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Abstract

:

Rice straw is a byproduct formed during rice cultivation. Disposal of rice straw may happen via unhygienic methods such as burning, which is happening in Malaysia and other countries. This study aims to rid rice straw via an eco-friendly biodegradation technique. Biodegradation of rice straw depended on actinobacteria, which were isolated from the cultivated soil of rice and rhizosphere areas in Tabuk region. Out of thirty actinobacterial isolates, only three isolates (S-5, S-12, S-20) biodegraded starch, cellulose, lignin and rice straw powder. The most potent actinobacterial isolate (S-5) was identified as Streptomyces tendae, which effectively biodegraded all polysaccharides of rice straw. Biodegradation of rice straw was associated with a significant reduction in C/N ratio, where the latter fell from 30.4% to 17.2% within 42 d.
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1. Introduction


Actinobacteria are sporulating, aerobic, and Gram-positive microorganisms, which are characterized by a high G + C content [1,2]. Actinobacteria are filamentous due to formation of both branched aerial and substrate mycelia [3]. Despite actinobacteria living in different habitats, the soil is still the mother, and its odor is usually present [4]. Actinobacteria are widely used in various industries, including the biotransformation industry due to its production of different bioactive metabolites such as lignocellulases [5]. Lignocellulases is a set of hydrolytic enzymes including amylases, cellulases, hemicellulases and lignolytic enzymes, which hydrolyze starch, cellulose, hemicellulose and lignin, respectively [6]. Pectin and lignocellulose are the main components of the plant cell walls as well as cellulose, hemicellulose and lignin [7,8]. Cellulases are used in various industrial applications, such as bioethanol, biomethane, textile, pulp, paper and detergent industries [9,10,11]. Hemicellulases are widely used in the industries of bio-bleaching, deinking, clarification of fruit juices, feed upgradation, fodder and fibers, and saccharification of hemicelluloses to xylose sugars [12]. Lignolytic enzymes are using as bioreactors in the biofuel, paper, textile, food, cosmetic and pharmaceutical industries as well as other applications such as wastewater treatment, bioremediation and organic synthesis [13]. Although different microorganisms are produced for lignocellulases, actinobacteria are still the most potent producers [14,15].



Rice cultivation is prevalent worldwide (148 million hectares) due to its high economic importance and vital role in food security. Unfortunately, rice crop is associated with the undesirable organic substance called rice straw, which occupies a wide area in the field. This substance is an undesirable byproduct due to its slow degradation rate, poor digestibility, weak proteinaceous content, and wealth of lignin and silica, which also harbor diseases [16]. Although rice straw is now widely used in compost production in many countries, the biological treatment of rice straw is urgently needed to avoid environmental pollution. Burning rice straw is leading to environmental pollution and respiratory diseases resulting from the harmful fumes emitted through burning [17]. The biological treatment of rice straw depends on using some microorganisms such as actinobacteria, which feed on rice straw and produce useful primary and secondary metabolites such as biofuel, sugars and pharmaceutical products [18]. The in situ biodegradation of rice straw raises the soil fertility due to liberation of carbon sources such as sugars and oligosaccharides without any harmful effect [19]. Thermophilic actinobacteria produce hydrolytic enzymes with unique properties, by which they effectively hydrolyze the recalcitrant polysaccharides of rice straw and release soluble carbohydrates [20]. The mesophilic phase of carbohydrate utilization is managed by fungi and eubacteria, while the thermophilic phase is usually occupied with actinobacteria due to decomposition of complex substances to available forms, such as lignin-containing wastes [21]. Therefore, pre-inoculation of rice straw bulk by actinobacteria leads to fast and efficient composting. This study aims to rid undesirable rice straw using an eco-friendly solution and obtaining useful products during hydrolysis of lignocelluloses.




2. Materials and Methods


Sampling and isolation of actinobacteria



Sampling was carried out from cultivated soil in rice and rhizosphere areas in Tabuk region. Sampling occurred at a depth of 5.0 cm, pooled in sterilized concerned-purpose containers, and maintained at 4.0 °C. The samples of rice straw were air-dried and grinded to obtain a powder. Manure and rice straw (1:1) were added to the water and agitated thoroughly until 60% moisture was measured by a humidity meter. The mixture was placed in a covered, pored container to prevent the changing of temperature and humidity. The sludge was recycled every day for three weeks, and then one time every week. Replication was carried out four times, the temperature was recorded daily, and the sampling was carried out weekly.



Isolation of actinobacteria



A mixture of the sample (10 g) and sterile distilled water (90 mL) was formed in 250 mL Erlenmeyer flasks. The mixture was stirred thoroughly (150 rpm) for an hour. The mixture was serially diluted (10−2–10−5). One hundred microliters was pipetted and dropped onto the agar surface of actinobacterial selective medium (Difco). The agar plates were inversely incubated at 28 °C for 14 d and examined daily. The separated colony was picked up by a sterile loop and streaked onto the agar surface of the selective medium. The inoculated plates were inversely incubated at 28 °C for 14 d and examined daily.



Screening test of polysaccharides



Starch hydrolysis



An amended actinobacterial selective medium (pH 7.9 ± 0.2) containing 10% starch was used. The inoculation of the solid medium was performed by 3.0 μL equivalent to 108 cfu mL−1 of actinobacterial suspension. The agar plates were incubated at 28 ± 2 °C for 72 h. The bacterial growth was flooded by iodine solution (10%) for 30 s. The areas of blue color referred to unhydrolyzed starch, while the clear zone surrounding the bacterial growth referred to starch hydrolyzed by amylases.



Cellulose hydrolysis



Cellulose hydrolysis activity was tested on the agar surface of Jensen’s medium (20 g sucrose, 1.0 g potassium hydrogen orthophosphate, 0.1 g ferrous sulphate, 0.5 g hydrous magnesium sulphate, 0.5 g sodium chloride, 0.005 g sodium molybdate, 2.0 g calcium carbonate, 15.0 g agar, 2.0 g carboxymethyl cellulose and 1.0 L distilled water, pH 7.5 ± 0.2) [22]. The agar surface was streaked with 3.0 μL bacterial suspension and then incubated at 28 ± 2 °C for 72 h. The bacterial growth was flooded with Congo red solution for 15 min and then discarded. Sodium chloride (1.0 M) was poured on the bacterial growth for 15 min. The clear zone surrounding the bacterial growth referred to hydrolyzed cellulose. A qualitative assay of cellulose hydrolysis activity was carried out by measuring the clear zone diameter [23].



Lignin hydrolysis



The lignin hydrolysis activity was tested on the agar surface of the modified medium (1.0 g ammonium hydrogen orthophosphate, 0.2 g potassium chloride, 0.2 g hydrous magnesium sulphate, 2.0 g yeast extract, 2.0 g glucose, 0.1 g (0.01% w/v) azure B, 15 g agar, and 1.0 L distilled water, pH 7.5 ± 0.2). The agar surface was streaked with 3.0 μL bacterial suspension and then incubated at 28 ± 2 °C for 72 h. The bacterial growth was flooded by iodine solution (10%) for 10 min. The clear zone surrounding the bacterial growth referred to hydrolyzed lignin [24].



Screening test



The three most potent actinobacterial isolates (S-5, S-12 and S-20) were tested to degrade the rice straw at different percentages (0, 10, 20 and 25%) using the modified medium at pH 7.5–8.1 ± 0.2. The autoclaved medium was poured in Petri plates and then inoculated with 3.0 μL bacterial suspension. The plates were inversely incubated at 28 ± 2 °C for 72 h.



Identification of the most potent actinobacteria



The identification of actinobacterial isolate (S-5) was carried out by both classical and genetical techniques [25]. Inorganic salt starch agar medium (ISP-4) was used to take an electron micrograph where the medium was inoculated and incubated for 7.0 d at 35 °C. A bacterial growth was scratched, fixed in glutaraldehyde (2.5% v/v), washed with water, and finally fixed in osmium tetraoxide (1.0% w/v) for an hour. The prepared specimen was washed twice with water and then dehydrated in ethanol. The specimen was dried in a drying apparatus (Polaron E3000), coated in gold, and examined in a JEOLISM 541OLV scanning electron microscope at 15 kv.



Genetical identification of the most potent actinobacteria



Genetical identification was carried out by determining the sequence of the 16S rRNA gene, which was amplified in a thermocycler (Perkin Elmer Cetus Model 480) using universal primers of 27f (5′-AGA GTT TGA TCC TGG CTC AG-3′) and 1525r (5′-AAG GAG GTG ATC CAG CC-3′) under the following conditions: 94 °C for 5.0 min, 35 cycles of 94 °C for 60 s, 55 for 60 s, 72 °C for 90 s and final extension at 72 °C for 5.0 min. The product was directly sequenced using a BigDye terminator cycle sequencing kit (PE Applied Biosystems USA) on an ABI 310 automated DNA sequencer (Applied Biosystems, Waltham, MA, USA). Homology of the 16S rRNA sequence was analyzed using the BLAST program from the GenBank database [26].



Evaluation of the most potent isolate (S-5)



The rice straw was grinded and sieved to obtain a powder, which then was mixed thoroughly with manure (1:1, w/w) and sterile distilled water with hard agitation until 60% moisture was attained. The sludge was inoculated with 3.0 µL bacterial suspension and then transferred into plastic bags (150 g/bag), which were incubated at 28 °C for 6.0 weeks. These bags were aerated by recycling every week. The collection of specimens was carried out on the third and sixth weeks of the composting process. Non-inoculated sludge served as a negative control [27].



Determination of the C/N ratio



The C/N ratio of decomposed sludge was determined during each sampling time. The weight of the sludge was recorded before and after ignition at 500 °C for 4.0 h. The difference between the two weights expressed the amount of organic matter. The total carbon and nitrogen contents were measured using the digestion method [28,29,30].



Analysis of cellulose, hemicelluloses and lignin content



The content of cellulose, hemicelluloses and lignin was analyzed using neutral detergent fiber (NDF) and acid detergent fiber (ADF) methods [31].




3. Results and Discussion


Thirty unrepeated actinobacteria were isolated from cultivated soil in rice and rhizosphere areas in Tabuk region. The lignocellulolytic activity was screened against starch, cellulose and lignin, as shown in Table 1. Only three actinobacteria (S-5, S-12, S-20) produced lignocellulolytic activity, and actinobacterium assigned as S-5 provided the highest activity and was selected as the most potent one. Nigam and Singh [32] reported that recalcitrant substrates such as starch, cellulose and lignin were completely degraded by the hydrolytic enzymes of actinobacteria. The starch composition relatively differed from other polysaccharides, where starch composed of amylose and amylopectin are built from α-D-glucose units.



The most potent lignocellulolytic actinobacterium (S-5) is typically identified as Streptomyces tendae by determination of classical and genetical features. Cultural characteristics were determined by describing the bacterial growth on seven microbiological cultural media: tryptone yeast extract broth, yeast-malt extract agar, oat-meal extract agar, inorganic salt starch agar, glycerol asparagine agar, peptone yeast extract iron agar and tyrosine agar, as shown in Table 2. Morphological characteristics, including spiral spore chain and warty surface of spores, were determined as shown in Figure 1. The biochemical and physiological characteristics were determined as shown in Table 3. Bacterial identification was confirmed by 16S rRNA gene sequencing using the PCR technique, which revealed that 98% similarity, as shown in Figure 2, was observed between the actinobacterial isolate (S-5) and S. tendae M23 with accession number HM594286.1 in GenBank [33].



Rice straw was used as a main carbon source and as a test substrate to evaluate the lignocellulolytic activity of actinobacteria (S-5, S-12, S-20). All isolates were found to have good growth with 25% of rice straw powder in the medium, but only one actinobacterium (S-5) had been adapted to 35%. Actinobacterium (S-5) was found have the largest clear zone on the agar surface of the medium containing rice straw powder (35%). Compared with the control medium, actinobacterium (S-5) efficiently consumed the rice straw powder due to production of lignocellulolytic enzymes. McCarthy [34] and Abdulla and El-Shatoury [35] reported that actinobacteria were the best bio-machine for degradation of large and complex molecules due to secretion of a wide array of hydrolytic enzymes, so they were very useful for the soil during the composting process. Actinobacteria were used in the biodegradation of rice straw, and the maximum concentration of treatment (25%) was reasonable because most actinobacterial isolates (A2, A4 and A24) did not pass 20%, except actinobacterial isolates A7 and A9. Sewage sludge (25%) was used to test potential lignocellulose hydrolyzing fungi [36].



Compared with control, biodegradation of rice straw by S. tendae (S-5) for 21 d was associated with reduction in cellulose, hemicellulose, lignin and carbon content. After 42 d, there was a difference between the contents of cellulose, hemicelluloses and carbon of the test and control. Lignin was biodegraded in the early stage by S. tendae (S-5) during the composting process and was then followed by other polysaccharides, so their contents were found to be low in the last stage [37]. Cellulases and hemicellulases were numerous, including endoglucanase, exoglucanase, β-glucosidase, xylanase and cellobiohydrolase [38,39].



During the first days of rice straw biodegradation, the total carbon content decreased in both test and control. Carbon compounds are very essential for microbes because they are used as a main energy source. Carbon dioxide is an end-product of carbon catabolism during the composting process, while the nitrogen content increased due to anabolism of different bioactive substances [40,41]. During composting, the C/N ratio reduced, and after 42 d the C/N ratio was 17.2. Different species of Streptomyces and Micromonospora were reported in many studies as the most potent destructive actinobacteria for lignocellulose wastes in aerobic conditions [42,43].




4. Conclusions


This study indicated that actinobacteria, especially Streptomyces spp, effectively biodegraded rice straw without emitting environmental pollution. Streptomyces bacteria produced a wide array of hydrolytic enzymes including amylases, cellulases, hemicellulases and lignases. These enzymes completely hydrolyzed the polysaccharides of rice straw and liberated free sugars, which supports soil fertility. The composting of rice straw in the presence of Streptomyces bacteria led to a reduction in the C/N ratio.
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Figure 1. Scanning electron micrograph of the actinobacterial isolate S-5. 
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Figure 2. Phylogeny of the actinobacterial isolate S-5 for the isolated 16S rRNA gene of S. tendae. The phylogeny was constructed based on the deduced amino acid sequences and using the Mega 3 programs. 
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Table 1. Screening of lignocellulolytic activity of actinobacterial isolates.
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Actinobacterial Isolates

	
Mean of Hydrolytic Activity (mm)




	
Starch

	
Cellulose

	
Lignin






	
S-1 to S-4

	
No activity

	
No activity

	
No activity




	
S-5

	
30

	
25

	
22




	
S-6 to S-11

	
No activity

	
No activity

	
No activity




	
S-12

	
25

	
20

	
20




	
S-13 to S-19

	
No activity

	
No activity

	
No activity




	
S-20

	
27

	
25

	
25




	
S-21 to S-30

	
No activity

	
No activity

	
No activity
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Table 2. Cultural characteristics of the actinobacterial isolate S-5.
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Medium

	
Growth

	
Color




	
Aerial Mycelia

	
Substrate Mycelia

	
Diffusible Pigment






	
TYEB

	
P

	
264 L. Gray

	
79 l.gy. YBr

	
None




	
YMEA

	
M

	
10 Pk Gray

	
70 l. oy

	
None




	
OMEA

	
G

	
263 L. Gray

	
76 l. yBr

	
79 l.gy. YBr




	
ISSA

	
M

	
10 Pk Gray

	
79 l.gy. YBr

	
None




	
GAA

	
G

	
264 L. Gray

	
79 l.gy. YBr

	
None




	
PYEIA

	
P

	
10 Pk Gray

	
79 l.gy. YBr

	
None




	
TA

	
P

	
10 Pk Gray

	
79 l.gy. YBr

	
None








1 TYEB; tryptone yeast extract broth, 2 YMEA; yeast-malt extract agar, 3 OMEA; oat-meal extract agar 4 ISSA; inorganic salts starch agar 5 GAA; glycerol asparagine agar 6 PYEIA; peptone yeast-extract iron agar 7 TA; tyrosine agar 8 P; poor growth 9 M; moderate growth 10 G; good growth 11 L. Gray; light gray 12 l.gy. YBr; light gray yellowish brown 13 Pk. Gray; pinkish gray 14 l. oy; light orange yellow 15 l. yBr; light yellowish brown.













[image: Table] 





Table 3. Biochemical characteristics of the actinobacterial isolate S-5.
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Parameter

	
Test

	
Result






	
Morphology

	
Shape of spore chain

	
Spiral




	
Color of spore mass

	
Gray




	
Motility

	
NM




	
Cell wall

hydrolysis

	
Diaminopimelic acid (DAP)

	
LL_DAP




	
Sugar pattern

	
ND




	
Enzymatic

activity

	
Amylase, pectinase, cellulase, protease,

catalase and nitrate reductase

	
Positive




	
Lipase and lecithinase

	
Negative




	
Physiology

	
Melanoid production and NaCl tolerance up to 5%

	
Positive




	
H2S production and streptomycin resistance

	
Negative




	
Degradation of xanthine and esculin

	
Positive




	
Utilization of sugars

	
D-glucose, D-galactose, D-fructose, mannitol,

sucrose, raffinose and rhamnose

	
Positive




	
L-arabinose and xylose

	
Negative




	
Utilization of

amino acids

	
L-cysteine, L-valine, L-histidine, L-alanine, L-lysine,

L-leucine, L-tyrosine, L-phenylalanine and L-proline

	
Positive








1 NM; non-motile. 2 ND; not detected.
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