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Abstract:  

Thirty-eight rhizobia isolates were obtained from legume species included: Medicago sativa, M. littoralis, Vicia 

faba, Lupinus varius, Cicer arietinum, Arachis hypogaea, Vigna unguiculata and Pisum sativum. They were 

collected from different regions of Libya with arid and semi-arid climate. The All-Rhizobia isolates were able to 

form effective symbiosis with their hosts. Isolates grown on yeast extract and mannitol medium were primary 

screened for their ability to produce polyhydroxybutyrate on the basis of staining with Sudan black B. Different 

sources of carbon and nitrogen were added to the yeast extract and mannitol medium. The growth of isolates 

varied in using these media where the Yeast extract and mannitol supplemented with 2.5 g of Tryptone and 

Peptone was the best medium to support the growth of the isolates. Temperature and pH have not had a significant 

effect on the ability of isolates to produce polyhydroxybutyrate. The moderate and slow growing isolates, 

especially RVF1b, RC1b, RC3 and RVG5 were superior in the producing of the polyhydroxybutyrate under all 

conditions compared to the other isolates, while the isolate RP4 was the least productive. The producing 

polyhydroxybutyrate in this study have not shown any toxic effect on human blood, as no clotting has occurred 

after one hour of incubation . 
 

Keywords: Rhizobia isolate, Fezzan, Legumes, Sudan black stain, Polyhydroxybutyrate.  

 الملخص 

 Medicago sativa،  M. littoralis  ،Viciaثمانية وثلاثون عزلة ريزوبية تم الحصول عليها من أنواع من البقوليات:  

faba  ،Lupinus varius  ،Cicer arietinum  ،Arachis hypogaea  ،Vigna unguiculata  وPisum sativum  .

عوائلها،   جمعت من مناطق مختلفة من ليبيا ذات مناخ جاف وشبه جاف. جميع العزلات استطاعت أن تكون تكافل فعال مع
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 Sudanغربلت العزلات النامية الوسط الزرعي مستخلص الخميرة والمانيتول غربلة اولية على اساس الاصطباغ بصبغة 

black B  اضيف للوسط مصادر مختلفة للكربون والنيتروجين، فكانت  وقدرتها على انتاج متعدد هيدروكسي البيوترات .

العزلات متباينة في استخدام هذه الاوساط. درجة الحرارة وألاس الهيدروجيني لم بكون لها تأثير يذكر على قدرة العزلات 

كانت متميزة في انتاج   RVG5و RVF1b ،RC1b ،RC3و، خاصة على انتاج المتعدد. العزلات المتوسطة والبطيئة النم

المتعدد تحت جميع الظروف بالمقارنة مع العزلات الأخرى، بينما كانت العزلة   إنتاجاً. وسط مستخلص   RP4ذاك  الاقل 

المتعدد كان الأفضل مع جميع العزلات. لم يظهر    Peptoneو  Tryptoneجرام من    2.5الخميرة والمانيتول المضاف إليه  

 أي تأثير سام في دم الأنسان، فلم يظهر تخثر بعد ساعة من التحضين.

 

 عزلة ريزوبية، فزان، بقوليات، صبغة اسود سودان، متعدد هيدروكسي البيوترات. الكلمات المفتاحية:

Introduction 

Plastic materials have become an integral part of our daily lives that are used in various 

industrial fields. Despite the common use of the plastics, they are considered one of the most 

important environmental problems that threatening human health; because plastics do not 

decompose in nature (Babu et al., 2014, Salem, & Salem., 2025). Due to the many problems of 

plastics, the recent studies began to search for alternatives, and they found an alternative in 

biopolymers that produced by microorganisms, which are naturally decomposable into water 

and carbon dioxide (Babu et al., 2014). 

Biopolymers are produced by the growth of microorganisms on natural materials as the 

microbes produce different types of these polymers, such as Polyhydroxyalkanoate (PHA), 

which accumulate in cells as a source of energy and carbon, and their accumulation increases 

when there is a deficiency of nutrients in the growth medium. Most of the PHAs produced by 

microorganisms are polyhydroxybutyrate (PHB) which is a short-chain type and may reach for 

90% of the dry cell weight in some types of bacteria (Aswini et al., 2014; Wang & Yu, 2000; 

Wang et al., 2007). The polyhydroxybutyrate is a source of energy and a regulator of oxidation 

within the cell and its absence in damaged living cells leads to the degradation of other cellular 

components such as RNA and protein6. The polyhydroxybutyrate in microbes plays a role 

similar to the role of fats in the human body and starch in plants (Chandrashekharaiah, 2007; 

Lee, 1996; Macario, 2009). 

The biosynthesis of Polyhydroxybutyrate inside the cell depends on the activity of enzymes, 

as there are three enzymes are responsible for the production of Polyhydroxybutyrate which 

are including: β-ketoacyl-CoA thiolase, acetoacetyl-CoA reductase and PHB polymerase. 

These enzymes work sequentially, starting with the enzyme of β-ketoacyl-CoA thiolase, which 

is responsible for producing acyl-CoA and acetyl-CoA and then it links two acetyl-CoA 

molecules with a carbon bond to produce acetoacetyl-CoA. The second step is catalyzed by the 

enzyme of acetoacetyl-CoA reductase, which works to reduce acetoacetyl-CoA to 3-

hydroxybutyryl-CoA in the presence of the coenzyme NADPH2+ (Tetsuya et al., 1987). The 

final step relies on the enzyme of PHB polymerase which polymerizes the single units of 3-

hydroxybutyryl after removal of CoA to produce PHB polymer (Wang, 2008). 

PHB-producing microorganisms include more than 90 species, comprising aerobic and 

anaerobic bacteria, archaea and photosynthetic bacteria (Chandrashekharaiah, 2007; Kocharin, 

2013). The bacterial species that produce PHB polymer include: Pseudomonas, Bacillus, 

Staphylococcus, Micrococcus and Rhizobium (Charen et al., 2014). 

Rhizobia are Gram-negative, motile, non-spore-forming rod-shaped bacteria that resident in 

soil and grow in the laboratory on yeast extract and mannitol medium. Rhizobia use many 

carbohydrates as a carbon source and often produce acid but do not form gas (Alexander, 1979; 

Quan et al., 2005). Rhizobia can grow on the nodules of some plant roots to fix the nitrogen or 

freely in the soil as decomposer bacteria (Trinick, 1982; Young, 1992). 

Because of the environmental problems caused by synthetic plastics, the increasing global 

demand for biopolymers and the lack of studies on this subject in our region, the aim of this 
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study was to obtain rhizobia isolates from different types of leguminous plants that may be able 

to produce Polyhydroxybutyrate, in addition to study the best conditions for the producing of 

this Polyhydroxybutyrate and testing its toxicity. 

Methods 

Nodule's collection 

Thirty-eight root nodules belonging to different types of leguminous plants were obtained from 

the research laboratory of the Department of Botany - Faculty of Science - University of Sebha, 

collected from different regions of Libya with arid and semi-arid climate, including Jabal al-

Hasawna, Taroot Ishati, Sebha and Tesawa in Wadi Etba of the southwest of Libya, and Wadi 

Barsas in the far northeast of Benghazi (Fig. 1). 

 

 
Fig. 1. Map of Libya showing the locations of the root nodules collection. 

 

Isolation and Authentication of Root-nodule Bacteria 

Yeast Extract Mannitol Agar (YEMA) was used to isolate and preserve rhizobia. YEMA 

contains the following compounds (g/L): Mannitol (10), Yeast extract (1), NaCl (0.1), MgSO4. 

7H2O (0.2), K2HPO. 3H2O (0.46), K2HPO (0.12), pH 7.2 (Charen et al., 2014). Bacteria were 

isolated from root nodules and the isolates were tested on their original hosts by applying 

Koch’s postulates; to confirm that they are rhizobia and verify their ability to form symbiosis 

(Hungria et al., 2016; Vincent, 1970). 

The utilizing medium for the production of polyPHB 

In the primary screening for the production of polyPHB, YEMA medium was used, in addition 

to that, four other modified media were used (Mercan et al., 2002), in the second medium 

Tryptone (2.5g), Peptone (2.5g) were added. The third medium was supplemented with 

Tryptophan (10g) and the mannitol was replaced by Glucose (10g), while in the fourth medium 

mannitol was replaced by Sucrose (10g) and L-Glutamine (10g) was added. The fifth medium 

mannitol sugar was replaced by Sucrose (10g), in addition to adding of the Proline (10g). 

Test of PHB formation in bacterial cells 

Two methods were used to verify the ability of isolates to produce Polyhydroxybutyrate. 

Firstly, The Petri dish immersion method was applied as described by Liu et al. (1998). The 

glass slide staining method with Sudan Black B (Kumari & Dhingra, 2013) and Nile blue (Ostle 

& Holt, 1982) were used as well. 

Studying of the optimal condition for PHB production 
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Optimum temperature 

The second medium was used to culture the isolates and then they were incubated at 37°C and 

40°C for 48 hours. The formation of PHB was examined by carrying out the Petri dish staining 

method (Nair et al., 1993). 

Optimal pH 

To verify the Optimal pH for the production of PHB the second medium was utilized after 

adjusting its pH at pH 5 and pH 9 and then the isolates were incubated at 30°C for 48 hours, 

then the formation of PHB was tested by Petri dish staining method (Nair et al., 1993). 

PHB extraction by Sodium hypochlorite–Chloroform method 

The extraction of PHB was performed by inoculating 100 ml of the fourth medium in a 250 ml 

flask with rhizobial isolates at 1% inoculum (Hahn et al., 1993; Soam et al., 2012). 

PHB toxicity test 

The toxicity of PHB was examined by mixing 5 ml of human blood with 10 ml of citric acid–

dextrose solution, and they were dissolved in 75 ml of distilled water (Qu et al., 2006). The 

toxicity was checked depends on the changes in the appearance of the blood with the presence 

or absence of coagulation. 

 

Results and Discussion 

Research on rhizobia in Libya is very limited as it does not exceed 1% of the total leguminous 

plants, which are their number is more than 208 species in the country. On the of that the studies 

that focus on the manufacture of the Polyhydroxybutyrate by rhizobia are minor compared to 

the research that involved in the production of Polyhydroxybutyrate by the other rod-shaped 

bacteria as Bacillus and Escherichia; therefore, this investigation could be considered a first 

step in our region to shield the light on the productions of rhizobia isolates (Al-Idrissi et al., 

1996). 

Cultural characteristics of colonies and germination test 

The isolates showed rhizobia characteristics, for instance gum production and straight edge 

with different colors (Fig. 2), in addition to the time of colony emergence and nodule formation 

on the plant. Some isolates were large in size with a diameter (>1 mm after 48 h), while others 

were small. Some of the isolate’s characteristics are recorded in (Table 1), which also shows 

the optimum conditions for PHB production that displayed by the isolates. 

 

 
Fig. 2. Colony morphology on YEM medium, with germination test. 
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Table 1. Host Plant, Site of isolation and colonial features of isolates. 

Isolates Host Plant 
Site of 

isolation 

Colonial features 

color size 
Gram 

reaction 

Growth 

period 

(days) 

R1 
Medicago 

sativa 
Taroot Ishati white big -ve 1-3 

R2 M. sativa Taroot Ishati white big - 1-3 

R3 M. sativa Taroot Ishati white big - 1-3 

R4a M. sativa Taroot Ishati white big - 1-3 

R4b M. sativa Taroot Ishati 
whitish 

yellow 
big - 1-3 

R5 M. sativa Sebha white big - 1-3 

R7 M. sativa Sebha white big - 1-3 

R8 M. sativa Sebha white big - 1-3 

R9 M. littoralis Barsas white big - 1-3 

R10 M. littoralis Barsas white big - 1-3 

R11 M. littoralis Barsas white big - 1-3 

R12 M. littoralis Barsas white big - 1-3 

R13 M. littoralis Barsas white big - 1-3 

R14 M. littoralis Barsas white big - 1-3 

RVF1a Vicia faba Tesawa white small - 1-3 

RVF1b V. faba Tesawa translucent big - 1-3 

RVF2 V. faba Tesawa translucent moderate - 1-3 

RVF4a V. faba Sebha white small - 1-3 

RVF4b V. faba Sebha brown small - 1-3 

RVF5 V. faba Tesawa creamy small - 1-3 

RL Lupinus varius 
Jabal al-

Hasawna 

whitish 

brown 
moderate - 1-3 

RC1a 
Cicer 

arietinum 
Tesawa creamy small - 4-6 

RC1b C. arietinum Tesawa 
whitish 

brown 
big - 4-6 

RC2 C. arietinum Tesawa white moderate - 4-6 

RC3 C. arietinum Tesawa translucent big - 4-6 

RA1 
Arachis 

hypogaea 
Tesawa creamy small - 4-7 

RVG1 
Vigna 

unguiculata 
Tesawa brown moderate - 4-6 

RVG2 V. unguiculata Tesawa brown moderate - 4-6 

RVG3a V. unguiculata Tesawa 
whitish 

brown 
small - 4-7 

RVG3b V. unguiculata Tesawa white big - 1-3 

RVG4 V. unguiculata Tesawa translucent small - 4-7 

RVG5 V. unguiculata Tesawa 
whitish 

creamy 
big - 1-3 

RVG1wa V.unguiculata Tesawa white small - 4-7 

RVG1wb V. unguiculata Tesawa white big - 1-3 
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RVG2w V. unguiculata Tesawa white moderate - 4-6 

RVG3wa V. unguiculata Tesawa white small - 4-7 

RVG3wb V. unguiculata Tesawa white big - 1-3 

RP4 Pisum sativum Tesawa 
whitish 

brown 
small - 4-7 

 

Studies indicate that Medicago spp. is symbiotic with fast-growing rhizobia that belong to 

species of Rhizobium and Ensifer (Al-Idrissi et al., 1996; Trainer & Charles, 2006). V. 

unguiculata is symbiotic with both fast-growing and slow-growing rhizobia; however, it is 

slow-growing rhizobia are responsible for the nodulation (Young, 1992). C. arietinum is 

predominantly symbiotic with the Mesorhizobium, whose colonies are clearly visible after 72 

h (Vincent, 1970). Vicia faba is symbiotic with the fast-growing species (Somasegaran & 

Hoben, 1994), while L. varius is symbiotic with both the fast-growing and slow-growing 

species (Howieson & Dilworth, 2016). Various Colors of colonies were previously uncommon 

in rhizobia, but recent studies have shown the ability of rhizobia colonies to appear with 

multiple colors; in Libya, such characteristics of rhizobia colonies have emerged in several 

studies involving cultivated and wild plants (Ahmadi, 2013). This trait and characteristics may 

help rhizobia to survive, and compete in the scarce environments. 

The primary screening of the isolates and the optimal conditions for PHB production. 

The results demonstrated that most of the isolates were producers of Polyhydroxybutyrate with 

diverse degrees (Table 2, Fig. 3). The appearance of the blue-black and the fluorescent color 

by the fluorescence microscope indicates the production of this compound. 

 

Table 2. Production of Polyhydroxybutyrate according to the type of medium and under 

various conditions. 

Isolates 

Production of PHB in different carbon and 

nitrogen sources 

Medium2 

with 

temperatu

re 

Medium2 

with pH 

YEMA

1 

Medium

2 

Medium

3 

Medium

4 

Medium

5 
37ᵒC 40ᵒC 

5p

H 

9p

H 

R1 - *  + - - - + + + + 

R2 + + - - - + + + + 

R3 + + - - - + + + + 

R4a - + - - - + + + + 

R4b - + - - - + + + + 

R5 + + + + + + + + + 

R7 - + - - - + + + + 

R8 + + + + + + + + + 

R9 + + + + + + + + + 

R10 + + - + + + + + + 

R11 + + - - - + + + + 

R12 - + - - - + + + + 

R13 + + - - - + + + + 

R14 + + - - - + + + + 

RVF1a + + + + + + + + + 

RVF1b  +++  +++  +++  +++  +++  +++  +++ 
 ++

+ 

 ++

+ 

RVF2  ++  ++  ++  ++  ++  ++  ++  ++  ++ 
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RVF4a + + + + + + + + + 

RVF4b + + + + + + + + + 

RVF5 + + + + + + + + + 

RL  ++  ++  ++  ++  ++ + + + + 

RC1a  ++  ++  ++  ++  ++ + + + + 

RC1b  +++  +++  +++  +++  +++  +++  +++ 
 ++

+ 

 ++

+ 

RC2  ++  ++  ++  ++  ++  ++  ++  ++  ++ 

RC3  +++  +++  +++  +++  +++  +++  +++ 
 ++

+ 

 ++

+ 

RA1  ++  ++  ++  ++  ++  ++  ++  ++  ++ 

RVG1 + + + + + + + + + 

RVG2 + + + + + + + + + 

RVG3a  ++  ++  ++  ++  ++  ++  ++  ++  ++ 

RVG3b + + + + + + + + + 

RVG4 ± + + + + + + + + 

RVG5  +++  +++  +++  +++  +++  +++  +++ 
 ++

+ 

 ++

+ 

RVG1w

a 
 ++  ++  ++  ++  ++  ++  ++  ++  ++ 

RVG1w

b 
 ++  ++  ++  ++  ++  ++  ++  ++  ++ 

RVG2w  ++  ++  ++  ++  ++  ++  ++  ++  ++ 

RVG3w

a 
 ++  ++  ++  ++  ++  ++  ++  ++  ++ 

RVG3w

b 
 ++  ++  ++  ++  ++  ++  ++  ++  ++ 

RP4 ± - - - - - - - - 
 *± Weak pigmentation, ++ Medium pigmentation, +++ Intense pigmentation, - Not pigmented. 

 

 
Fig. 3. Rhizobium isolates and their production of Polyhydroxybutyrate by plate immersion 

and glass slide methods. 

 

PHB is found in many aerobic and facultative Gram-positive and Gram-negative bacteria such 

as Bacillus, Escherichia, Pseudomonas, Azotobacter and Rhizobium. Multiple Studies display 
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that bacteria have the ability to produce PHB with high efficiency, and its accumulation in the 

cell helps the bacteria to neutralize the acidity that is formed during the metabolic activity of 

the cell, and the cells utilize the PHB as a source of carbon and energy as well (Wang & Yu, 

2000; Wang et al., 2007). The appearance of an intensive bluish-black color by some isolates 

with varying amounts of PHB depending on the strain which agree with what was reported by 

the others (Mercan et al., 2002; Wei et al., 2011). The isolates RVF1b, RC1b, RC3 and RVG5 

were distinct compared to other isolates and were able to produce this Polyhydroxybutyrate in 

large quantities under all the tested conditions. The growth conditions of the microorganisms 

producing PHB were studied in order to find the best conditions that would lead to increasing 

its amounts. Through the obtained results, it can be said that there is a wide range of 

temperatures and pH could be optimal conditions for the releasing of PHB by the microbial 

isolates (Berlanga et al., 2006; Maheswari & Dhandayuthapani, 2013; Mahishi et al., 2003; 

Taepucharoen et al., 2017). In rhizobia, different types of carbon and nitrogen sources were 

used and all of them encouraged the manufacture of PHB (Mercan et al., 2002). 

 

 
Fig. 4. Formation of a polyPHB membrane after extraction. 

 

Studies indicate that PHB constitutes 30-50% of the dry cell weight in rhizobia (Wei et al., 

2011). Studies also demonstrate that rhizobial strains vary in their efficiency in producing this 

polypeptide, from active to low efficiency, and this efficiency depends mainly on the carbon 

and nitrogen source in the environment (Mercan et al., 2002). The presence or absence of the 

gene responsible for the expression of PHB also plays a role in the production processes of the 

Polyhydroxybutyrate (Wang et al., 2007). PHB is stored as a carbon compound by a wide range 

of prokaryotes including rhizobia (Nair et al., 1993). They use it as a source of stored energy 

and as a redox regulator as well (Chandrashekharaiah, 2007; Macario, 2009). 

The toxic effect of PHB 

The results of the toxic effect of PHB that obtained from the isolate RVG5 (Fig. 5) showed that 

there was no an effect on the blood and no clotting occurred after incubation for 30 minutes; 

thus, the results agreed with many research as they mentioned that there was no a toxic effect 

of the PHB that was extracted from some microbes, including Cyanobacteria, and bacteria such 

as Bacillus (Abdo & Ali, 2018; Meixner et al., 2018). 
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Fig. 5. Toxicity test of PHB produced from isolate RVG5. 

 

The non-toxicity characteristic is what encouraged the use of this Polyhydroxybutyrate in many 

medical and food industries, as it is a natural, non-toxic, biodegradable material, and when it 

decomposes, it does not release toxic or environmentally harmful substances (Zinn et al., 2001). 

 

Conclusion 

This study confirmed that rhizobia associated with leguminous plants in the arid and semi-arid 

regions of Libya are capable of synthesizing poly-β-hydroxybutyrate (PHB), with clear 

variability in production potential among the isolates. The moderate- and slow-growing strains, 

particularly RVF1b, RC1b, RC3, and RVG5, consistently demonstrated superior PHB 

accumulation under different nutritional, temperature, and pH conditions. The extracted PHB 

showed no detectable toxicity to human blood, reinforcing its suitability for use in 

environmentally friendly and biomedical applications. These results highlight rhizobia as a 

promising microbial resource for PHB production and provide an important foundation for 

advancing local biopolymer biotechnology. 

Disclaimer 

The article has not been previously presented or published, and is not part of a thesis project. 

Conflict of Interest 

The authors declare that they have no competing financial interests or personal relationships 

that could have appeared to influence the work reported in this manuscript. 

Acknowledgement 

We would like to express my deepest appreciation to Somai ALdarazee and Shamsi Saad 

Shamsi for their dedicated support. Many thanks to all participants that took part in the study 

and enabled this research to be possible. 
 

References 
[1] Abdelnaby, M., Elnesairy, N. N. B., Mohamed, S. H., & Alkhayali, Y. A. A. (2015). Symbiotic and 

phenotypic characteristics of rhizobia nodulating cowpea (Vigna unguiculata L. Walp) grown in arid region 
of Libya (Fezzan). Journal of Environmental Science and Engineering, 4, 227–239. 
https://doi.org/10.17265/2162-5263/2015.05.001 

[2] Alexander, M. (1979). Introduction to soil microbiology (2nd ed.). John Wiley and Sons, Inc. 

[3] Al-Idrissi, M., Sbeita, A., Jebriel, A., Shreidi, A., & Ghawawi, H. (1996). Libya: Country report to the FAO 
international technical conference on plant genetic resources. Tripoli. 

[4] Aswini, P., Kavitha, P., Revathy, A. R., & Babujanarthanam, R. (2014). Poly $\beta$ hydroxy butyrate (PHB) 
biosynthesis in Bacillus. International Journal of Pharmaceutical Sciences Review and Research, 28(1), 8–
11. 

https://www.google.com/search?q=https://doi.org/10.17265/2162-5263/2015.05.001


21 | Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

 

[5] Babu, J., Nath, S. B., & Kodali, V. P. (2014). Isolation, screening and extraction of polyhydroxybutyrate 
(PHB) producing bacteria from sewage sample. International Journal of PharmTech Research, 6(2), 850–
857. 

[6] Bonartseva, G. A., Myshkina, V. L., & Zagreba, E. D. (1994). Poly-$\beta$-hydroxybutyrate content of cells 
of various Rhizobium species during growth with different carbon and nitrogen sources. Microbiology (New 
York), 63(1), 45–48. 

[7] Chandrashekharaiah, P. S. (2007). Isolation, screening and selection of efficient poly-$\beta$-
hydroxybutyrate (PHB) synthesizing bacteria [Doctoral dissertation, University of Agricultural Sciences 
GKVK]. Krishikosh. 

[8] Charen, T., Vaishali, P., Kaushalya, M., Amutha, K., Ponnusami, V., & Gowdhaman, D. (2014). Isolation 
and identification of polyhydroxybutyrate producing bacterial strain (Bacillus thuringiensis GVP) from 
chlorine contaminated soil. International Journal of PharmTech Research, 6(5), 3197–3202. 

[9] Grothe, E., Moo-Young, M., & Chisti, Y. (1999). Fermentation optimization for the production of poly 
($\beta$-hydroxybutyric acid) microbial thermoplastic. Enzyme and Microbial Technology, 25(1-2), 132–
141. https://doi.org/10.1016/S0141-0229(99)00023-X 

[10] Hahn, S. K., Chang, Y. K., Kim, B. S., Lee, K. M., & Chang, H. N. (1993). The recovery of poly (3-
hydroxybutyrate) by using dispersions of sodium hypochlorite solution and chloroform. Biotechnology 
Techniques, 7(3), 209–212. https://doi.org/10.1007/BF02566149 

[11] Hungria, M., O'Hara, G. W., Zilli, J. E., Araujo, R. S., Deaker, R., & Howieson, J. G. (2016). Isolation and 
growth of rhizobia. In Working with rhizobia (pp. 39–60). Australian Centre for International Agricultural 
Research. 

[12] Jordan, D. C. (1984). Family III. Rhizobiaceae Conn 1938. In N. R. Krieg & J. G. Holt (Eds.), Bergey's 
manual of systematic bacteriology (pp. 234–244). Williams and Wilkins. 

[13] Khalifa, M. O. A., Babiker, N. N., & Mohamed, S. H. (2014). Physiological characteristics of rhizobia 
isolated from Retama raetam (Forsk) and Lupinus varius (L.) indigenous to Libyan desert. Journal of 
Environmental Science and Engineering, 3, 246–255. 

[14] Kocharin, K. (2013). Metabolic engineering of Saccharomyces cerevisiae for polyhydroxybutyrate 
production [Doctoral dissertation, Chalmers University of Technology]. 

[15] Kumari, P., & Dhingra, H. K. (2013). Isolation and characterization of PHB producing micro-organisms 
isolated from root nodules of leguminous plants. The Bioscan, 8(1), 109–113. 

[16] Lee, S. Y. (1996). Bacterial polyhydroxyalkanoates. Biotechnology and Bioengineering, 49(1), 1–14. 
https://doi.org/10.1002/(SICI)1097-0290(19960105)49:1<1::AID-BIT1>3.0.CO;2-P 

[17] Lillo, J. G., & Rodriguez-Valera, F. (1990). Effects of culture conditions on poly ($\beta$-hydroxybutyric 
acid) production by Haloferax mediterranei. Applied and Environmental Microbiology, 56(8), 2517–2521. 
https://doi.org/10.1128/aem.56.8.2517-2521.1990 

[18] Liu, M., Gonzalez, J. E., Willis, L. B., & Walker, G. C. (1998). A novel screening method for isolating 
exopolysaccharide-deficient mutants. Applied and Environmental Microbiology, 64(11), 4600–4602. 
https://doi.org/10.1128/AEM.64.11.4600-4602.1998 

[19] Macario, V. F. C. (2009). Scale-up and design of chemometric models for the production of MCL-PHAs by 
Pseudomonas putida KT2442 [Master's thesis, University of Lisbon]. 

[20] Maheswari, M. U., & Dhandayuthapani, K. (2013). Fermentation optimization for production of 
polyhydroxybutyrate (PHB) by newly isolated Azotobacter vinelandii KDP. International Journal of Pharma 
and Bio Sciences, 4(3), 779–787. 

[21] Mahishi, L. H., Tripathi, G., & Rawal, S. K. (2003). Poly (3-hydroxybutyrate) (PHB) synthesis by 
recombinant Escherichia coli harbouring Streptomyces aureofaciens PHB biosynthesis genes: Effect of 
various carbon and nitrogen sources. Microbiological Research, 158(1), 19–27. https://doi.org/10.1078/0944-
5013-00161 

[22] Mercan, N., Aslim, B., Yuksekdag, Z. N., & Beyatli, Y. (2002). Production of poly-$\beta$-hydroxybutyrate 
(PHB) by some Rhizobium bacteria. Turkish Journal of Biology, 26(4), 215–219. 

[23] Mohamed, S. H., Khalifa, M. O. A., & Babiker, N. N. (2018). Physiological and symbiotic characteristics of 
rhizobia isolated from Medicago polymorpha L and Trigonella stellata L growing in semi-arid regions of 
Libya. Advances in Bioscience and Bioengineering, 6(4), 34–41. https://doi.org/10.11648/j.abb.20180604.11 

[24] Nair, S., Jha, P. K., & Babu, C. R. (1993). Variation in poly‐$\beta$‐hydroxybutyrate synthesis in rhizobia 
reflects strain differentiation and temperature regulation. Journal of Basic Microbiology, 33(1), 35–39. 
https://doi.org/10.1002/jobm.3620330107 

[25] Ostle, A. G., & Holt, J. G. (1982). Nile blue A as a fluorescent stain for poly-beta-hydroxybutyrate. Applied 
and Environmental Microbiology, 44(1), 238–241. https://doi.org/10.1128/aem.44.1.238-241.1982 

[26] Pradhan, S. (2014). Optimization and characterization of bioplastic produced by Bacillus cereus SE1 
[Doctoral dissertation, National Institute of Technology Rourkela]. 

[27] Qu, X. H., Wu, Q., & Chen, G. Q. (2006). In vitro study on hemocompatibility and cytocompatibility of poly 
(3-hydroxybutyrate-co-3-hydroxyhexanoate). Journal of Biomaterials Science, Polymer Edition, 17(10), 
1107–1121. https://doi.org/10.1163/156856206778530704 

[28] Quan, Z. X., Bae, H. S., Baek, J. H., Chen, W. F., Im, W. T., & Lee, S. T. (2005). Rhizobium daejeonense sp. 
nov. isolated from a cyanide treatment bioreactor. International Journal of Systematic and Evolutionary 
Microbiology, 55(6), 2543–2549. https://doi.org/10.1099/ijs.0.63667-0 

[29] Rome, S., Fernandez, M. P., Brunel, B., Normand, P., & Cleyet-Marel, J. C. (1996). Sinorhizobium medicae 
sp. nov., isolated from annual Medicago spp. International Journal of Systematic and Evolutionary 
Microbiology, 46(4), 972–980. https://doi.org/10.1099/00207713-46-4-972 

[30] Salem, M., & Salem, I. (2025). Antimicrobial polymers: Mechanisms of action and applications in combating 
antibiotic resistance. Al-Imad Journal of Humanities and Applied Sciences (AJHAS), 12-15. 

https://www.google.com/search?q=https://doi.org/10.1016/S0141-0229(99)00023-X
https://doi.org/10.1007/BF02566149
https://doi.org/10.1002/(SICI)1097-0290(19960105)49:1
https://doi.org/10.1128/aem.56.8.2517-2521.1990
https://doi.org/10.1128/AEM.64.11.4600-4602.1998
https://doi.org/10.1078/0944-5013-00161
https://doi.org/10.1078/0944-5013-00161
https://www.google.com/search?q=https://doi.org/10.11648/j.abb.20180604.11
https://doi.org/10.1002/jobm.3620330107
https://doi.org/10.1128/aem.44.1.238-241.1982
https://doi.org/10.1163/156856206778530704
https://www.google.com/search?q=https://doi.org/10.1099/ijs.0.63667-0
https://doi.org/10.1099/00207713-46-4-972


22 | Copyright: © 2026 by the authors. Submitted for possible open access publication under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

 

[31] Soam, A., Singh, A., Singh, R., & Shahi, S. (2012). Optimization of culture conditions for bio-polymer 
producing Bacillus mycoides (WSS2) bacteria from sewage. Current Discovery, 1, 27–32. 

[32] Taepucharoen, K., Nimdech, P., & Monshupanee, T. (2014). Enhanced PHB accumulation in Thailand-
isolated cyanobacteria under different nitrogen and carbon supplies. In Proceedings of the 2nd International 
Conference on Food and Applied Bioscience (Vol. 1, pp. 21–30). 

[33] Telang, A., Bharathi, S., Prajeesh, P., & Sekar, K. V. (2014). Production of polyhydroxybutyrate (PHB) from 
cane molasses produced by Bacillus megaterium. International Journal of Comprehensive Research in 
Biological Sciences, 1(1), 31–35. 

[34] Tetsuya, F., Masaki, I., Terumi, S., & Kenkichi, T. (1987). Purification and characterization of NADP-linked 
acetoacetyl-CoA reductase from Zoogloea ramigera I-16-M. Biochimica et Biophysica Acta (BBA) - Lipids 
and Lipid Metabolism, 917(3), 365–371. https://doi.org/10.1016/0005-2760(87)90114-7 

[35] Trainer, M. A., & Charles, T. C. (2006). The role of PHB metabolism in the symbiosis of rhizobia with 
legumes. Applied Microbiology and Biotechnology, 71(4), 377–386. https://doi.org/10.1007/s00253-006-
0354-1 

[36] Trinick, M. J. (1982). Biology. In W. J. Broughton (Ed.), Nitrogen fixation: Volume 2: Rhizobium (pp. 1–34). 
Oxford University Press. 

[37] Vincent, J. M. (1970). A manual for the practical study of the root-nodule bacteria. International Biological 
Programme. 

[38] Wang, J., & Yu, J. (2000). Kinetic analysis on inhibited growth and poly (3-hydroxybutyrate) formation of 
Alcaligenes eutrophus on acetate under nutrient-rich conditions. Process Biochemistry, 36(3), 201–207. 
https://doi.org/10.1016/S0032-9592(00)00169-2 

[39] Wang, L., Armbruster, W., & Jendrossek, D. (2007). Production of medium-chain-length hydroxyalkanoic 
acids from Pseudomonas putida in pH stat. Applied Microbiology and Biotechnology, 75(5), 1047–1053. 
https://doi.org/10.1007/s00253-007-0920-1 

[40] Wang, Y. (2008). Production of hydroxyalkanoates for pharmaceutical and medical applications [Doctoral 
dissertation, The Hong Kong Polytechnic University]. 

[41] Young, J. P. W. (1992). Phylogenetic classification of nitrogen-fixing organisms. In G. Stacey, R. H. Burris, 
& H. J. Evans (Eds.), Biological nitrogen fixation (pp. 43–86). Chapman & Hall. 

 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of 

the individual author(s) and contributor(s) and not of SJPHRT and/or the editor(s). SJPHRT and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions, or 

products referred to in the content. 

  

https://doi.org/10.1016/0005-2760(87)90114-7
https://doi.org/10.1007/s00253-006-0354-1
https://doi.org/10.1007/s00253-006-0354-1
https://doi.org/10.1016/S0032-9592(00)00169-2
https://doi.org/10.1007/s00253-007-0920-1

