (e.g., habitat structure, environmental stress and pollution, food quantity and quality, population density and inter-specific competition). Environmental stress and toxic substances might also influence their body size, as might disparate biological and genetic compositions (Campbell & Eagles 1983; Ramirez-Llodra 2002; Litulo 2004; Linnane et al. 2008; Johnson et al. 2010) and parasitism (e.g., Shields & Wood 1993). Beyers and Goosen (1987) suggested that variations in fecundity might be used as an indicator of female growth rates associated with food supply. Environmental and climate factors (i.e., high temporal variation in temperature and photoperiodicity) may also influence the size of reproductive females, with a consequence of differing fecundity for the same species at varying latitudes (e.g., Pinheiro & Terceiro 2000). In the same way, salinity might also influence fecundity because fecundity tends to be stunted at low salinity (e.g., Batoy et al. 1987; de Lestang et al. 2003). However, both the temperature and salinity of the East Lampung waters did not vary widely by season during the study year, although sea surface salinity (10–25 PSU) was reduced in coastal waters close to the northern sector of the fishing ground during the month of February (wet season), when large volumes of freshwater were discharged by the Way Seputih River.

Despite the high fecundity of P. pelagicus, it was positively and linearly correlated with CW, and the greatest mean fecundity (1,534,538±308,890 [±SE]) was found for the 166.00–170.9 mm size class. The fecundity/size relationships in this study were consistent with earlier studies of portunid crabs (Prager et al. 1990; Arshad et al. 2006; Ravi et al. 2008; Johnson et al. 2010; Ikhwanuddin et al. 2011, 2012; Rodrigues et al. 2011; Safaie et al. 2013). In contrast, de Lestang et al. (2003) reported that fecundity peaked at 61 and 71 mm CL, and then declined in the next consecutive size. Kumar et al. (2003) also reported that fecundity increased by 83.9% when the CW increased from 105 mm to 125 mm and then decreased, but in other studies, the relationship was different and was best described by a power function (e.g., Sukumaran & Neelakantan 1997; Pinheiro & Terceiro 2000; Hamasaki et al. 2006; Rameshbabu et al. 2006; Rasheed & Mustaquim 2010; Josileen 2013). Such differences in the relationships between fecundity and size might be related to (1) differences in the biology of species because P. pelagicus has a limited distribution area in the marine and coastal waters of southeast and east Asia (Lai et al. 2010; see note in Table 3) and (2) multiple (repeat) spawning of portunid crabs within the same season or in the same year (e.g., Sukumaran & Neelakantan 1997, 1999; Costa & Negreiros-Fransozo 1998; Santos & Negreiros-Fransozo 1999; Pinheiro & Fransozo 2002; de Lestang et al. 2003; Kumar et al. 2003; Johnson et al. 2010) because egg masses in larger female crabs tend to decrease in size over successive spawning during each season (e.g., Dickinson et al. 2006; Darnell et al. 2009), with a consequent reduction in egg production. Large females often produce eggs with large diameters, and the number of eggs decreases (e.g., Hines 1982; Kumar et al. 2003; Fischer et al. 2009; Przemysław & Marcello 2013), a phenomenon that may be related to the logarithmic relationship observed between fecundity and (1) net BW and (2) egg mass (brood size), which may be explained by large variations in egg mass and fecundity in the size classes exceeding 111 mm CW. However, the logarithmic functions we calculated differed from those reported in previous studies, which were described as positive linear correlations. Litulo (2004) reported that an increase in female body weight was not always followed by an increase in fecundity in Uca annulipes. Thus, data regarding the number of brachyuran eggs per brood are more important than information on brood size because of the large variation in fecundity with brood size; descriptions of the relationship between fecundity and BW are also crucial (Hines 1982; Muino 2002).

Seasonal changes in fecundity are also a significant factor for the reproductive traits of brachyuran crabs (Muino 2002). These variations might be related to environmental and biological factors (e.g., nutrition and energy allocated for reproduction) (Litulo 2004; de Arruda Leme 2006). Accordingly, oocyte development and yolk formation are primarily determined by the presence of sufficient quantities of highly nutritious food, and optimal energy is allocated to gonadic growth prior to the peak spawning season, which might influence both the quantity and quality of the eggs produced. Other factors might relate to successive breeding during the year (e.g., Dickinson et al. 2006; Darnell et al. 2009).

The estimated mean fecundity of P. pelagicus in East Lampung waters varied by month; it was highest from March–September, with a significantly different peak period (F = 226.36; df = 22, p<0.05) from March to May 2012 (the end of the wet season and the transition period between the wet and dry seasons, respectively). The crab P. pelagicus had two peak breeding seasons in East Lampung waters throughout the year: April–June and October–November, although the second peak was significantly weaker than the first (Zairion et al. unpublished data). The peak in fecundity coincided with the peak breeding seasons, and this result is consistent with several previous studies. Kumar et al. (2003) reported that fecundity increased from October to December (from spring to early summer) and then declined; while peak fecundity occurred simultaneously with the peak breeding season. Prager et al. (1990) also reported that the size-specific fecundity of Callinectes sapidus increased steeply during the peak breeding season, except when ovigerous females had a dissimilar density pattern with the season of a different year. Thus, a temporal fecundity trend may exist, linking reproductive strategy traits, spawning patterns and environmental conditions.

Most of the smaller ovigerous females (i.e., <105 mm CW) were collected from September–November; their relative fecundities were low (see Fig. 2). It is possible that the gonads of immature females will mature earlier as a consequence of slightly increasing temperatures during the dry season (i.e., mean bottom seawater temperature = 29.5°C), and they might spawn in the next consecutive month; crabs have been shown to mature earlier as temperatures increase (Campbell & Fielder 1986; Fisher 1999; de Lestang et al. 2003). It is also possible that the offspring produced in the first breeding season contributed substantially to recruitment.

Reproductive Potential and Its Relevance to Fisheries Management

The estimated IRPs differed significantly (F = 14.59, df = 30, p<0.05) across the size groups, with the lowest and highest values in the 91.0–95.9 mm and 126.0–130.9 mm size classes, respectively; the productivity estimates also differed significantly (F = 40.26, df = 30, p<0.05), with the lowest and the highest coinciding with the IRPs. Female crabs in the 91.0–95.9 mm CW size group were not the rarest in the population, but they had the lowest fecundity, reproductive potential and productivity. The largest females crabs (>156.0 mm CW) had the highest individual fecundity, but they were not abundant (i.e., ~3.27% of the total population of females; see Table 3) and might therefore contribute little to total egg production in the population. The most abundant female crabs were in the 111.0–115.9 mm size range, but they did not have the highest reproductive potential (productivity estimated at ≥1.0, just above the mean value). The most fecund females were in the 126.0–130.9 mm CW categories. In contrast, Sukumaran and Neelakantan (1997) studied reproductive females in the 100–170 mm CW range and reported the highest fecundity and reproductive potential in the 90–100 mm class and the highest productivity in the 130–140 mm size class. Thus, reproductive potential depends on the quantity of eggs produced in certain size groups rather than on the mean size of the available females and on the overall mean individual fecundity in the population (Goni et al. 2003). The reproductive traits observed in P. pelagicus in East Lampung seem to be the consequences of interspecific variation and area-specific and regional differences in portunid crab reproductive biology.

Females below the current MLS of 100 mm CW (91–100 mm) accounted for ~9.85% of the total population; few were ovigerous (1.41% of the total ovigerous population), and they contributed only 0.4% to the estimated total egg production. Although P. pelagicus is highly fecund and productive, these reproductive attributes are highly size-dependent, and fecundity seems to be difficult to be estimated. Therefore, the current MLS used in the harvesting strategy is not congruent with the limit reference point or a precautionary approach to crab fisheries management. Moreover, the current MLS is smaller than the mean size of females that have reached physiological maturity (Lm50; i.e., a CW of 103 mm) in East Lampung waters (Zairion et al. unpublished data). In addition, 103 mm CW does not seem to be appropriate for the MLS.

These results provide data on the fecundity and reproductive potential of the P. pelagicus population, and these two reproductive characteristics should contribute to the setting of a more appropriate MLS. It is therefore recommended that the MLS for the P. pelagicus artisanal fishery in East Lampung waters, including all parts of the western Java Sea, should be increased to 115 mm CW. The proportion of ovigerous females below this size in the population accounted for ~21.38% of the ovigerous population and produced ~17.45% of the total estimated egg production. This new MLS would allow an increase in total egg production, thereby maintaining population productivity and resilience under current fishing pressures, though this recommendation may reduce total catches and fishing revenues. The acquisition of more robust information regarding the spatiotemporal variability of the frequency, growth, mortality and spawner–recruitment relationships of ovigerous females will require further assessments of stock susceptibility and resilience.

CONCLUSION

The batch fecundity of female P. pelagicus was high at the study site; it varied among individual females in the population and appeared to be difficult to be estimated. The relationship between CW and fecundity was positive and linear, whereas the relationship between BW and egg mass was best described by a logarithmic fit. Fecundity varied temporally and peaked in the period of March–May 2012. Reproductive females were in the 111–155.9 mm CW size range. The highest reproductive potentials were measured in females within the 126–130.9 mm CW size range. The current MLS in the size-based harvesting strategy is not appropriate for sustainable use of the P. pelagicus resource in East Lampung waters. It should be reset to 115 mm CW for the appropriate protection of the population of spawning and breeding females and to increase total egg production.
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Abstrak: Kajian awal ini bertujuan untuk mengenalpasti satu spesies komersil gamat iaitu Stichopus horrens Selenka, 1867 dan satu spesies timun laut iaitu Holothuria (Mertensiothuria) leucospilota (Brandt, 1835) dari Pulau Pangkor, Perak, Malaysia dengan mengaplikasikan teknik-teknik morfologi berdasarkan bentuk-bentuk osikel dan teknik-teknik molekul menggunakan gen sitokrom c osidasi I (COI) mitokondria DNA (mtDNA). Di Malaysia, gamat didefinisikan sebagai spesies timun laut daripada famili Stichopodidae yang memiliki nilai-nilai perubatan manakala timun laut dirujukkan kepada spesies bukan gamat. Spesies S. horrens adalah amat popular di Pulau Pangkor sebagai bahan utama dalam penghasilan air gamat dan minyak gamat secara tradisional manakala H. leucospilota merupakan spesies paling dominan di Malaysia. Berbeza dengan kajian-kajian sebelum ini, bahagian dalaman tubuh iaitu pohon respirasi dan gastrousus telah disertakan dalam kajian ini untuk mendapatkan kesimpulan yang lebih baik berdasarkan morfologi. Keputusan-keputusan menunjukkan tiada osikel telah hadir di dalam gastrousus H. leucospilota dan ciri tersebut dicadangkan sebagai penanda diagnostik yang unik untuk spesies timun laut tersebut. Di samping itu, kehadiran rod berbentuk Y di dalam pohon respirasi S. horrens seterusnya menyokong potensi bahagian dalaman tubuh untuk mengenalpasti spesies gamat tersebut. Selanjutnya, analisis-analisis filogenetik gen COI mtDNA spesimen-spesimen timun laut tersebut menggunakan kaedah hubungkait jiran dan kaedah persamaan maksimum seterusnya mengesahkan status spesies H. leucospilota dan S. horrens dari Pulau Pangkor, Perak, Malaysia. Jujukan-jujukan gen COI mtDNA tersebut telah didaftarkan dengan GenBank, National Center for Biotechnology Information (NCBI), US National Library of Medicine (no. akses GenBank: KC405565-KC405568). Walaupun lebih banyak spesimen dari pelbagai lokasi diperlukan untuk menghasilkan keputusan-keputusan muktamad yang lebih baik, penemuan-penemuan semasa telah memberi gambaran yang lebih baik tentang kepentingan pendekatan-pendekatan yang saling lengkap-melengkapi iaitu teknik-teknik morfologi dan molekul dalam pengenalpastian kedua-dua spesies timun laut Malaysia tersebut.

Kata kunci: Stichopus horrens, Holothuria leucospilota, Bentuk Osikel, Gen Sitokrom c Osidasi I Mitokondria DNA, Pulau Pangkor

Abstract: This preliminary study aimed to identify a commercial gamat species, Stichopus horrens Selenka, 1867, and a timun laut species, Holothuria (Mertensiothuria) leucospilota (Brandt, 1835), from Pangkor Island, Perak, Malaysia, employing morphological techniques based on the shape of the ossicles and molecular techniques based on the cytochrome c oxidase I (COI) mitochondrial DNA (mtDNA) gene. In Malaysia, a gamat is defined as a sea cucumber species of the family Stichopodidae with medicinal value, and timun laut refers to non-gamat species. S. horrens is very popular on Pangkor Island as a main ingredient in the traditional production of air gamat and minyak gamat, while H. leucospilota is the most abundant species in Malaysia. In contrast to previous studies, internal body parts (the respiratory tree and gastrointestine) were examined in this study to obtain better inferences based on morphology. The results showed that there were no ossicles present in the gastrointestine of H. leucospilota, and this characteristic is suggested as a unique diagnostic marker for the timun laut species. In addition, the presence of Y-shaped rods in the respiratory tree of S. horrens subsequently supported the potential to use internal body parts to identify the gamat species. Phylogenetic analysis of the COI mtDNA gene of the sea cucumber specimens using the neighbour-joining method and maximum likelihood methods further confirmed the species status of H. leucospilota and S. horrens from Pangkor Island, Perak, Malaysia. The COI mtDNA gene sequences were registered with GenBank, National Center for Biotechnology Information (NCBI), US National Library of Medicine (GenBank accession no.: KC405565-KC405568). Although additional specimens from various localities will be required to produce more conclusive results, the current findings provide better insight into the importance of complementary approaches involving morphological and molecular techniques in the identification of the two Malaysian sea cucumber species.

Keywords: Stichopus horrens, Holothuria leucospilota, Ossicle Shape, Cytochrome c Oxidase I Mitochondrial DNA Gene, Pangkor Island

Sea cucumbers (Phylum Echinodermata: Class Holothuroidea) are considered to be unique marine animals in Malaysia due to their medicinal properties and commercial value. It is estimated that more than 80 morphospecies of these soft-bodied echinoderms inhabit the seawaters of Malaysia (Kamarudin et al. 2010). There are at least five local names for sea cucumbers in Malaysia: bat, balat, timun laut, gamat and brunok. Among the local names, gamat and timun laut are the most popular among Malaysians. In Malaysia, gamat is a local name for all species of family Stichopodidae. Genus Stichopus and genus Thelenota are currently the two groups from family Stichopodidae that can be found in the seawaters of Malaysia (e.g., Stichopus horrens Selenka, 1867 and Thelenota anax H.L. Clark, 1921). Approximately 10 gamat species have been identified in the seawaters of Malaysia to date based on Kamarudin et al. (2010), Choo (2008) and other documents. Choo (2008) listed Thelenota ananas (Jaeger, 1833) as one of the commercial species used in the food industry in Malaysia.

Gamat species have been exploited for their body fluid extracts (air gamat) and their lipid extracts (minyak gamat). In proportion to the development of science and technology, gamat-based products formulated using modern techniques and marketed by Malaysian companies (e.g., Gamat eMas Sdn. Bhd., Nur Af Enterprise, Nutrifes Food & Beverages Industries Sdn. Bhd., and Luxor Network Sdn. Bhd.) can also be found in local and international markets. The spesies S. horrens or gamat emas has been utilised as the main ingredient and is subject to high demand in Malaysia due to its medicinal properties and commercial values.

Timun laut is a local name for all species of sea cucumbers in Malaysia, including gamat species, and can also be used to refer to all non-gamat species. In this study, the latter definition is used. Holothuria (Mertensiothuria) leucospilota (Brandt, 1835), a timun laut species, is suggested to be the most abundant sea cucumber species in Malaysia (Kamarudin et al. 2010, 2011). This species is also known as bat puntil, bat hitam or balat hitam. The corresponding author prefers to refer to it as lintah laut. In terms of commercial value, H. leucospilota is one of the commercial species exploited as food in Malaysia, Thailand, Indonesia, the Philippines and Vietnam (Choo 2008).

Ossicle shapes remain an important characteristic employed for the morphological identification of sea cucumbers. Ossicles are small pieces of calcified material that form part of the skeleton of a sea cucumber. A morphological approach is simpler and easier to apply compared with a genetic approach. The common shapes of ossicles in the sea cucumber body include table, button, rod, anchor, perforated plate and roxette. Conducing species identification using ossicle shapes as part of a morphological approach is as important as applying a genetic approach (e.g., using mitochondrial DNA [mtDNA] gene sequencing techniques), and each approach complements the other in producing more accurate results. In fact, mtDNA has become the most preferred model due to its effective maternal inheritance, apparent haploid genome, non-recombination, continuous replication, and the fact that its rate of substitution is within the range of 5 to 10 times greater than that of ‘single-copy’ nuclear DNA (Hartl & Clark 1989; Amos & Hoelzel 1992).

Many studies suggest the usefulness of ossicle shapes for the species identification of sea cucumbers based on morphology. Ossicles from external body parts, such as the tentacles, cuticles, papillae and podia, are commonly examined. However, the use of ossicles from internal body parts, such as the gastrointestine and respiratory tree, is uncommon, or has yet to be incorporated in such analyses, as no studies employing these characters could be found by the corresponding author. Accordingly, the objective of the present study was to identify a commercial gamat species, S. horrens and a timun laut species, H. leucospilota, from Pangkor Island, Perak, Malaysia, employing morphological techniques based on the shape of ossicles, including ossicles from the gastrointestine and respiratory tree, and molecular techniques based on the cytochrome c oxidase I (COI) mtDNA gene.

Specimens of S. horrens (Fig. 1) and H. leucospilota (Fig. 2) were collected from Teluk Nipah and Pangkor Laut, Pangkor Island. A total of three individuals of each species were sampled. A global positioning system (GPS) was used to mark and record the position of sampling sites on Pangkor Island (not shown specifically, refer to Fig. 3). The samplings took place for approximately two days, from the 8th to the 9th of November 2011. Documentation and collection were performed during low tide. There were no fixed or standard sampling hours for all sites. For short-term storage, fresh specimens of sea cucumbers were stored in ice boxes containing sea water or ice cubes during sampling. In the Science Research Laboratory (Faculty of Science and Technology, Universiti Sains Islam Malaysia), the specimens were transferred to a freezer for long-term storage with proper cataloguing.
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Figure 1: Image of S. horrens Selenka, 1867: (a) dorsal view; (b) ventral view.

Source: Ridzwan Hashim
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Figure 2: An individual of H. (Mertensiothuria) leucospilota (Brandt, 1835) from Pangkor Island, Perak, Malaysia.

Source: Kamarul Rahim Kamarudin



A small piece of tissue from each of the external body parts (the tentacles, dorsal cuticle, and ventral cuticle) and internal body parts (the respiratory tree and gastrointestine) was cut with a sterile blade. Each piece of tissue was placed on a glass microscope slide and then covered with several drops of liquid household bleach to dissolve the soft tissue. The ossicles, usually in the form of white pellets, remained in the liquid, and a cover slip was placed gently on each microscope slide covering the ossicles. The prepared slide was then observed under a Nikon (Tokyo) ECLIPSE 80i digital compound microscope, and all of the captured images were saved for the identification of ossicle shapes. As the main focus in this study was to identify the shapes of ossicles and then to compare their varieties between H. leucospilota and S. horrens, the size of each ossicle type was not precisely measured under the microscope.
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Figure 3: Specimens of H. (Mertensiothuria) leucospilota and S. horrens used in this study were collected from Pangkor Island, Perak, Malaysia (sampling site 2).

Source: Adapted from Kamarudin et al. (2009).



Total genomic DNA (tgDNA) extraction was performed using the modified cetyl trimethyl ammonium bromide (CTAB) method of Grewe et al. (1993) coupled with the Geneaid Genomic DNA Mini Kit (New Taipei City, Taiwan) (blood/cultured cell). The approximate yield of tgDNA, including its quantity and quality, was determined via electrophoresis (on a 1% agarose gel, using ethidium bromide as a gel stain). For polymerase chain reaction (PCR) analysis, approximately 650 base pair (bp) sequences of the COI mtDNA gene of H. leucospilota and S. horrens were amplified using standard PCR procedures. Two universal primers were used for the PCR: COI (forward) 5’- ATA ATG ATA GGA GGR TTT GG -3’ (20 bases) and COI (reverse) 5’- GCT CGT GTR TCT ACR TCC AT -3’ (20 bases) (Arndt et al. 1996).

Standard thermal cycle amplification (i.e., PCR) was performed in a 50 μL reaction volume containing 33.75 μL of sterilised dH2O, 5.0 μL of 10× PCR buffer, 3.0 μL of magnesium chloride (25 mM), 2.5 μL of each universal primer (5 μM), 1.0 μL of dNTP mix (10 mM), 2.0 μL of the DNA extract and 0.25 μL of 5 u/μL Taq DNA polymerase. A master mix was used for a large number of samples. The cycling parameters were 5 min at 95°C for initial denaturation; 45 s at 95°C for denaturation, 90 s at the optimised temperature for annealing (i.e., 55°C), and 1 min 30 s at 72°C (60 s/kb; 29 cycles) for extension; 7 min at 72°C for final extension; and then holding at 4°C. The approximate yield of amplified DNA, including its quantity and quality, were determined via electrophoresis (on a 1% agarose gel, using ethidium bromide as a gel stain).

The Geneaid Gel/PCR DNA Fragments Extraction Kit (New Taipei City, Taiwan) was used for direct purification of the PCR products. Purified PCR products in suspension form were prepared prior to sending the samples for sequencing. Sequencing was performed using the BigDye® Terminator v3.0 Cycle Sequencing Kit (Thermo Fisher Scientific Inc., Massachusetts, USA) (ACGT). The cycle sequencing reaction was carried out in a programmable cycler (Tpersonal Combi Thermocycler, Biometra GmbH, Goettingen, Germany) and was run for 35 cycles of 96°C: 10 s, 55°C: 5 s, 60°C: 4 min hold, followed by ethanol/sodium acetate precipitation. A rapid thermal ramp of 1°C/s was applied. Sequencing was carried out on an ABI 377 automated sequencer (Thermo Fisher Scientific Inc., Massachusetts, USA).

The Chromas Lite (version 2.01) program (Technelysium Pty. Ltd., Queensland, Australia) was used to display the results of fluorescence-based DNA sequence analyses. Multiple sequence alignment for the forward reaction sequences was carried out using the ClustalX (version 2.1) program (Thompson et al. 1997), with subsequent alignment by eye. Molecular Evolutionary Genetics Analysis 5 (MEGA5) (Tamura et al. 2011) was then used to reconstruct phylogenetic trees using the neighbour-joining method (Saitou & Nei 1987) and maximum likelihood method. Both analyses involved eight nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 594 positions in the final dataset. The codon positions included were 1st+2nd+3rd+Noncoding. Phylogenetic confidence was estimated via bootstrapping (Felsenstein 1985) with 1000 replicate data sets. For the neighbour-joining tree, the optimal tree with the sum of branch lengths = 0.29416820 was shown. Evolutionary distances were computed using the Tamura-Nei method (Tamura & Nei 1993) and are presented in units of the number of base substitutions per site. For the maximum likelihood tree, branches corresponding to partitions reproduced in less than 50% of bootstrap replicates were collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the branches. The tree was drawn to scale, with branch lengths measured in terms of the number of substitutions per site.

The list of ossicle shapes observed in the five examined body parts of H. leucospilota (timun laut) and S. horrens (gamat) is summarised in Table 1. Most interestingly, the gastrointestine of H. leucospilota showed no ossicles (Fig. 4), suggesting that this characteristic of this internal body part of H. leucospilota can be used as a unique diagnostic marker to identify the non-gamat species. In addition, both the dorsal and ventral cuticles of H. leucospilota and S. horrens shared table-shaped ossicles (Figs. 5 and 6). Button-shaped ossicles were observed in both cuticle areas in H. leucospilota. The dorsal and ventral regions of H. leucospilota were determined based on the position of its body when it moved on the sea floor. Moreover, roxette-shaped ossicles were found in both cuticle areas in S. horrens.


Table 1: Ossicle shapes in five body parts of H. (Mertensiothuria) leucospilota (timun laut) and S. horrens (gamat emas) from Pangkor Island, Perak, Malaysia. Microscopic observations were done using Nikon ECLIPSE 80i digital compound microscope.



	No.

	Body part

	      

	Ossicle shape




	
	H. leucospilota

	S. horrens




	1

	Dorsal cuticle

	1

	Table

	Table




	
	
	2

	Button

	x




	
	
	3

	Perforated plate

	x




	
	
	4

	x

	Roxette




	2

	Ventral cuticle

	1

	Table

	Table




	
	
	2

	Anchor-shaped button

	x




	
	
	3

	Button

	x




	
	
	4

	x

	Roxette




	
	
	5

	x

	Terminal plate




	
	
	6

	x

	Major I-shaped rod(boomerang-shaped rod)




	3

	Tentacle

	1

	C-shaped rod

	C-shaped rod




	
	
	2

	I-shaped rod

	I-shaped rod




	
	
	3

	F-shaped rod

	x




	
	
	4

	L-shaped rod

	x




	
	
	5

	x

	X-shaped rod




	
	
	6

	x

	Table




	
	
	7

	x

	Roxette




	4

	Respiratory tree

	1

	C-shaped rod

	C-shaped rod




	
	
	2

	I-shaped rod

	I-shaped rod




	
	
	3

	x

	Y-shaped rod




	5

	Gastrointestine

	1

	x

	X-shaped rod




	
	
	2

	x

	Y-shaped rod





Note: x = absentSource: Kamarudin (2011)

The tentacles and respiratory trees of H. leucospilota and S. horrens contained C-shaped and I-shaped rods (Figs. 7 and 8). In contrast to the respiratory tree of H. leucospilota, the respiratory tree of S. horrens consisted of Y-shaped rods (Fig. 8). In terms of the variety of ossicle shapes, the tentacles of H. leucospilota and S. horrens displayed the greatest variety, with seven different shapes of ossicles (Table 1), followed by the ventral cuticles (6), dorsal cuticles (4), respiratory trees (3), and gastrointestines (2). Thus, the external body parts of both sea cucumber species (i.e., the tentacles, dorsal cuticles and ventral cuticles) presented a greater variety of ossicle shapes compared with the internal body parts (i.e., the respiratory tree and gastrointestine).
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Figure 4: Ossicle shapes in the gastrointestine of S. horrens.

Source: Kamarudin (2011)
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Figure 5: Ossicle shapes in the dorsal cuticles of (a) H. (Mertensiothuria) leucospilota and (b) S. horrens.

Source: Kamarudin (2011)
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Figure 6: Ossicle shapes in the ventral cuticles of (a) H. (Mertensiothuria) leucospilota and (b) S. horrens.

Source: Kamarudin (2011)
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Figure 7: Ossicle shapes in the tentacles of (a) H. (Mertensiothuria) leucospilota and (b) S. horrens.

Source: Kamarudin (2011)
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Figure 8: Ossicle shapes in the respiratory trees of (a) H. (Mertensiothuria) leucospilota and (b) S. horrens.

Source: Kamarudin (2011)



A total of three specimens of H. leucospilota and three specimens of S. horrens were used for tgDNA extraction and PCR analysis of the COI mtDNA gene. However, only two specimens of each species showed successful results enabling them to be employed for COI mtDNA gene sequencing. All four COI mtDNA gene sequences obtained from the Malaysian sea cucumber species were registered with GenBank, National Center for Biotechnology Information (NCBI), US National Library of Medicine (Table 2, GenBank accession no.: KC405565-KC405568).

A total of four COI mtDNA gene sequences from known species (Table 2) were obtained from GenBank via the Basic Local Alignment Search Tool (BLAST, National Library of Medicine, Maryland, USA) program as corresponding sequences for the phylogenetic analyses. Thus, a total of eight COI mtDNA gene sequences were included in the analyses. The results of the phylogenetic analyses indicated that the neighbour-joining method (Fig. 9) and maximum likelihood method (Fig. 10) grouped the COI mtDNA gene sequences of H. leucospilota from Malaysia with all of the corresponding sequences from GenBank, confirming the species status as H. leucospilota. The same clustering result was obtained for the COI mtDNA gene sequences of S. horrens from Malaysia.


Table 2: Taxa incorporated for the phylogenetic analyses of COI mtDNA gene of H. (Mertensiothuria) leucospilota and S. horrens from Pangkor Island, Perak, Malaysia. A number of four sequences of known species were obtained from the GenBank, NCBI, US National Library of Medicine as corresponding sequences.



	Taxa
	Sample size

	Individual no.

	GenBank accession no.




	H. leucospilota
	4

	*HLTNP1

	KC405565




	
	
	*HLTNP3

	KC405566




	
	
	HLJN207617

	JN207617




	
	
	HLFJ971394

	FJ971394




	S. horrens
	4

	*SHP1

	KC405567




	
	
	*SHP2

	KC405568




	
	
	SHEU848282

	EU848282




	
	
	SHHQ000092

	HQ000092





Notes: * specimen from Malaysia used in this study. The ones without the asterisk symbol were corresponding sequences obtained from the GenBank, NCBI, US National Library of Medicine.

The registration and deposition of the four COI mtDNA gene sequences from Malaysian sea cucumber species with GenBank contributes to the availability of COI mtDNA gene sequences from S. horrens from Malaysia and provides additional COI mtDNA gene sequences from H. leucospilota from Malaysia in the database, in which eight sequences (GenBank accession no.: FJ223873-FJ223880) had been deposited previously by Kamarudin et al. (2011). Furthermore, performing species identification using ossicle shapes as part of a morphological approach together with a genetic approach (the COI mtDNA gene sequencing technique) was shown to be complementary in producing more concrete and reliable results.

In conclusion, the present study suggests that the absence of ossicles in the gastrointestine of H. leucospilota and the presence of Y-shape rods in the respiratory tree of S. horrens are unique characteristics of S. horrens and H. leucospilota. Such characteristics showed the potential for ossicles in the internal body parts of the two sea cucumber species to be utilised for identifying the gamat species and timun laut species, especially in the early stage of species identification. However, further studies involving more specimens and various localities are suggested to achieve more concrete conclusions. Additionally, the tree topologies obtained through neighbour-joining and maximum likelihood showed that the COI mtDNA gene sequences of H. leucospilota and S. horrens from Malaysia clustered according to the species classification, thus further confirming the species status of H. leucospilota and S. horrens from Pangkor Island, Perak, Malaysia. Moreover, the current findings provide better insight into the importance of complementary approaches involving morphological and molecular techniques in the identification of the two Malaysian sea cucumber species.


[image: art]

Figure 9: The evolutionary history of COI mtDNA gene of H. (Mertensiothuria) leucospilota and S. horrens from Pangkor Island, Perak, Malaysia inferred using the neighbor-joining method (Saitou & Nei 1987).
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Figure 10: The evolutionary history of COI mtDNA gene of H. (Mertensiothuria) leucospilota and S. horrens from Pangkor Island, Perak, Malaysia inferred by using the maximum likelihood method based on the Hasegawa-Kishino-Yano model (Hasegawa et al. 1985).
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Abstrak: Keupayaan diazotrof hidup bebas untuk menghasilkan enzim nitrogenase dan auksin boleh mempengaruhi pertumbuhan tumbuhan perumah. Dalam kajian ini, diazotrof dibiakkan di dalam medium pertumbuhan yang mengandungi pelbagai kepekatan nitrogen (N) untuk menentukan kepekatan optimum N bagi menggalakkan pertumbuhan mikrob, peningkatan pengikatan gas N (N2) dan penghasilan fitohormon. Oleh itu, kajian melihat sama ada tahap N yang berbeza yang dibekalkan kepada Herbaspirillum seropedicae (Z78) akan mempunyai apa-apa kesan yang signifikan kepada aktiviti nitrogenase dan pengeluaran auksin. Aktiviti nitrogenase tertinggi dan pengeluaran auksin terendah H. seropedicae (Z78) dicatatkan pada 0 gL–1 NH4Cl. Apabila tahap N luaran ditingkatkan, ia menyebabkan penurunan yang ketara dalam aktiviti nitrogenase, dengan penghasilan auksin yang lebih tinggi. Dalam ujian berikutnya, dua saiz inokulum berbeza Z78 (106 dan 1012 cfu/ml) telah dipilih untuk mengkaji kesan peratusan berbeza asetilena terhadap aktiviti nitrogenase daripada inokulum melalui asai penurunan asetilena (ARA). Hasil kajian menunjukkan bahawa, pada 106 cfu/ml inokulum, jumlah yang paling optimum asetilena diperlukan untuk asai enzim nitrogenase adalah 5%, sedangkan pada saiz inoculum yang lebih tinggi (1012 cfu/ml) sekurang-kurangnya 10% daripada asetilena diperlukan untuk aktiviti nitrogenase optimum. Penemuan ini menjelaskan kesan tahap N berbeza terhadap aktiviti nitrogenase diazotrof dan penghasilan auksin serta faktor-faktor penting yang mempengaruhi pertumbuhan tumbuhan perumah.

Kata kunci: Herbaspirillum seropedicae (Z78), Nitrogen Luaran, Asetilena, Saiz Inokulum, Aktiviti Nitrogenase, Penghasilan Auksin

Abstract: The production of nitrogenase enzyme and auxins by free living diazotrophs has the potential to influence the growth of host plants. In this study, diazotrophs were grown in the presence of various concentrations of nitogen (N) to determine the optimal concentration of N for microbial growth stimulation, promotion of gaseous N (N2) fixation, and phytohormone production. Therefore, we investigate whether different levels of N supplied to Herbaspirillum seropedicae (Z78) have significant effects on nitrogenase activity and auxin production. The highest nitrogenase activity and the lowest auxin production of H. seropedicae (Z78) were both recorded at 0 gL–1 of NH4Cl. Higher levels of external N caused a significant decrease in the nitrogenase activity and an increased production of auxins. In a subsequent test, two different inoculum sizes of Z78 (106 and 1012 cfu/ml) were used to study the effect of different percentages of acetylene on nitrogenase activity of the inoculum via the acetylene reduction assay (ARA). The results showed that the optimal amount of acetylene required for nitrogenase enzyme activity was 5% for the 106 cfu/ml inoculum, whereas the higher inoculum size (1012 cfu/ml) required at least 10% of acetylene for optimal nitrogenase activity. These findings provide a clearer understanding of the effects of N levels on diazotrophic nitrogenase activity and auxin production, which are important factors influencing plant growth.

Keywords: Herbaspirillum seropedicae (Z78), External Nitrogen, Acetylene, Inoculum Sizes, Nitrogenase Activity, Auxins Production

Nitrogen (N) is an essential nutrient for all life, and the vast majority of organisms have adapted to process N through various environmental sources. In plants, N is taken up only in the reduced form of ammonia (NH3). The reduction takes place via biological N fixation (BNF), a high-energy process requiring hydrolysis of many adenosine triphosphate (ATP) molecules within the cell (Hartmann et al. 1986). BNF involves symbiotic or associative relationships between the diazotroph and the host plant, as the diazotrophic nitrogenase enzyme (encoded by the diazotroph nifHDK genes) catalyses the reduction of gaseous nitrogen (N2) to NH3 (de Campos et al. 2006). However, the process is suppressed in many bacterial species when an ample or excess supply of fixed N is available. In the presence of excess fixed N, the diazotrophic nitrogenase enzyme is no longer active, either due to down-regulation of protein synthesis and/or inactivation of the protein (Rudnick et al. 1997). Early findings by Eady et al. (1978) and Postgate (1982) reported that nitrogenase enzyme is not synthesised by Azospirillum brasilense when supplied with high concentrations of ammonium chloride (NH4Cl). It has also been shown that when diazotrophs are exposed to even low amounts of fixed N (including NH3, ammonium [NH4+] and nitrate ion [NO3–]), the BNF process can be suppressed by a strict regulatory control mechanism (Eady et al. 1978; Postgate 1982; Merrick & Edwards 1995). The fixation process and its regulation are known to be controlled via transcriptional repression of the nif A gene, which encodes the N fixation activator protein (Yan et al. 2010). The presence of fixed forms of N in the cell prevents N2 fixation through the action of N regulatory protein C (NtrC), which prevents nitrogenase enzyme synthesis by repression of the nif A gene. The nif A gene encodes a positive regulatory protein that activates transcription of other nif genes leading to nitrogenase enzyme synthesis. Under limited N conditions, NtrC is active and allows transcription of nif A, leading to the synthesis of genes required for N fixation. A similar inactivation mechanism is employed by Rhodospirillum rubrum, in which the presence of NH4+ leads to the suppression of nitrogenous enzyme transcription through covalent modification of an Fe protein (Pope et al. 1985). In this case, an excess of NH4+ causes the addition of an adenosine diphosphate (ADP) molecule to dinitrogenase reductase (Fe protein), which results in loss of enzyme activity. In addition, the amount of fixed N influences the colonisation and growth of diazotrophs on the root surfaces. Excess of NH4+ causes a reduction in the number of diazotrophs and a decrease in BNF activity (Rivera et al. 1991). Decreased nitrogenase enzyme activity of A. diazotrophicus due to high concentrations of NH4Cl and ammonium nitrate (NH4NO3) has long been recorded (Muthukumarasamy et al. 2002). These various findings clarify the reasons why optimal N concentrations are crucial for maximising N2 fixation activities of diazotrophs. In addition to fixation of N2, diazotrophs promote rooting and growth of host plants by synthesising different growth-promoting hormones such as gibberellins and auxins (indole-3-acetic acid, IAA) (Asghar et al. 2002; Ozturk et al. 2003). Previous reports show that 80% of bacteria isolated from the rhizosphere are capable of producing phytohormones essential for plant growth (Patten & Glick 1996). For example, IAA production is actively stimulated in plants and increases the cell elongation of roots. Moreover, IAA promotes cell division and differentiation of the vascular tissues of the plant (Tien et al. 1979). The secretion of auxins is influenced by microbial culture conditions, diazotroph growth stage and availability of substrates (Frankenberger & Arshad 1995). Several experiments have involved inoculating free-living diazotrophs such as Azospirillum brasilense onto paddy plants, sugar cane and in vitro oil palm shoots, showing the promotion of host-plant root growth by auxin secretion (Keyeo et al. 2011; Noor Ai’shah et al. 2013). However, it is unclear whether phytohormone production of any diazotroph is also influenced by external N concentrations and, if so, what level of external N constitutes the optimal amount. Thus, the objectives of the present experiment are as follows: 1) to observe the effects of external N sources on N2 fixation activities and auxin production of Herbaspirillum seropedicae (Z78) and 2) to determine the optimal external N concentration for maximising N2 fixation and phytohormone production by Z78.

The bacteria H. seropedicae Z78 (ATCC 35893) was cultured in 250 ml Erlenmeyer flasks containing minimal N medium (Okon et al. 1977). The culture was shaken continuously at 160 rpm (28°C) for 48–72 hours on a rotary shaker until the medium became turbid. The optical density for the inoculum was measured at 530 nm, using a spectrophotometer (Lambda Bio + spectrophotometer, Perkin Elmer, USA). A total of 20 μl of broth culture was transferred to semisolid culture media with varied N concentrations and prepared for nitrogenase enzyme analysis. In addition, a total of 1 ml of bacterial culture was inoculated to fresh minimal N medium containing L-tryptophan for auxin production analysis.

The nitrogenase enzyme activity of H. seropedicae (Z78) was determined using the acetylene reduction assay (ARA) (Hardy et al. 1968; Ohyama & Pham 2006). The assay was performed in airtight 30 ml universal bottles containing 10 ml N-free semisolid media (NFb) with different N concentrations (0, 0.25, 0.75 and 1.0 gL–1) of NH4Cl. A total volume of 5% air was removed from the headspace of each universal bottle and replaced with acetylene gas (C2H2) (99.8% purity), followed by 24 hours incubation at 30°C (Elbeltagy et al. 2001). At the end of incubation, a total of 1 ml gas mixture was withdrawn and transferred into a vacuum tube before it was injected into a GC-2014 gas chromatograph (Shimadzu, USA) to assay for the presence of ethylene (C2H4) gas. The gas chromatograph was fitted with a Supelco Carboxen 1004 stainless steel micropacked column, 2 m × 0.76 mm ID, and equipped with a flame ionization detector (FID). N was used as the carrier gas at a flow rate of 30 ml min–1, while the column, injection and FID temperatures were maintained at 80°C, 180°C and 180°C, respectively. The actual concentration of ethylene produced was determined based on the prepared standard curve of C2H4 gas and the peak area (Somasegaran & Hoben 1985; Elbeltagy et al. 2001). The N fixation activity (µmol C2H4 cfu –1 h–1) was defined based on the C2H4 concentration (µmol C2H4) and the viable cell number (cfu) of Z78.

The auxin production of Z78 was assayed based on Salkowski’s colourimetric technique (Asghar et al. 2002; Patten & Glick 2002). The inocula were cultured in a 250 ml Erlenmeyer flask containing 100 ml of minimal N medium (Okon et al. 1977) and treated with different concentrations of NH4Cl (0, 0.25, 0.75 and 1.0 gL–1 of NH4Cl). All of the media preparations were supplemented with 0.5 gL–1 L-tryptophan as a precursor for auxin biosynthesis (Glickmann & Dessaux 1995; Theunis et al. 2004; Zahir et al. 2010; Noor Ai’shah et al. 2013). The presence of auxins in the broth culture was detected through the appearance of pinkish red colour (Barazani & Friedman 1999). The colour intensity was measured by a spectrophotometer at 530 nm (Dobbelaere et al. 1999).

The results were analysed statistically by analysis of variance (ANOVA) using SPSS 15.0 for data analysis. The ANOVA was performed to test the significance of the treatment effects. One-way analysis of variance for a split-plot factorial design with Duncan’s multiple-range test was used to compare the means.

The ability of Z78 to fix N and to produce auxins when supplied with different levels of NH4Cl was studied. The highest nitrogenase activity (2.54 × 10–7 µmol C2H4/cfu/h) was recorded at 0 gL–1 of NH4Cl supply relative to the cultures treated with 0.25, 0.75 and 1.0 gL–1 of NH4Cl (Fig. 1). This result indicates that higher levels of N sources have an impact on the acetylene reduction activity, while the nitrogenase enzyme activity of the diazotroph decreases with increasing N supply in the growth medium. The results were different for auxin production, where the highest activity was recorded for inoculum supplied with higher amounts of N (0.25–1.0 gL–1 of NH4Cl) (Fig. 2). A trend of increased production was noted when N was supplied to the growth medium. A concentration of 0 gL–1 of NH4Cl resulted in the lowest production of auxins (2.43 µg/ml), while 1.0 gL–1 of NH4Cl resulted in the highest level of auxin production at 11.93 µg/ml.

Previous studies have shown that the BNF activity of diazotrophic microorganisms is influenced by fixed N input because NH4+ transport consumes an inducible and energy-dependent system that is repressed by NH3 (Hartmann & Kleiner 1982; Pedrosa & Yates 1983). For example, Rasmussen et al. (2012) describe the influence of cattle slurry-N fertiliser on suppressed N2-fixation activity of white and red clover inoculated with selected diazotrophs. Another finding by Naudin et al. (2011) highlighted that extensive N fertilisation reduced the biomass and N2 fixed by peas in an intercropping system of wheat and pea. In the present study, the process might increase the biomass of wheat but not of pea, and it is likely that the diazotroph population had decreased. Rivera et al. (1991) found that higher mineral N concentration decreased the population size of diazotrophic microorganisms in sugar cane and led to a reduction in nitrogenase enzyme activity. The use of NH4Cl and NH4NO3 is said to reduce both the colonisation and the acetylene-reduction activity of Acetobacter diazotrophicus. Even in small amounts, exogenous NH4+ is known to quickly and reversibly inhibit the nitrogenase activity in the whole cells of H. seropedicae (Fu & Burris 1989). All of these studies contribute to the interpretation of our results, wherein the highest nitrogenase activity was recorded for Z78 grown in medium treated with 0 gL–1 of NH4Cl and wherein higher levels of N sources (0.25, 0.75 and 1.0 gL–1 of NH4Cl) influenced the nitrogenase enzyme activity. A similar response to N input on nitrogenase activity was reported by Klassen et al. (2001), in which the addition of 0.2 mmol L–1 NH4Cl caused almost immediate inhibition of the nitrogenase activity of A. brasilense FP2. However, the activity was fully recovered following exhaustion of ammonium ions from the medium. The N sources (e.g., NH4Cl and NH4NO3) also have an impact on root colonisation and the acetylene-reduction activity of A. diazotrophicus (Muthukumarasamy et al. 2002). These various findings also explain why the nitrogenase activity is the highest when the N supply is 0 gL–1 of NH4Cl and decreases once the N supply increases. Our experimental results are best explained by the regulatory control mechanism of the nitrogenase enzyme at the transcriptional and post-translational levels (Chubatsu et al. 2012). In addition, culture conditions, which include nutrient availability, pH and bacterial strain, will also influence the “NH4+ switch off” mechanisms (Hartmann et al. 1986). Vose et al. (1981); Rudnick et al. (1997), and Steenhoudt and Vanderleyden (2000) also highlighted the inhibition of nitrogenase activity for A. brasilense and H. seropedicae due to inactivation of NifA under excess N conditions. Upon exhaustion of N sources from the medium, the NifA was activated through a process that involved the signal transduction protein PII. Recent findings by Yan et al. (2010) show that the transcriptional regulation of the nif gene depends on both nif-specific and ntr gene regulatory systems. Suppression of the nitrogenase activity may be due to the inhibition of nif A gene expression (Souza et al. 1999). The nif A gene is important for inducing other nif gene expression including the iron-molybdenum cofactor (FeMo-co) nitrogenase structural genes.
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Figure 1: Nitrogenase enzyme activity with different NH4Cl concentrations (gL–1) for Z78 (H. seropedicae).

Notes: Data shown are the means of triplicate tests. Means accompanied by different letters are significantly different (Duncan’s test, p<0.05).
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Figure 2: Production of auxins for Z78 (H. seropedicae) treated with different NH4Cl concentrations (gL–1).

Notes: Data shown are the means of triplicate tests. Means accompanied by different letters are significantly different (Duncan’s test, p<0.05).



It has been demonstrated that diazotrophs can be beneficial to plants not only for their ability to fix N2 but also for their ability to produce beneficial phytohormones such as IAA (Rodrigues et al. 2008). Auxin production is important and reportedly plays a vital role in stem and root elongation in higher plants and growth stimulation of microorganisms (Goodwin 1978; Tsavkelova et al. 2006). Auxin production is also reported to affect photosynthesis in inoculated host plants. In addition, the resistance of plants to stress factors is also influenced by auxin biosynthesis (Tsavkelova et al. 2006). IAA is synthesised by microbes including the epiphytic and tissue-colonising bacteria in soil (Patten & Glick 1996). Auxins are also produced by isolates from the rhizosphere as secondary metabolites due to a rich supply of substrates available (Strzelczyk & Pokojska-Burdziej 1984). One of the most prominent diazotrophs and auxin producers is Azospirillum spp., which is reported to form an association with both cereal and non-cereal plants (Bashan et al. 2004). Thus, auxin-synthesising rhizobacteria are better studied than other rhizobacteria (Tsavkelova et al. 2006; Spaepen et al. 2007). Our results have shown that higher levels of auxins were produced by Z78 when the media was supplied with a higher amount of N. An increasing trend is observed, with 0 gL–1 of NH4Cl resulting in the lowest production of auxins and 1.0 gL–1 of NH4Cl resulting in the highest. Similar findings by Tharwat et al. (2004) showed that application of various N sources such as NH4Cl, ammonium sulphate [(NH4)2SO4], ammonium phosphate monobasic (NH4H2PO4) and NH4NO3 in low concentrations stimulated indole production in Azospirillum strains. However, application of potassium nitrate (KNO3), sodium nitrate (NaNO3) and potassium (KNO2) inhibited the production of indole compounds for all bacteria tested. Noor Ai’shah et al. (2013) reported that the viable cell numbers of diazotrophs also influenced the production of optimum IAA and can be related to N2 fixation capacity of diazotrophs. It was reported that higher viable cell numbers of diazotrophs (up to 1010 cfu ml–1) influenced the production of optimum IAA. The overall IAA productivity of Z78 was recorded at 0.165 μg ml–1 hr–1, while the viable cell count increased gradually (Noor Ai’shah et al. 2013). Any declines in IAA production reflected the decline in viable cell numbers of inoculum tested. Although the diazotroph could produce more IAA, under in vitro conditions, IAA production may show detrimental effects to the host plants. Tharwat et al. (2004) noted that high amounts of indoles produced by Azospirillum strains reduced the length of roots and stems of the host plants. Similarly, Keyeo et al. (2011) found that plants inoculated with A. brasilense (Sp7) and H. seropedicae (Z78) both showed inferior growth due to excess auxin production. Higher concentrations of IAA in the range of 0.001–1.0 µg/ml can also inhibit nitrogenase activity of Azospirillum lipoferum (Silveira & Drozdowicz 1983). These findings clearly support the conclusion that the optimal concentration of N required by Z78 to stimulate N2 fixation activity was recorded at 0 gL–1 of NH4Cl. A higher supply of exogenous N would suppress nitrogenase enzyme activity. The optimal concentration of N needed for auxin production is also 0.25 gL–1 of NH4Cl.

In conclusion, H. seropedicae (Z78) shows the highest nitrogenase activity when supplied with 0 gL–1 of NH4Cl based on the ARA test. When higher levels of N were supplied, a significant decrease in the nitrogenase activity of these bacteria resulted. The production of auxins requires at least 0.25 gL–1 of NH4Cl. High auxin production therefore does not correspond to high nitrogenase activity.
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Abstrak: Garam tetrazolium kuning 3-(4, 5-dimetilltiazol-2-il)-2, 5-difenilltetrazolium bromida (MTT) digunakan secara meluas untuk menentukan daya maju sel dalam cerakin-cerakin percambahan sel dan sitotoksik. MTT dikurangkan oleh sel-sel yang aktif secara metabolik untuk membentuk produk formazan ungu yang tidak larut yang boleh dikira secara spektrofotometrik. Ini adalah teknik cerakin yang paling biasa dan terus bagi ujian daya maju sel. Walau bagaimanapun, dalam kajian ini, kami menunjukkan bahawa isomer-isomer vitamin E, iaitu α-β-y-δ-tokotrienol dan α-tokoferol mampu mengurangkan MTT kepada produk formazan tanpa kehadiran sel-sel hidup. Untuk perbandingan, kaedah kedua untuk menentukan daya maju sel, iaitu teknik penyerapan neutral merah telah digunakan secara selari dengan MTT. Hasil kajian menunjukkan bahawa neutral merah tidak berinteraksi dengan isomer-isomer vitamin E. Penemuan kami mencadangkan bahawa teknik cerakin MTT adalah tidak sesuai untuk mengkaji kesan isomer-isomer vitamin E pada pertumbuhan sel-sel.

Kata kunci: MTT, Penyerapan Neutral Merah, Isomer-isomer Vitamin E, Daya Maju Sel

Abstract: The yellow tetrazolium salt 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) is widely used to determine cell viability in cell proliferation and cytotoxic assays. MTT is reduced by metabolically active cells to form an insoluble purple formazan product that is quantifiable by spectrophotometry. It is the most common and direct assay for cell viability. However, in this present study, we demonstrated that the vitamin E isomers α-β-γ-δ-tocotrienols and α-tocopherol were able to reduce MTT into a formazan product, despite the absence of living cells. For comparison, a second method for determining cell viability, which is the neutral red uptake assay, was used in parallel with the MTT assay. The results showed that neutral red did not interact with the vitamin E isomers. Our findings suggest that the MTT assay is not suitable for studying the proliferative effects of vitamin E isomers on cell growth.

Keywords: MTT, Neutral Red Uptake, Vitamin E Isomers, Cell Viability

3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) is a yellow water-soluble tetrazolium salt. MTT is reduced in the mitochondria of metabolically active cells by succinate dehydrogenase to yield a water-insoluble purple formazan crystal (Garn et al. 1994; Thom et al. 1993; Shoemaker et al. 2004; Peng et al. 2005), which can be spectrophotometrically measured upon solubilization. The total amount of formazan produced is directly proportional to the number of viable cells in the culture; thus, the MTT assay has become a standard method used to evaluate cell viability (Kim et al. 2002, 2003; Lin et al. 2003; Shoemaker et al. 2004; Peng et al. 2005).

Another assay that has been used to determine cell viability is the neutral red uptake (NRU) assay. The principle of this assay is based on the ability of viable cells to incorporate and bind the supravital dye neutral red. It is a weak cationic dye that is able to penetrate the cell membranes by non-ionic passive diffusion and concentrates in lysosomes, where it binds anionic and/or phosphate groups of the lysosomal matrix via electrostatic hydrophobic bonds (Winckler 1974; Nemes et al. 1979; Repetto et al. 2008). In fact, the ability of cells to maintain a pH gradient through the production of adenosine triphosphate (ATP) plays a major role in neutral red uptake. Normal physiological pH levels balance the net charge of the dye close to zero so the dye can manage to penetrate through the membranes of the cell. Inside the lysosomes, the proton gradient maintains a lower pH level within the organelles than that of the cytoplasm; therefore, the dye is charged and retained in the lysosomes (Repetto et al. 2008). However, when the cell dies, the pH in the lysosomal matrix becomes imbalanced, and the dye can no longer be retained (Filman et al. 1975; Repetto et al. 2008). Thus, the amount of retained dye is proportional to the number of viable cells.

Vitamin E is found naturally in palm oil, rice bran oil, barley, corn, oats, rye and wheat (McLaughlin & Weihrauch 1979). The vitamin E family is composed of two main subgroups, i.e., tocopherols and tocotrienols; both exist naturally in their alpha (α), beta (β), gamma (γ) and delta (δ) forms. In particular, the tocotrienols of the γ isoform have been studied extensively and are reported to possess antiproliferative effects against several types of cancers, including breast cancer (Takahashi & Loo 2004, Nikolic & Agababa 2009), colon cancer (Xu et al. 2009), gastric adenocarcinoma (Sun et al. 2009), liver cancer (Sakai et al. 2006) and prostate cancer (Yap et al. 2008). In addition, α-tocopherol showed potent growth inhibitory effects against cancerous brain cells following the adjunct treatment of plant extracts (Lim et al. 2013). These previous studies have stimulated our interest in studying both tocopherols and tocotrienols as potential cancer treatments. For instance, we have initiated research to investigate the growth inhibition of these isomers in cancerous cell lines using common cell viability assays, as mentioned above.

This paper describes the effects of MTT and NRU assays on cancerous cells treated with vitamin E isomers and demonstrates a better choice of cell viability assessment, which is very important in producing reliable findings for anticancer potential of a vitamin E resource.

Palm-based pure vitamin E isomers (α-β-γ-δ-tocotrienols and α-tocopherol) were used as working solutions and prepared in dimethyl sulfoxide (DMSO). DMSO, vinblastine sulfate (assay validation control), MTT and neutral red powder were purchased from Sigma (Missouri, USA). RPMI-1640 medium, Eagle’s Minimum Essential Medium (EMEM), and fetal calf serum were purchased from GIBCO (New York). The attempted cancerous cell lines, i.e., A549 (human lung adenocarcinoma) and U87MG (grade IV human glioblastoma), were cultured and maintained at the conditions described by Lim et al. (2011).

For the MTT test with cells, a total of 5 × 103 cells per well were seeded in a 96-well plate (Orange Scientific, Braine-l’Alleud, Belgium) and incubated for 24 hours. Cells were then treated with vitamin E isomers at different concentrations ranging from 1–100 µM and with vinblastine at concentrations ranging from 0.011–11 µM (0.01 µg/ml–1 µg/ml) for 72 hours. A similar concentration range of vitamin E isomers and incubation period was applied to a 96-well plate containing no cells. MTT was dissolved in phosphate buffered saline (PBS, pH 7.2) to obtain a concentration of 5 mg/ml; 20 µl was added to each well, followed by a 4-hour incubation period. The supernatant in each well was then carefully removed, and 200 µl of DMSO was added to each well. The amount of formazan formed was determined by measuring the absorbance at 570 nm using a Varioskan Flash 96-well microplate reader (Thermo Fisher Scientific, Massachusetts, USA).

The NRU assay was carried out in accordance with the protocols reported by Repetto et al. (2008). Similar to the MTT assay, a total of 5 × 103 cells were seeded per well in the 96-well plates and incubated for 24 hours. Plates with and without cells were then treated with vitamin E isomers and vinblastine at a similar concentration range and incubation period as that used in the MTT assay. Neutral red working solution at a 40 µg/ml concentration was freshly prepared by overnight incubation at 37°C a day before running the assay.

The neutral red medium was centrifuged for 10 minutes at 1800 rpm to remove any precipitated dye crystals. The medium was carefully aspirated off, and a washing step with 150 µl of PBS was carried out. Then, 100 µl of neutral red medium was added to each well, followed by incubation for 2 hours. The neutral red medium was removed, and a washing step with 150 µl of PBS was carried out. Neutral red destaining solution (150 µl) was added to each well. The plate was shaken for at least 10 minutes or until the neutral red dye had been extracted from the cells to form a homogeneous solution. The neutral red extract was then measured at 540 nm using the same microplate reader (Thermo Fisher Scientific, USA).

All cell viability assays were performed in triplicate in three separate experiments with statistical analysis performed. Graphs of percent viability against the concentrations for the vitamin E isomer treated cell lines were plotted. The absorbance (optical density, OD) of the treated samples was compared with the untreated ones, considering the vehicle control (DMSO), to obtain the percent viability curve (ODtreated / ODuntreated × 100%). Data were presented as the mean ± standard deviation. Unpaired or independent Student’s t test and ANOVA were used to compare the treated and untreated groups, and the level of statistical significance was set at p<0.05.

Cells were examined daily under a light microscope (Nikon, Tokyo) for growth performance before and after treatment of vitamin E isomers. Following the MTT and NRU procedures, images of the cells were captured.

It is undeniable that both MTT and NRU assays are commonly used in the screening of anticancer drugs in cell lines. Principally, the absorbance value of both assays is proportionally related to cell viability and number.

In this study, the vehicle control, i.e., DMSO, did not have any noticeable effects on the cell lines. As shown in Figure 1, the percent viability of cells receiving all vitamin E isomers improved with increasing concentrations. In other words, α-β-γ-δ-tocotrienols had less antiproliferative effects against cancerous cells when a higher concentration was used (Fig. 1). However, these findings did not correspond to the microscopic observations of the cancerous cells prior to the MTT procedure (see the example slides in Fig. 2); in fact, more cell death was evidenced at higher concentrations of vitamin E isomers, as observed in Figure 2.
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Figure 1: MTT results showing the viability percentage of cancerous cells treated with vitamin E isomers, i.e., α-tocotrienol, β-tocotrienol, γ-tocotrienol, δ-tocotrienol and α-tocopherol. All cells treated with vitamin E isomers are observed to exhibit reversed cell viability profiles starting at a concentration of 20 µM. Values are presented as the mean percentage ± SD (n = 3).



This finding suggests that vitamin E isomers may interfere with MTT directly. To confirm this hypothesis, vitamin E isomers were incubated with MTT in the absence of cells, and the production of the colored formazan product was then measured, as presented in Figure 3. Plots of absorbance values against concentrations (Fig. 3) were used in this case because of the lack of involvement of living cells, which made the generation of percent viability graphs impractical. It can be observed that MTT was markedly reduced into purple formazan with all vitamin E isomers (i.e., α-β-γ-δ-tocotrienol isomers and α-tocopherol) when tested under a cell-free condition. Essentially, the absorbance value increased in a dose-dependent manner for vitamin E isomers. The MTT reduction levels can be ranked in descending order of the vitamin E isomers as follows: γ-tocotrienol > α-tocotrienol > β-tocotrienol > α-tocopherol > δ-tocotrienol.
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Figure 2: Microscopic observations of unstained cancerous cells receiving different treatments: (a) untreated; (b) treated with 10 µM of δ-tocotrienol; (c) treated with 30 µM of δ-tocotrienol; (d) treated with 50 µM of δ-tocotrienol. An increased concentration of δ-tocotrienol inhibits more cancerous cell growth. Bar: 50 µm.
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Figure 3: Reduction of MTT to purple formazans by α-tocotrienol, β-tocotrienol, γ-tocotrienol, δ-tocotrienol and α-tocopherol in the absence of cells. A descending ranking order of MTT reduction level can be given as following: γ-tocotrienol > α-tocotrienol > β-tocotrienol > α-tocopherol > δ-tocotrienol. Values are expressed as the mean absorbance ± SD (n = 3).



Figure 4 shows the percent viability graphs plotted using the results obtained from the NRU assay. It can be observed that these vitamin E isomers actually exhibited significant antiproliferative activity on cancerous cells when the NRU assay was used to assess cell viability. This finding conformed to the microscopic examination indicating that vitamin E isomers inhibited the growth of cancerous cells in a concentration-dependent manner (see example slides in Figure 5). However, because MTT degradation can also lead to the faulty quantification of absorbance, a validation control assay, i.e., one that used vinblastine, was employed in this study. As shown in Figure 6, the similar cell killing patterns tested by both the MTT and NRU assays imply that MTT degradation is not present. These observations are solely attributable to the capability of vitamin E isomers to reduce MTT into its purple formazan in a cell-free condition.
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Figure 4: Neutral red uptake results showing the viability percentage of cancerous cells treated with α-tocotrienol, β-tocotrienol, γ-tocotrienol, δ-tocotrienol and α-tocopherol. Treatment of vitamin E isomers inhibits cancerous cell growth in a concentration-dependent manner. Values are presented as the mean percentage ± SD (n = 3).



Based on these contradicting facts (Fig. 1 versus Fig. 4), the reduction of MTT into purple formazan by vitamin E isomers would definitely jeopardize the accuracy of an experiment. Hence, it is suggested that the MTT assay is not an appropriate option for cell viability determination involving vitamin E isomers. Compared with the MTT assay, the NRU assay is known to present less interference and is generally more sensitive. The NRU assay does not require unstable reagents, such as the tetrazolium salts that are required for the MTT, MTS (3-(4, 5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), and XTT (2, 3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5[(phenylamino)carbonyl]-2H-tetrazolium hydroxide) viability assays to quantify dehydrogenase activity by the chemical reduction of the salts to formazans (Repetto et al. 2008). In fact, our test of the NRU assay in the absence of cells showed that neutral red did not interact with vitamin E isomers; the absorbance reading of all concentrations of vitamin E isomers remained the same as that of the blank. Thus, this assay would be a more favorable option for measuring cell viability when treated by certain natural products such as vitamin E isomers.


[image: art]

Figure 5: Microscopic observations of neutral red-stained cancerous cells: (a) untreated; (b) treated with 10 µM of δ-tocotrienol; (c) treated with 30 µM of δ-tocotrienol; (d) treated with 50 µM of δ-tocotrienol. Increased concentrations of δ-tocotrienol inhibit more cancerous cell growth. Bar: 10 µm.
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Figure 6: MTT and neutral red uptake results showing the viability percentage of cancerous cells treated with vinblastine serving as a validation control. Treatment of vinblastine inhibits cancerous cell growth in a concentration-dependent manner. Values are presented as the mean percentage ± SD (n = 3).



In fact, a direct reaction of the MTT reagent with vitamin E isomers has been reported in previous studies; several different antioxidants in addition to vitamin E, such as ascorbic acid, N-acetylcysteine, kaempferol, and any other thiol-containing compounds that contain free thiol-groups (strong reducing chemical side chain group) or other reducing equivalents, could reduce MTT to produce purple formazan, irrespective of the viability of the cells present (Natarajan et al. 2000, Shoemaker et al. 2004). Because vitamin E isomers belong to a family with great antioxidant properties (Watson & Preedy 2008), this finding might explain their ability to reduce MTT into purple formazan.

In addition, as reported by Peng et al. (2005) and Shoemaker et al. (2004), MTT was found to be reduced by flavonoid compounds and several other aqueous herbal extracts into purple formazans, resulting in a false interpretation of the data. However, not all plant extracts possess the capability to reduce MTT. Our previous study involving the screening of cancerous cell viability treated with plant extracts using the MTT assay was found to be unaffected; the results obtained from the MTT and NRU assays were similar (Lim et al. 2011). Nonetheless, special precautions should always be taken when MTT is used for cell viability tests that involve natural products including plant extracts and vitamins.

Because vitamin E isomers have been discovered to be potential anticancer therapeutic candidates, an appropriate cell viability assay should be conducted because the antiproliferative effects are the first criterion used to determine cancer treatment potential prior to any investigation of the mechanism of action. Because the MTT assay is always used to screen for anticancer drugs, this report can serve as a kind reminder to researchers involved in drug discovery in the area of vitamin E sample testing (not excluding other natural products with high antioxidant levels), where using the MTT assay might not be accurate. An alternative NRU assay is highly suggested to overcome this misinterpretation of cell viability results.

In conclusion, we have shown that vitamin E isomers interact with MTT directly. It is suggested that controls without cells should always be included in experiments studying unknown samples or natural products to validate the data and prevent the false interpretation of a research conclusion.
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