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ABSTRACT
Background: Cassava (Manibot esculenta Crantz) is one of the most important
among tuber crops. The amount of nitrogen fertilizer used for cassava production is
relatively high (400 kg ha−1), but there are few studies on biological nitrogen fixation
in this crop. Therefore, it is particularly important to study whether cassava and
microorganisms have the associated nitrogen-fixing and other promoting effects of
endophytic bacteria.
Methods: We screened 10 endophytic bacteria using the nitrogen-free culture
method from the roots of seven cassava cultivars, and the nitrogenase activity of the
A02 strain was the highest 95.81 nmol mL−1 h−1. The A02 strain was confirmed
as Microbacteriaceae, Curtobacterium using 16S rRNA sequence alignment.
The biological and morphological characteristics of strain A02 were further analyzed.
Results: The experimental results showed that the biomass of roots, stems, and
leaves of cassava inoculated with A02 increased by 17.6%, 12.6%, and 10.3%,
respectively, compared to that of the control (without A02 inoculation). These results
were not only related to the secretion of auxin (IAA) and solubilization of phosphate
but also in the promotion of biological nitrogen fixation of cassava leaves by
strain A02. Moreover, the highest 95.81 nmol mL−1h−1 of nitrogenase activity was
reported in strain A02, and thus more nitrogen fixation was observed in strain A02.
In conclusion, A02 is a newly discovered endophytic nitrogen-fixing bacteria in
cassava that can be further used in the research of biological bacterial fertilizers.

Subjects Agricultural Science, Natural Resource Management
Keywords Cassava, Endophytic bacteria, Growth promotion, Microbacteriaceae Curtobacterium,
Nitrogen fixation

INTRODUCTION
The nitrogen-fixing capacity of associative nitrogen-fixing bacteria was not as high as that
of rhizobium in legumes, but they could fix nitrogen symbiotically with non-legumes.
Recently, more associative nitrogen-fixing bacteria, such as Pennisetum spp.
Herbaspirillum seropedicaea strain (ATCC)35892, Pseudomonas jessenii strain CIP105274
(Rout & Chrzanowski, 2009), Enterobacter cloacae (Takada et al., 2019), Herbaspirillum
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hiltneri sp nov (Rothballer et al., 2006), Pantoea sp. (Loiret et al., 2004), Pseudommonas,
Bacillus, Burkholderia, Pantoea (Xiaomei et al., 2018), Azospirillum melinis sp nov. (Peng
et al., 2006), Klebsiella oxytoca (Adachi, Nakatani & Mochida, 2002), Burkholderia
vietnamiensis (Tang et al., 2010), and Klebsiella variicola (Lin et al., 2019), have been found
in sorghum, water yam, wheat, sugarcane, tea tropical molasses grass, and other
monocotyledon Gramineae, such as sweet potatoes and oil palm plantlets.

Similar to rhizobium, associative nitrogen-fixing bacteria encode nitrogenase and utilize
atmospheric nitrogen through biological nitrogen fixation (BNF) to convert N2 into
inorganic nitrogen-containing compounds, such as ammonia (NH3), and improve the
growth and yield of sugarcane (Matoso et al., 2021), sorghum (Rout & Chrzanowski, 2009),
maize, wheat, cucumber (Yongbin et al., 2019); switchgrass (Roley et al., 2018), oil palm
(Lim et al., 2018), and other plants (Ji et al., 2014; Golparyan, Azizi & Soltani, 2018; Tahir
et al., 2020). Pantoea sp. NN08200 could provide up to 33% of the total nitrogen to
sugarcane (Shi et al., 2019). Pantoea, Pseudomonas, Rhanella, Herbaspirillum,
Azospirillum, Rhizobium (Agrobacterium), and Brevundimonas can offer 12–33% of the
total nitrogen to maize (Montañez et al., 2009). Paenibacillus beijingensis BJ-18 can
provide 12.9–20.9% of the total nitrogen to wheat and 52.2–59.2% to cucumber through
biological nitrogen fixation (Yongbin et al., 2019). If a crop can receive about 30% of its
total nitrogen through BNF, it can be considered an eco-friendly crop (Chaves et al.,
2016). In addition to BNF, the associated nitrogen-fixing bacteria interact with plants in
many ways to promote plant growth and enhance resistance. Many endophytes can
secrete plant hormones, such as auxin, gibberellin, and abscisic acid, to promote plant
growth (de Oliveira et al., 2020; Geries & Elsadany Abdelgawad, 2021). Plant hormones
produced by Azospirillum are thought to be the main factors that promote plant growth
(Keswani et al., 2020; Higdon et al., 2020). Other studies showed that plant hormones,
such as auxin (IAA), gibberellin, and cytokinin, produced by bacteria enhanced root
branching and elongation, increased root-hair density, and improved plant growth by
facilitating the absorption of water and minerals from the soil (Steenhoudt &
Vanderleyden, 2000; Santi, Bogusz & Franche, 2013). Nitrogen-fixing Penibacillus,
Microbacterium, Bacillus, and Klebsiella spp. could also dissolve mineral elements, such as
phosphorus, and increase the absorption of nutrients in rice (Ji, Gururani & Chun, 2014).
Microbial endophyte consortia from Salicaceae and conifers have also been reported to
help Douglas-fir (Pseudotsuga menziesii) and western red cedar (Thuja plicata) survive
under extreme drought and degraded edaphic conditions (Aghai et al., 2019). Otherwise,
nitrogen-fixing bacteria could affect the relative microbial abundance in the rhizosphere
and influence plant growth (Bauer et al., 2012).

The cassava processing in the industry into starch is energy intensive, with thermal
energy and electricity consumptions ranging from 1.6–2.5 MJ and 0.17–0.25 kWh per kg of
processed starch, respectively (Sriroth et al., 2000). Notably, most cassava growing areas
are characterized by limited and expensive energy supply, which limit advancements
and new investments in the cassava industry. For instance, energy for cassava starch
processing (CSP) constitutes 14% of production cost in Thailand (Chavalparit &
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Ongwandee, 2009) and 20–25% in Nigeria (Nang’ayo et al., 2005). Therefore, sustainable
energy supply is essential for advancement of the cassava industry.

Cassava (euphorbiaceae) is also called tree potato or sweet potato. Its roots are rich in
starch and are known as an “underground granary” and “the king of starch.” Cassava is
one of the three largest potato crops, the sixth largest food crop in the world, and the
third largest food crop in hot areas (Guira et al., 2017). Globally, the planting area has
reached 1,700 hectares, which is important heat energy in the tropics and subtropics, and
cassava is also a staple food crop for more than 600 million people in the world (Liang
et al., 2016). Guangxi is the main planting and processing province of cassava in
China, with a planting area of 3 million acres, accounting for more than 60% of the country
in both area and output (Rosenthal, 2020). In addition, cassava, as a raw material of
biofuel ethanol, has broad market prospects. It is always grown on under nourished and
arid soils because it cannot compete with other staple food crops (rice, wheat, maize). Jiang
et al. (2016) reported that 72–75 kg hm−2 N is sufficient for cassava growth, which is
equivalent to 50% of the amount needed for rice growth (Jiang et al., 2016). Therefore,
cassava is usually grown in low-fertile soils, and it is possible to achieve about 20 tons ha−1

of production (Purnamasari, Noguchi & Ahamed, 2019). In addition, it is hypothesized
that cassava growth is related to biological nitrogen fixation by microorganisms (Teixeira
et al., 2007).

N, P, and K fertilizer are the three important nutrients for cassava tuberization
(Odedina, Ojeniyi &Odedina, 2010). Inorganic fertilizers usually have 10–20 times higher
concentrations of these nutrients but organic fertilizer also contain many secondary- and
micro-nutrients, and thus pay to higher yields (Howeler et al., 2005). Though, the nutrient
uptake is highly related to soil functionality, plant growth rate, and climatic conditions
(Howeler, 2002). The overuse of fertilizer significantly affected on environment (Akhtar
et al., 2020), especially when the additive effect from the applied fertilizer is factored in
(Howeler, 2002). Further, agronomic efficacy was increased with the combine application
of organic and inorganic fertilizer, but the excessive use of fertilizer resulted in low
agronomic efficiency (Vanlauwe et al., 2020).

However, there are few reports on cassava combined with nitrogen-fixing bacteria.
Therefore, it is particularly important to study whether cassava and microorganisms have
the associated nitrogen-fixing effect and other promoting effects of endophytic bacteria.
In the present study, we aimed to isolate and screen endophytic nitrogen-fixing bacteria
from the roots of cassava varieties, identify and analyze the biological characteristics and
promoting effects of different strains, and to verify the nitrogen-fixing and promoting
effects.

MATERIALS AND METHODS
Cassava sample preparation and isolation of endophytic bacteria
Seven cassava cultivars (Guire 4, South China 205, Fuxuan 01, South China 124, South
China 8, KU50, and South China 10) were planted at Hengxian Cassava Planting Base,
Nanning, China. The root samples (<5 cm length and 2–3 mm diameter) were collected for
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the isolation of nitrogen-fixing bacteria. Roots were surface sterilized with 70% ethanol for
90 s, washed twice with sterile distilled water, shaken in 6% (w/v) NaClO solution for
5 min, and washed 5–6 times with sterile distilled water (Koyama et al., 2012). The final
washing occurred on LB medium and was cultured at 37 �C for 36 h to confirm
that the root surface of cassava was completely sterilized. Surface sterilized samples
were ground with sterilized with a mortar and pestle and inoculated on nitrogen-free
semi-solid agar media with a grinding solution of 0.1 mL. After incubation at 28 �C for
5–7 days, the inoculates were transferred to fresh nitrogen-free media and incubated at
28 �C for 2 days. The transfer procedure was carried out three times to isolate a single
strain.

Microorganisms and growth conditions
The isolated strains were grown on an Ashby nitrogen-free agar plate (Sun et al., 2018)
(0.2-g KH2PO4, 5-g CaCO3, 0.2-g MgSO4·7H2O, 10-g mannitol, 0.2-g NaCl, 15-g agar,
0.1-g CaSO4·2H2O per liter) and Döbereiner nitrogen-free agar plate (Luo et al., 2010)
(5.0-g malic acid, 0.4-g KH2PO4·H2O, 0.2-g MgSO4·7H2O, 0.1-g NaCl, 0.02-g CaCl2·H2O,
0.01-g FeCl3, 0.002-g Na2MoO4·2H2O per liter; pH 7.0) at 28 �C for 5–7 days. All of
the isolated strains were stored at −80 �C in LB containing 15% (v/v) glycerol for
subsequent tests.

Nitrogen fixation ability analysis of isolated strains
Evaluation of nitrogenase activity of isolated strains
Nitrogenase activity was detected by the acetylene reduction method (ARA) described by
Rice et al. (1994) and Puri, Padda & Chanway (2018). A single strain was used to inoculate
LB liquid medium and incubated in enriched culture for 24 h. Then, the suspension
was used to inoculate 20-mL Döbereiner nitrogen-free liquid medium. The control
treatment was not inoculated with nitrogen-free liquid medium, and the OD600 of bacterial
suspension attained 0.6 at 30 �C and 160 r/min. An injector was used to draw out 5 mL of
gas from the bottle, and 5 mL of high purity acetylene was injected into the bottle.
After incubation at 30 �C and 160 r/min for 24 h, and 5 mL of gas was extracted to
determine ethylene production by gas chromatography to determine the nitrogenase
activity. To quantify ethylene production, the resulting chromatograms were used to
integrate the area under the ethylene curve. The experiments were set up with four
replicates for each treatment.

Evaluation of nitrogen fixation capacity of isolated strains
The nitrogen content in the culture medium was determined by the micro-Kjeldahl
method to evaluate the nitrogen fixation effect of the isolated strains (Franche, Lindström
& Elmerich, 2009; Rice et al., 1994; Puri, Padda & Chanway, 2018). The bacterial
suspension was used to inoculate 50-mL Döbereiner nitrogen-free liquid culture medium
and cultured for 7 days at 30 �C on 160 r/min. Subsequently, it was centrifuged for 10 min
at 10,000 rpm. After digestion by sulfuric acid, the nitrogen content of the supernatant
was determined by the micro-Kjeldahl method.
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Morphological and molecular identification of strain A02
Morphological identification
Strain A02 was cultured and purified on LB solid medium at 28 �C for 2 days. A single
colony was obtained by the plate streak method. The morphological characteristics of the
single colony were observed using a microscope.

Molecular identification
Isolated strain A02 was cultured in a 15-mL LB broth at 200 rpm at 30 �C. Genomic DNA
of A02 was extracted using the CangWei century bacteria Gen DNA kit. The 16S rRNA
gene of strain A02 was amplified using primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′)
and 1492R (5′-GGTTACC TTGTTACGACTT-3′) (Weisburg et al., 1991). PCR conditions
were as follows: initial denaturation for 2 min at 94 �C, 30 cycles of 30 s at 94 �C, 30 s at
55 �C and 30 s at 72 �C. The amplified fragments were recovered from agarose gel using the
Universal DNA Purification kit (Tiangen, China) and sequenced by Sangon Biotech,
Shanghai. The 16S rRNA gene sequences of A02 were matched with those from the NCBI
BLAST search (https://www.ncbi.nlm.nih.gov/). The sequences of bacteria with high
similarity to strain A02 were used for phylogenetic tree analysis by using the ClustalX and
MEGA 5.0 software to identify bacterial attribution. The MUSCLE program of the integrated
MEGA 5.0 software was used to run sequence combinations with default parameters, the
neighbor-joiningmethod was used to construct a phylogenetic tree, and the bootstrapmethod
was used to calculate the tree branch node expansion value 1,000 times.

Effect of pH on nitrogen fixation activity of strain A02
The suspension was used to inoculate a nitrogen-free Döbereiner liquid medium. The pH
of the medium was set to 5.0, 5.5, 6.0, 6.5, 7.0, 7.5, and 8.0. When the OD600 of the bacterial
suspension reached 0.6 at 30 �C and 160 r/min, nitrogenase (acetylene reduction)
activity was determined by the acetylene reduction method (ARA).

Effect of nitrogen on the nitrogen fixation activity of strain A02
The suspension was used to inoculate Döbereiner nitrogen-free liquid medium, and
peptone was added to the medium as a nitrogen source. The nitrogen potency (peptone)
was 0, 0.02, 0.04, 0.06, 0.08, 0.1, 0.12, 0.14, 0.16, 0.18, and 0.2 g L−1. Each treatment was
repeated four times. When the OD600 of the bacterial suspension reached 0.6 at 30 �C on
160r/min, the activity of nitrogenase was determined by the acetylene reduction assay
(ARA).

Characterization of strain A02
Auxin activity test

The indole-3-acetic acid (IAA) produced by the cultures was estimated by growth in King
B (KB) medium supplemented with l-tryptophan as a precursor of IAA (Ouyabe et al.,
2020). Strain A02 was incubated in a 1-ml LB broth and obtained by centrifugation at a
speed of 10,000 rpm for 5 min, with sterile water washing twice for 5 min. The bacterial
suspension was diluted 10 times with sterile water, and a 200-uL suspension was used
to inoculate 10-mL tryptophan growth medium. Cultures were incubated at 28 �C in the
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dark for 2 days. A 5-mL bacterial suspension was centrifuged for 5 min, then Salkowski
coloring reagent (35% HClO4 50 mL, 0.5 M FeCl3 1 mL) was added, and the supernatant
mixture at a ratio of 2:3 was incubated in the dark for 30 min at 28 �C. After the
reaction, absorbance at 530 nm was estimated.

Phosphate-solubilizing activity test

Strain A02 was cultured for 2 days in LB broth to an OD600 of 0.6 and then transferred to
the National Botanical Research Institute’s phosphate growth (NBRIP) broth (Yanlei &
Xiaoping, 2018) and incubated at 28 �C and 160 rpm for 8 days. The culture supernatant
was obtained by centrifugation at 10,000 rpm at 4 �C for 15 min. The ability of A02 to
solubilize phosphate was tested using the molybdenum antimony anticolorimetric
method (Yanlei & Xiaoping, 2018). The soluble phosphorus content was calculated by
determining the absorbance at 700 nm. The pH value of the medium was measured using a
pHmeter. The content of titratable acid in the medium was determined by the neutralizing
titration method with 0.1 mol L−1 NaOH.

Analysis of physiological and biochemical characteristics of strain A02
The colony, morphology, physiological, and biochemical characteristics of the strain were
assessed according to the methods of the Common Bacterial System Identification Manual.
Crystalline violet-saffron was used for Gram staining. Ink was used for capsule staining,
and malachite green-saffron was used for spore staining. The physiological and
biochemical characteristics were analyzed with methyl red (MR), indole, the Vogs–
Proskauer (VP) test, amylolysis, gelatin liquefaction, citrate, dextrose acidogenesis, lactose,
sucrose, and maltose.

N-fixing and plant growth promotion
The experiment was carried out at the Agricultural College of Guangxi University
Farm Test Base from April to November 2019. The soil was strongly acid (pH 6.36).
The amount of SOM, total N, available N, total P, available P, total K, and available K were
9.8 mg kg, 1.8508 g kg−1, 66.5 mg kg−1, 0.177 g kg−1, 33.6 mg kg−1, 3.17g kg−1 and 107.57
mg kg−1, respectively. Strain A02 was cultured in LB liquid medium to the logarithmic
phase (OD600 = 0.6–0.8). The stems of cassava seed were soaked with a liquid bacterial
treatment (treatment group) and LB liquid medium (control group) for 1 h before
planting, and were planted in 6 rows, each with 12 plants. One month later, roots were
irrigated with 45-mL A02 bacteria solution (treatment group) and LB culture solution
(control group). On January 5, 2020, the roots, stems, and leaves of cassava were harvested,
and their biomass and nitrogen content were measured.

Statistical analysis
The data were statistically analyzed for univariate risk factors using SPSS 25.0 (SPSS Inc.,
Chicago, IL, USA). Mean values were compared using Duncan’s new multiple range test at
a 5% (P < 0.05) level of significance between treatments.
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RESULTS
Isolation of endophytic bacteria from cassava roots and comparison of
nitrogen fixation capacity
The root surface of cassava was thoroughly sterilized. It was concluded that the isolated
strains were obtained from inside the fine roots of cassava. In this study, bacterial colonies
appeared on the inoculated plates after 3 days of inoculation, while no colonies grew
on the control plates. A total of 10 endophytic bacterial strains were isolated from the
roots of cassava based on morphological characteristics, and the isolates were purified and
stored at 4 �C. The 10 endophytic bacteria were named A01, A02, A03, A04, A05, A06,
A07, A08, A09, and A10. The strains were selected for tube preservation and subsequent
experiments. The nitrogenase activities of 10 strains are shown in Fig. 1. The highest
nitrogenase activity of 95.81 nmol mL−1 h−1 was noted in strain A02, followed by strain
A08. The activities of the other eight strains were all less than 20 nmol mL−1 h−1. Strain
A06 and A10 had the lowest 0.29 and 0.24 nmol mL−1 h−1 of nitrogenase activity,
indicating that the nitrogenase activities of different strains were significantly different.
The biological nitrogen fixation activities of the 10 strains are shown in Fig. 2. Strain A02

Figure 1 Nitrogenase activity in nitrogen-free liquid medium.
Full-size DOI: 10.7717/peerj.12677/fig-1
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had the strongest biological nitrogen fixation ability, followed by strain A08. After 7 days of
culture, the nitrogen content in the medium was 13.38 mg L−1 and 13.14 mg L−1. Thus,
strain A02 was selected for further analysis.

Identification of strain A02
The 16S rRNA sequence of strain A02 was amplified by PCR. After sequencing, a 1500 bp
rRNA sequence was obtained, and the GC content was 72.03%. Based on the BLAST search
in NCBI, strain A02 showed 99.38% identity with Curtobacterium citreum CE711
(Fig. 3). Morphological analysis showed that strain A02 was rod-shaped and had no spores
or capsule. Colonies of strain A02 were round, yellow, and non-transparent with a smooth
surface and regular edges (Fig. 4). Strain A02 was identified as Actinobacteria
Curtobacterium citreum by the General Microbial Center of China Microbial Species
Preservation and Management Commission (CGMCC) and preserved (CGMCC Number:
12181). Based on the morphological characteristics, 16SrRNA gene sequence analysis,
and CGMCC identification results, strain A02 was named Curtobacterium sp. A02,
belonging to Actinobacteria, Actinobacterales, Microbacteriaceae, and Curtobacterium.

Figure 2 Nitrogen fixation in nitrogen-free liquid medium.
Full-size DOI: 10.7717/peerj.12677/fig-2
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Analysis of physiological and biochemical characteristics of strain
A02
The physiological and biochemical characteristics of the A02 strain are shown in Table 1.
Strain A02 was a Gram-positive bacterium. The glucose oxidative fermentation test and
VP test were positive, but the MR test was negative. The gelatin liquefication test was
negative, and the utilization test of starch, lactose, sucrose, maltose, and citric acid were

Figure 4 Colony morphology of strain A02 on an LB plate.
Full-size DOI: 10.7717/peerj.12677/fig-4

Figure 3 Phylogenetic tree based on 16S rRNA gene sequences of strain A02 from cassava roots. The tree was constructed by the neighbor-
joining method using MEGA 7.0. The scale bar corresponds to 0.03 substitutions per nucleotide position. Numbers on the branches are bootstrap
percentages. GenBank accession numbers are presented above. Full-size DOI: 10.7717/peerj.12677/fig-3
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also negative. Strain A02 is a gram-positive bacterium. The glucose oxidative fermentation
test and VP test were positive, while the MR test was negative, indicating that A02
decomposed glucose into pyruvate and then further converted it into non-acidic end
products, resulting in less organic acids. None of the five carbon sources (starch, lactose,
sucrose, maltose, and citric acid) could be utilized, indicating that A02 had a narrow range
of carbon sources, which might be related to the long-term survival adaptability of the
A02 strain in cassava. A negative gelatin liquefaction test indicated that A02 could not
secrete gelatinase and would not decompose protein after entering the plant cells to avoid
adverse effects on their normal physiological activities.

A02 showed a positive reaction for IAA production by producing a pink to red color.
The quantitative estimation of IAA at 530 nm was confirmed by ELISA. The highest
IAA production was 1.56 mg mL−1. After 2 days of culture of the A02 strain, the solubility
of soluble phosphorus in the medium reached 101.23 mg mL−1, the titratable acid content
was 0.15 mg mL−1, and the pH decreased from 6.78 to 4.50 (Table 2). Therefore, it was
concluded that the A02 strain had the ability to acidify the environment and dissolve
insoluble phosphorus.

Table 1 Physiological and biochemical characteristics of strain A02.

Physiological and biochemical characteristics A02

Methyl red (MR) −

Indole +

VP +

amylolysis −

Gelatin liquefaction −

Citrate −

Dextrose acidogenesis +

Lactose −

Sucrose −

Maltose −

Gram stain +

Capsule stain −

Spore stain −

Note:
“+” means that the physiological and biochemical test of this bacterium was positive, and “−” means that the
physiological and biochemical test of this bacterium was negative.

Table 2 Typical characteristics of phosphorus solubilizing ability.

Number P solubilization (mg mL−1) titratable acid (mg mL−1) pH IAA (mg mL−1)

CK 1.01 ± 0.14 0.01 ± 0.0002 6.78 0

A02 101.23 ± 1.43 0.15 ± 0.002 4.50 1.56

Note:
IAA stand for auxin is indole acetic acid.
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Optimizing growth conditions of strain A02
Effect of pH on the nitrogen fixation activity of strain A02
The nitrogenase activity of strain A02 changed with the change in pH, and initially
showed an increasing trend but then decreased with the increase in pH (5–8).
The nitrogenase activity of strain A02 was the highest when the pH was 6.95 (Fig. 5).

Effect of nitrogen on the nitrogen fixation activity of strain A02
The nitrogenase activity of strain A02 increased with the increase in the content of
nitrogen in the range of 0–0.04 g L−1 and decreased with the increase in the content of
nitrogen in the range of 0.04–0.1 g L−1 (Fig. 6). Therefore, nitrogen had a strong
correlation with the nitrogenase activity of strain A02. Furthermore, the nitrogenase
activity of strain A02 was highest when the nitrogen content in the medium was 0.05 g L−1.

N-fixation and plant growth promotion of strain A02
Results showed that the biomass of roots, stems, and leaves of cassava inoculated with A02
significantly increased by 17.6%, 12.6%, and 10.3%, respectively, compared with that of the
control (without A02 inoculation) (Table 3; Fig. 7). Based on 800 plants per acre, the

Figure 5 Influence of pH on the nitrogenase activity of strain A02.
Full-size DOI: 10.7717/peerj.12677/fig-5

Figure 6 Influence of N on the nitrogenase activity of A02 strain.
Full-size DOI: 10.7717/peerj.12677/fig-6
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tuber yield of cassava inoculated with A02 could be increased by 0.41 kg acre−1 with a
17.75% increase in yield.

DISCUSSION
Nitrogen plays an important role in cassava growth. A previous study reported that cassava
had the ability to grow in low-fertile soil with the application of less fertilizer (Omondi
et al., 2018). Endophytic nitrogen-fixing bacteria are colonized in plants and can effectively
provide nitrogen to plants with no need to form specific nodules. Currently, there are
few reports on endophytic bacteria in cassava (Reinhardt et al., 2008; de Barros Silva Leite
et al., 2018). Several endophytic bacteria from cassava were isolated and identified as
Achromobacter, Bacillus, Burkholderia, Enterobacter, Pantoea, and Pseudomonas spp.

In this study, 10 strains were isolated from cassava roots and grown on nitrogen-free
medium. Overall, the higher 95.81 and 37.77 nmol mL−1 h−1 nitrogenase activities of
strains A02 and A08 were noted, but the other eight strains had low nitrogenase activity.

Figure 7 Effect of strain A02 on the growth of cassava. Full-size DOI: 10.7717/peerj.12677/fig-7

Table 3 Nitrogenase activity and nitrogen content of cassava after inoculation with A02 and no nitrogen application in a field experiment.

Treatment Nitrogenase activity (nmol mL−1 h−1) Nitrogen content (mg g−1)

Leaves Stems Roots Leaves Stems Roots

A02 97.97 ± 19.01a 46.17 ± 3.88a 58.3 ± 3.98a 47.01 ± 0.82a 14.84 ± 0.32a 13.48 ± 0.72a

-N 58.79 ± 3.63b 46.97 ± 5.11a 48.37 ± 3.17b 36.90 ± 0.81b 13.83 ± 0.39a 12.28 ± 0.60a

Note:
A02, treatment with A02 inoculation; -N, treatment without nitrogen.
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According to the morphological characteristics and 16S rRNA analysis of strain A02,
it was classified as Curtobacterium citreum and named Curtobacterium sp. A02.
Curtobacterium citreum was first isolated from Chinese rice (Mano et al., 2007) and
has since been found in shy suckering chrysanthemum “Arka Swarna” (Panicker et al.,
2007), strawberry fruit (Pereira et al., 2012), Citrus sinensis (Garrido et al., 2016), and
sorghum (Bourles et al., 2019).

After 2 days of culture, the content of IAA in the medium of the A02 strain reached
1.56 mg mL−1, indicating that the A02 strain had the ability to produce and secrete IAA.
Pseudomonas aeruginosa AL2-14B produced 114.79 mg mL−1 IAA, and Sinorhizobium
fredii NGR234 produced 0.16 mmol mL−1 IAA (Roberto, Anna & Carmen, 2017).
Enterobacter roggenkampii ED5 produced 732.93 mg mL−1 IAA (Jun et al., 2020).
In comparison, strain A02 had a stronger ability to produce IAA. The solubility of soluble
phosphorus in the medium reached 101.23 mg mL−1, the titratable acid content was
0.15 mg mL−1, and the pH decreased from 6.78 to 4.50, after 2 days of culture of strain A02
(Table 1). Therefore, it was concluded that strain A02 had the ability to acidify the
environment and dissolve insoluble phosphorus. Fang et al. (2019) found that these
secondary metabolites (IAA and soluble phosphorus) could promote plant growth
(Fang et al., 2019). Combined with the results of glucose oxidation fermentation, VP, and
MR tests, the phosphorus-dissolving ability of the A02 strain might be related to the
secretion of organic acids.

The nitrogenase activity of soybean rhizobia reached 23,000 nmol mL−1 h−1 (Ma et al.,
2020). As shown in Table 4, the nitrogenase activity of different plants combined with
nitrogen-fixing bacteria greatly varies. The nitrogenase activity of sugarcane-associated
nitrogen-fixing bacteria ranged from 65 to 3,187.8 nmol mL−1 h−1. The nitrogenase activity
of maize and rice was about 100–200 nmol mL−1 h−1, while woody plants was 2.5 nmol
mL−1 h−1. The nitrogen-fixing ability of cassava-associated nitrogen-fixing bacteria A02
was similar to that of maize- and rice-associated nitrogen-fixing bacteria.

The contribution of tuber crops for the energy requirement of global population is 3.9%.
Out of which 1.5% from sweet potato, 1.9% from cassava, and 0.3% from yams and
other tuber crops (Birch et al., 2012). Further, similar to rhizobium, the associative
nitrogen-fixing bacteria encode nitrogenase and utilize atmospheric nitrogen through
biological nitrogen fixation (BNF) to convert N2 into inorganic nitrogen-containing
compounds, such as ammonia (NH3), and improve the growth and yield of sugarcane
(Matoso et al., 2021), sorghum (Rout & Chrzanowski, 2009), maize, wheat, cucumber
(Yongbin et al., 2019). Our experiment confirmed that the nitrogenase activities, nitrogen
contents and biomass of cassava seedlings with inoculation of strain A02 increased
compared with that of the seedlings without inoculation. Combined with the results of the
biochemical characteristics of A02, it was speculated that the promoting effect of strain
A02 on cassava growth was not only due to the effect of biological nitrogen fixation but
also due to other promoting effects of strain A02, such as the secretion of IAA and the
ability of phosphorus dissolution. Furthermore, Curtobacterium was reported in some
plants, e.g., C. flaccumfaciens strain ME1 significantly promoted cucumber growth and
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enhanced disease resistance (Raupach & Kloepper, 2000); Curtobacterium sp. NM1R1
infection promoted plant growth, increased the seed germination rate, and enhanced
seedling tolerance to Zn (Román-Ponce et al., 2017); C. creum could reduce the migration
of metal Ni from roots to the above-ground parts of sorghum but had no promoting
effect on sorghum growth (Bourles et al., 2019). In addition to promoting growth,
Curtobacterium also plays a certain role in improving heavy metal tolerance and disease
resistance, which will be the next research direction for the A02 strain.

CONCLUSION
In this study, we demonstrated the possibility of isolating associated nitrogen-fixing
bacteria from cassava roots. Ten strains were screened by nitrogen-free medium, among
which A02 had the highest nitrogenase activity. The results of bacterial morphological
characteristics and 16S rRNA BLAST showed that the strain belonged to Curtobacterium
citreum. The results of cassava tie-back showed that A02 increased the accumulation of
nitrogen and promoted the growth of cassava, which was not only the result of biological
nitrogen fixation but also related to the growth-promoting effects of IAA secretion and
phosphorus dissolution. The results showed that the A02 strain had the potential to be a
good candidate strain for promoting crop yield. To further explore this area and its
application scope, future research is needed to study the effect of the A02 strain on the
improvement of growth in other crops.

Table 4 Nitrogenase activity of some endophytic nitrogen-fixing bacteria in the past 5 years.

Name Nitrogenase activity
(nmol mL−1 h−1)

Symbiosis plant Author, Year Journal

Pantoea agglomerans XD20 3,187.8 sugarcane (Mao et al., 2019)
Acta Botanica Boreali-Occidentalia Sinica

Pantoea sp. NN08200 2,445 sugarcane (Shi et al., 2019),
Microbiology China

Stenotrophomonas maltophilia B11S 1,456.23 sugarcane (Xing et al., 2016)
Sugar Tech

actinobacterial WZS021 65 Sugarcane (Wang et al., 2017)
Sugar Tech

Sphingomonas trueperi NNA-14 350 Giant reed (Xu et al., 2018)
Journal of Basic Microbiology

Klebsiella pneumoniae subspecies 1′13 103.077 Guangxi wild rice (Tan et al., 2017) Chinese Journal of Applied
and Environmental Biology

Devosia RKZ210 2.98 highland barley (Liu et al., 2017) Journal of Triticeae Crops

K. radicincitans GXGL-4A 232.94 Maize (Li et al., 2016) Microbiology China

Pseudomonas migulae 2.8 American black pine (Puri, Padda & Chanway, 2018)
Canadian journal of forest research,

Paenibacillus L201 5,630 Bryophyllum pinnatum (Liu et al., 2018)
Antonie Van Leeuwenhoek International
journal of general and molecular
microbiology,

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.12677 14/21

http://dx.doi.org/10.7717/peerj.12677
https://peerj.com/


ACKNOWLEDGEMENTS
We thanks to Guangxi University for the assistance in the present work, students, and
supervisor Bing He for assistance in the laboratory analyses. We thank LetPub for its
linguistic assistance during the preparation of this manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was financially supported by the Key projects of Guangxi Natural Science
Foundation (2018GXNSFDA281056). The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Guangxi Natural Science Foundation: 2018GXNSFDA281056.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Xiao Zhang conceived and designed the experiments, performed the experiments,
authored or reviewed drafts of the paper, and approved the final draft.

� Juanjuan Tong performed the experiments, authored or reviewed drafts of the paper,
and approved the final draft.

� Mengmeng Dong analyzed the data, prepared figures and/or tables, and approved the
final draft.

� Kashif Akhtar analyzed the data, authored or reviewed drafts of the paper, and approved
the final draft.

� Bing He conceived and designed the experiments, authored or reviewed drafts of the
paper, and approved the final draft.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:

The sequence is available at GenBank: MW683362.1.

Data Availability
The following information was supplied regarding data availability:

The raw data is available in the Supplemental File and the sequence is available at NCBI:
MW683362.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.12677#supplemental-information.

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.12677 15/21

http://www.ncbi.nlm.nih.gov/nuccore/MW683362.1
http://dx.doi.org/10.7717/peerj.12677#supplemental-information
http://www.ncbi.nlm.nih.gov/nuccore/MW683362
http://dx.doi.org/10.7717/peerj.12677#supplemental-information
http://dx.doi.org/10.7717/peerj.12677#supplemental-information
http://dx.doi.org/10.7717/peerj.12677
https://peerj.com/


REFERENCES
Adachi K, Nakatani M, Mochida H. 2002. Isolation of an endophytic diazotroph, Klebsiella

oxytoca, from sweet potato stems in Japan. Soil Science and Plant Nutrition 48(6):889–895
DOI 10.1080/00380768.2002.10408717.

Aghai MM, Khan Z, Joseph MR, Stoda AM, Sher AW, Ettl GJ, Doty SL. 2019. The effect of
microbial endophyte consortia on Pseudotsuga menziesii and Thuja plicata survival, growth,
and physiology across edaphic gradients. Frontiers in Microbiology 10:1353
DOI 10.3389/fmicb.2019.01353.

Akhtar K, Wang W, Ren G, Khan A, Nie E, Khan A, Feng Y, Yang G, Wang H. 2020. Straw
mulching with inorganic nitrogen fertilizer reduces soil CO2 and N2O emissions and improves
wheat yield. Science of the Total Environment 741:140488 DOI 10.1016/j.scitotenv.2020.140488.

Bauer JT, Kleczewski NM, Bever JD, Clay K, Reynolds HL. 2012. Nitrogen-fixing bacteria,
arbuscular mycorrhizal fungi, and the productivity and structure of prairie grassland
communities. Oecologia 170(4):1089–1098 DOI 10.1007/s00442-012-2363-3.

Birch J, Bryan G, Fenton B, Gilroy E, Hein I, Jones T, Prashar A, Taylor A, Torrance L, Toth K.
2012. Crops that feed the world. Potato: are the trends of increased global production
sustainable? Food Security 4:477–508 DOI 10.1007/s12571-012-0220-1.

Bourles A, Guentas L, Chalkiadakis E, Majorel C, Juillot F, Cavaloc Y, Burtet-Sarramegna Vérie,
Medevielle Vérie, Jourand P, Amir H. 2019. New Caledonian ultramafic conditions structure
the features of Curtobacterium citreum strains that play a role in plant adaptation. Canadian
journal of microbiology 65(12):880–894 DOI 10.1139/cjm-2019-0283.

Chavalparit O, Ongwandee M. 2009. Clean technology for the tapioca starch industry in Thailand.
Journal of Clearner Production 17(2):105–110 DOI 10.1016/j.jclepro.2008.03.001.

Chaves JDS, Baraúna AC, Mosqueira CA, Gianluppi V, Zilli JÉ, Silva KD. 2016. Stylosanthes
spp. from Amazon savanna harbour diverse and potentially effective rhizobia. Applied Soil
Ecology 108(5):54–61 DOI 10.1016/j.apsoil.2016.08.003.

de Barros Silva Leite MC, de Araujo Pereira AP, de Souza AJ, Andreote FD, Freire FJ,
Sobral JK. 2018. Bioprospection and genetic diversity of endophytic bacteria association with
cassava plant. Revista Caatinga 31(2):315–325 DOI 10.1590/1983-21252018v31n207rc.

de Oliveira AJ, Franco TC, Florentino LA, Correa Landgraf PR. 2020. Characterization of
associative diazotrophic bacteria in torch ginger. Semina-Ciencias Agrarias 41(6):2815–2823
DOI 10.5433/1679-0359.2020v41n6p2815.

Fang K, Bao Z-S-N, Chen L, Zhou J, Yang Z-P, Dong X-F, Zhang H-B. 2019. Growth-promoting
characteristics of potential nitrogen-fixing bacteria in the root of an invasive plant Ageratina
adenophora. PeerJ 7(2):e7099 DOI 10.7717/peerj.7099.

Franche C, Lindström K, Elmerich C. 2009. Nitrogen-fixing bacteria associated with leguminous
and non-leguminous plants. Plant and Soil 321(1–2):35–59 DOI 10.1007/s11104-008-9833-8.

Garrido LM, Alves JMP, Oliveira LS, Gruber A, Padilla G, Araãújo WL. 2016. Draft genome
sequence of Curtobacterium sp. strain ER1/6, an endophytic strain isolated from citrus sinensis
with potential to be used as a biocontrol agent. Genome Announcements 4(6):e01264-16
DOI 10.1128/genomeA.01264-16.

Geries LSM, Elsadany Abdelgawad Y. 2021. Maximizing growth and productivity of onion
(Allium cepa L.) by Spirulina platensis extract and nitrogen-fixing endophyte Pseudomonas
stutzeri. Archives of Microbiology 203(1):169–181 DOI 10.1007/s00203-020-01991-z.

Golparyan F, Azizi A, Soltani J. 2018. Endophytes of Lippia citriodora (Syn. Aloysia triphylla )
enhance its growth and antioxidant activity. European Journal of Plant Pathology
152(3):759–768 DOI 10.1007/s10658-018-1520-x.

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.12677 16/21

http://dx.doi.org/10.1080/00380768.2002.10408717
http://dx.doi.org/10.3389/fmicb.2019.01353
http://dx.doi.org/10.1016/j.scitotenv.2020.140488
http://dx.doi.org/10.1007/s00442-012-2363-3
http://dx.doi.org/10.1007/s12571-012-0220-1
http://dx.doi.org/10.1139/cjm-2019-0283
http://dx.doi.org/10.1016/j.jclepro.2008.03.001
http://dx.doi.org/10.1016/j.apsoil.2016.08.003
http://dx.doi.org/10.1590/1983-21252018v31n207rc
http://dx.doi.org/10.5433/1679-0359.2020v41n6p2815
http://dx.doi.org/10.7717/peerj.7099
http://dx.doi.org/10.1007/s11104-008-9833-8
http://dx.doi.org/10.1128/genomeA.01264-16
http://dx.doi.org/10.1007/s00203-020-01991-z
http://dx.doi.org/10.1007/s10658-018-1520-x
http://dx.doi.org/10.7717/peerj.12677
https://peerj.com/


Guira F, Some K, Kabore D, Sawadogo-Lingani H, Traore Y, Savadogo A. 2017. Origins,
production, and utilization of cassava in Burkina Faso, a contribution of a neglected crop to
household food security. Food Science & Nutrition 5(3):415–423 DOI 10.1002/fsn3.408.

Higdon SM, Pozzo T, Tibbett EJ, Chiu C, Jeannotte R, Weimer BC, Bennett AB, Chen J-T.
2020. Diazotrophic bacteria from maize exhibit multifaceted plant growth promotion traits in
multiple hosts. PLOS ONE 15(9):e0239081 DOI 10.1371/journal.pone.0239081.

Howeler RH. 2002. Cassava mineral nutrition and fertilization. In: Hillocks RJ, Thresh JM,
Bellotti AC, eds. Cassava: Biology, Production and Utilization. Cali, Colombia: CABI.

Howeler RH, Watananonta W, Wongkasem W, Klakhaeng K, Tran NN. 2005. Working with
farmers: The key to achieving adoption of more sustainable cassava production practices on
sloping land in Asia. 2nd International Symposium on Sweetpotato and Cassava 703:79-+
DOI 10.17660/ActaHortic.2006.703.8.

Ji SH, Gururani MA, Chun SC. 2014. Isolation and characterization of plant growth promoting
endophytic diazotrophic bacteria from Korean rice cultivars. Microbiological Research
169(1):83–98 DOI 10.1016/j.micres.2013.06.003.

Ji SH, Gururani MA, Lee JW, Ahn BO, Chun SC. 2014. Isolation and characterisation of a dwarf
rice mutant exhibiting defective gibberellins biosynthesis. Plant Biology 16(2):428–439
DOI 10.1111/plb.12069.

Jiang Q, Kang L, Zhang X, Yao YH, Liang QY, Gu MH, He B. 2016. Effects of nitrogen level on
source-sink relationship of Cassava. Southwest China Journal of Agricultural Sciences
29(9):2162–2166 DOI 10.16213/j.cnki.scjas.2016.09.026.

Jun GD, Kumar SR, Pratiksha S, Ping LD, Anjney S, Xiu XY, Peng SX, Tao YL, Rui LY. 2020.
Complete genome sequence of Enterobacter roggenkampii ED5, a nitrogen fixing plant growth
promoting endophytic bacterium with biocontrol and stress tolerance properties, isolated from
sugarcane root. Frontiers in Microbiology 11:1–8 DOI 10.3389/FMICB.2020.580081.

Keswani C, Singh SP, Cueto L, García-Estrada C, Mezaache-Aichour S, Glare TR, Borriss R,
Singh SP, Blázquez MA, Sansinenea E. 2020. Auxins of microbial origin and their use in
agriculture. Applied Microbiology and Biotechnology 104(20):8549–8565
DOI 10.1007/s00253-020-10890-8.

Koyama R, Matsumoto A, Inahashi Y, Ōmura S, Takahashi Y. 2012. Isolation of actinomycetes
from the root of the plant, Ophiopogon japonicus, and proposal of two new species,
Actinoallomurus liliacearum sp. nov. and Actinoallomurus vinaceus sp. nov. The Journal of
Antibiotics: Official Journal of Japan Antibiotics Research Association (JARA), Affiliated by the
Society for Actinomycetes Japan 65(7):335–340 DOI 10.1038/ja.2012.31.

Li Q, Cheng J, Sun S, Chen Y. 2016. Isolation, identification and characterization of associative
nitrogen-fixing endophytic bacterium Kosakonia radicincitans GXGL-4A in maize.
Microbiology China 43(11):2456–2463 DOI 10.13344/j.microbiol.china.151071.

Liang H, Huang J, Han Q, Chen D, Xiao X, An F, Xue M. 2016. Analysis of cassava yield gap and
its limiting factors in main production areas of Hainan Island. Chinese Journal of Tropical Crops
37(10):1863–1871 DOI 10.3969/j.issn.1000-2561.2016.10.003.

Lim S-L, Subramaniam S, Zamzuri I, Amir HG. 2018. Growth and biochemical profiling of
artificially associated micropropagated oil palm plantlets with Herbaspirillum seropedicae.
Journal of Plant Interactions 13(1):173–181 DOI 10.1080/17429145.2018.1451564.

Lin B, Song Z, Jia Y, Zhang Y, Wang L, Fan J, Lin Z. 2019. Biological characteristics and
genome-wide sequence analysis of endophytic nitrogen-fixing bacteria Klebsiella variicola
GN02. Biotechnology & Biotechnological Equipment 33(1):108–117
DOI 10.1080/13102818.2018.1555010.

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.12677 17/21

http://dx.doi.org/10.1002/fsn3.408
http://dx.doi.org/10.1371/journal.pone.0239081
http://dx.doi.org/10.17660/ActaHortic.2006.703.8
http://dx.doi.org/10.1016/j.micres.2013.06.003
http://dx.doi.org/10.1111/plb.12069
http://dx.doi.org/10.16213/j.cnki.scjas.2016.09.026
http://dx.doi.org/10.3389/FMICB.2020.580081
http://dx.doi.org/10.1007/s00253-020-10890-8
http://dx.doi.org/10.1038/ja.2012.31
http://dx.doi.org/10.13344/j.microbiol.china.151071
http://dx.doi.org/10.3969/j.issn.1000-2561.2016.10.003
http://dx.doi.org/10.1080/17429145.2018.1451564
http://dx.doi.org/10.1080/13102818.2018.1555010
http://dx.doi.org/10.7717/peerj.12677
https://peerj.com/


Liu L, Yuan T, Yang F, Liu Z, Yang M, Peng G, Tan Z. 2018. Paenibacillus bryophyllum sp. nov.,
a nitrogen-fixing species isolated from Bryophyllum pinnatum. Antonie Van Leeuwenhoek
International Journal of General and Molecular Microbiology 111(12):2267–2273
DOI 10.1007/s10482-018-1117-6.

Liu Z, Yue X, Wang B, Xue B, Wang Q. 2017. Diversity of culturable endophytic nitrogen-fixing
bacteria in naked barley roots from different production regions. Journal of Triticeae Crops
37(4):565–569 DOI 10.7606/j.issn.1009-1041.2017.04.20.

Loiret FG, Ortega E, Kleiner D, Ortega-Rodés P, Rodés R, Dong Z. 2004. A putative new
endophytic nitrogen-fixing bacterium Pantoea sp. from sugarcane. Journal of Applied
Microbiology 97(3):504–511 DOI 10.1111/j.1365-2672.2004.02329.x.

Luo T, Ouyang X, Yang L, Li Y. 2010. Effect of nitrogen-fixing bacteria inoculation on biological
nitrogen fixation in sugarcane by 15N isotope dilution technique. Acta Agriculturae Nucleatae
Sinica 24(5):1026–1031 DOI 10.1016/S1876-3804(11)60004-9.

Ma J, Yu X, Wu H, Zhang M. 2020. Effects of inoculation of different rhizobium on
photosynthetic characteristics and nitrogen fixation of soybean. Chinese Journal of Oil Crop
Sciences 42(1):102–108 DOI 10.19802/j.issn.1007-9084.2019081.

Mano H, Tanaka F, Nakamura C, Kaga H, Morisaki H. 2007. Culturable endophytic bacterial
flora of the maturing leaves and roots of Rice Plants (Oryza sativa) cultivated in a paddy field.
Microbes and Environments 22(2):175–185 DOI 10.1264/jsme2.22.175.

Mao L, Huang C, Zhu K, Yang L, Li Y, Xing Y. 2019. Effect of nitrogen-fixing strain XD20on the
growth of different sugarcane varieties. Acta Botanica Boreali-Occidentalia Sinica 39(1):140–148
DOI 10.7606/j.issn.1000-4025.2019.01.0140.

Matoso ES, Reis VM, Giacomini SJ, Silva MTD, Avancini AR, Silva SDDA. 2021. Diazotrophic
bacteria and substrates in the growth and nitrogen accumulation of sugarcane seedlings. Scientia
Agricola 78(1):184 DOI 10.1590/1678-992x-2019-0035.

Montañez A, Abreu C, Gill PR, Hardarson G, Sicardi M. 2009. Biological nitrogen fixation in
maize (Zea mays L.) by 15 N isotope-dilution and identification of associated culturable
diazotrophs. Biology and Fertility of Soils 45(3):253–263 DOI 10.1007/s00374-008-0322-2.

Nang’ayo F, Omanya G, Bokanga M, Odera M, Muchiri N, Ali Z, Werehire P. 2005. A strategy
for industrialisation of cassava in Africa. In: Proceedings of a Small Group Meeting. Ibadan,
Nigeria and Nairobi, Kenya: African Agricultural Technology Foundation.

Odedina J, Ojeniyi S, Odedina S. 2010. Integrated nutrient management for sustainable cassava
production in South Western Nigeria. Archives of Agronomy and Soil Science 58:S132–S140
DOI 10.1080/03650340.2012.695865.

Omondi JO, Lazarovitch N, Rachmilevitch S, Boahen S, Ntawuruhunga P, Sokolowski E,
Yermiyahu U. 2018. Nutrient use efficiency and harvest index of cassava decline as fertigation
solution concentration increases. Journal of Plant Nutrition and Soil Science 181(5):644–654
DOI 10.1002/jpln.201700455.

Ouyabe M, Irie K, Tanaka N, Kikuno H, Pachakkil B, Shiwachi H. 2020. Response of Upland
Rice (Oryza sativa L.) inoculated with non-native plant growth-promoting bacteria. Agronomy
10(6):903 DOI 10.3390/agronomy10060903.

Panicker B, Thomas P, Janakiram T, Venugopalan R, Narayanappa SB. 2007. Influence of
cytokinin levels on in vitro propagation of shy suckering chrysanthemum Arka Swarna and
activation of endophytic bacteria. Vitro Cellular & Developmental Biology 43(6):614–622
DOI 10.1007/s11627-007-9061-6.

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.12677 18/21

http://dx.doi.org/10.1007/s10482-018-1117-6
http://dx.doi.org/10.7606/j.issn.1009-1041.2017.04.20
http://dx.doi.org/10.1111/j.1365-2672.2004.02329.x
http://dx.doi.org/10.1016/S1876-3804(11)60004-9
http://dx.doi.org/10.19802/j.issn.1007-9084.2019081
http://dx.doi.org/10.1264/jsme2.22.175
http://dx.doi.org/10.7606/j.issn.1000-4025.2019.01.0140
http://dx.doi.org/10.1590/1678-992x-2019-0035
http://dx.doi.org/10.1007/s00374-008-0322-2
http://dx.doi.org/10.1080/03650340.2012.695865
http://dx.doi.org/10.1002/jpln.201700455
http://dx.doi.org/10.3390/agronomy10060903
http://dx.doi.org/10.1007/s11627-007-9061-6
http://dx.doi.org/10.7717/peerj.12677
https://peerj.com/


Peng G,Wang H, Zhang G, HouW, Liu Y, Wang ET, Tan Z. 2006. Azospirillum melinis sp. nov.,
a group of diazotrophs isolated from tropical molasses grass. International Journal of Systematic
and Evolutionary Microbiology 56(6):1263–1271 DOI 10.1099/ijs.0.64025-0.

Pereira GVM, Magalhães KT, Lorenzetii ER, Souza TP, Schwan RF. 2012. A multiphasic
approach for the identification of endophytic bacterial in strawberry fruit and their potential for
plant growth promotion. Microbial Ecology 63(2):405–417 DOI 10.1007/s00248-011-9919-3.

Puri A, Padda KP, Chanway CP. 2018. Evidence of endophytic diazotrophic bacteria in lodgepole
pine and hybrid white spruce trees growing in soils with different nutrient statuses in the West
Chilcotin region of British Columbia. Canada Forest Ecology and Management 430:558–565
DOI 10.1016/j.foreco.2018.08.049.

Purnamasari RA, Noguchi R, Ahamed T. 2019. Land suitability assessments for yield prediction
of cassava using geospatial fuzzy expert systems and remote sensing. Computers and Electronics
in Agriculture 166(1):105018 DOI 10.1016/j.compag.2019.105018.

Raupach GS, Kloepper JW. 2000. Biocontrol of cucumber diseases in the field by plant
growth-promoting rhizobacteria with and without methyl bromide fumigation. Plant Disease
84(10):1073–1075 DOI 10.1094/PDIS.2000.84.10.1073.

Reinhardt ÉL, Ramos PL, Manfio GP, Barbosa HR, Pavan C, Moreira-Filho CA. 2008.
Molecular characterization of nitrogen-fixing bacteria isolated from brazilian agricultural plants
at São Paulo state Caracterização molecular de bactérias fixadoras de nitrogênio isoladas de
plantas brasileiras no estado de São Paulo. Brazilian Journal of Microbiology 39(3):414–422
DOI 10.1590/S1517-83822008000300002.

Rice DJ, Somasegaran P, Macglasham K, Bohlool BB. 1994. Isolation of insertion sequence
ISRLdTAL1145-1 from a Rhizobium sp. (Leucaena diversifolia) and distribution of homologous
sequences identifying cross-inoculation group relationships. Applied and Environmental
Microbiology 60(12):4394–4403 DOI 10.1128/AEM.60.12.4394-4403.

Roberto D, Anna A, Carmen B. 2017. The overproduction of Indole-3-Acetic Acid (IAA) in
endophytes upregulates nitrogen fixation in both bacterial cultures and inoculated rice plants.
Microbial Ecology 74(2):441–452 DOI 10.1007/s00248-017-0948-4.

Roley SS, Duncan DS, Liang D, Garoutte A, Jackson RD, Tiedje JM, Robertson GP, Sainju UM.
2018. Associative nitrogen fixation (ANF) in switchgrass (Panicum virgatum) across a nitrogen
input gradient. PLOS ONE 13(6):e0197320 DOI 10.1371/journal.pone.0197320.

Román-Ponce B, Reza-Vázquez DM, Gutiérrez-Paredes S, DE Haro-Cruz MDJ,
Maldonado-Hernández J, Bahena-Osorio Y, Estrada-DE Los Santos P, Wang ET,
Vásquez-Murrieta MS. 2017. Plant growth-promoting traits in rhizobacteria of heavy
metal-resistant plants and their effects on brassica nigra seed germination. Pedosphere
27(03):511–526 DOI 10.1016/S1002-0160(17)60347-3.

Rosenthal DM. 2020. Towards narrowing the cassava yield gap.New Phytologist 225(6):2237–2238
DOI 10.1111/nph.16433.

Rothballer M, Schmid M, Klein I, Gattinger A, Grundmann S, Hartmann A. 2006.
Herbaspirillum hiltneri sp. nov., isolated from surface-sterilized wheat roots. International
Journal of Systematic and Evolutionary Microbiology 56(6):1341–1348
DOI 10.1099/ijs.0.64031-0.

Rout ME, Chrzanowski TH. 2009. The invasive Sorghum halepense harbors endophytic N2-fixing
bacteria and alters soil biogeochemistry. Plant and Soil 315(1–2):163–172
DOI 10.1007/s11104-008-9740-z.

Santi C, Bogusz D, Franche C. 2013. Biological nitrogen fixation in non-legume plants. Annals of
Botany 111(5):743–767 DOI 10.1093/aob/mct048.

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.12677 19/21

http://dx.doi.org/10.1099/ijs.0.64025-0
http://dx.doi.org/10.1007/s00248-011-9919-3
http://dx.doi.org/10.1016/j.foreco.2018.08.049
http://dx.doi.org/10.1016/j.compag.2019.105018
http://dx.doi.org/10.1094/PDIS.2000.84.10.1073
http://dx.doi.org/10.1590/S1517-83822008000300002
http://dx.doi.org/10.1128/AEM.60.12.4394-4403
http://dx.doi.org/10.1007/s00248-017-0948-4
http://dx.doi.org/10.1371/journal.pone.0197320
http://dx.doi.org/10.1016/S1002-0160(17)60347-3
http://dx.doi.org/10.1111/nph.16433
http://dx.doi.org/10.1099/ijs.0.64031-0
http://dx.doi.org/10.1007/s11104-008-9740-z
http://dx.doi.org/10.1093/aob/mct048
http://dx.doi.org/10.7717/peerj.12677
https://peerj.com/


Shi G, Zeng Q, Nong Z, Ye X, Cen Z, Li Y, Hu C. 2019. Identification of an endophytic
nitrogen-fixing bacterium NN08200 from sugarcane and its growth promotion of sugarcane.
Microbiology China 46(6):1336–1345 DOI 10.13344/j.microbiol.china.180523.

Sriroth K, Piyachomkwan K, Wanlapatit S, Oates CG. 2000. Cassava starch technology: the thai
experience. Starch/Staerke 52:439–449 DOI 10.1002/(ISSN)1521-379X.

Steenhoudt O, Vanderleyden J. 2000. Azospirillum, a free-living nitrogen-fixing bacterium closely
associated with grasses: genetic, biochemical and ecological aspects. FEMS Microbiology Reviews
24(4):487–506 DOI 10.1111/j.1574-6976.2000.tb00552.x.

Sun S, Chen Y, Cheng J, Li Q, Zhang Z, Lan Z. 2018. Isolation, characterization, genomic
sequencing, and GFP-marked insertional mutagenesis of a high-performance nitrogen-fixing
bacterium, Kosakonia radicincitans GXGL-4A and visualization of bacterial colonization on
cucumber roots. Folia Microbiologica 63(6):789–802 DOI 10.1007/s12223-018-0608-1.

Tahir N, Asma I, Sohail H, Muhammad S, Afshan M, Javed I, Kashif HM, Shaghef E,
Abdullah MK. 2020. First report of diazotrophic Brevundimonas spp. as growth enhancer and
root colonizer of potato. Scientific Reports 10(1):12893 DOI 10.1038/s41598-020-69782-6.

Takada K, Tanaka N, Kikuno H, Babil P, Onjo M, Park B-J, Shiwachi H. 2019. Isolation of
nitrogen-fixing bacteria from Water Yam (Dioscorea alata L.): original article. Tropical
Agriculture and Development 63(4):198–203 DOI 10.11248/JSTA.63.198.

Tan Z, Tan Z, Huang H, Zhang X, Liu L, Peng G. 2017. Isolation and phylogenetic analysis of
endophytic nitrogen-fixing bacteria from Oryza officinalis in Wuxian. Chinese Journal of
Applied and Environmental Biology 23(4):622–627 DOI 10.3724/SP.J.1145.2016.04036.

Tang S-Y, Hara S, Melling L, Goh K-J, Hashidoko Y. 2010. Burkholderia vietnamiensis isolated
from Root Tissues of Nipa Palm (Nypa fruticans) in Sarawak, Malaysia, proved to be its major
endophytic nitrogen-fixing bacterium. Japan Society for Bioscience, Biotechnology, and
Agrochemistry 74(9):1972–1975 DOI 10.1271/bbb.100397.

Teixeira MA, Melo ISD, Vieira RF, Costa FEC, Harakava R. 2007. Microrganismos endofíticos
de mandioca de áreas comerciais e etnovariedades em três estados brasileiros Cassava
endophytic microorganisms of commercial plantings and ethnovarieties in three Brazilian states.
Pesquisa Agropecuária Brasileira 42(1):42–49 DOI 10.1590/S0100-204X2007000100006.

Vanlauwe B, Kihara J, Chivenge P, Pypers P, Coe R, Six J. 2020. Agronomic use efficiency of N
fertilizer in maize-based systems in sub-Saharan Africa within the context of integrated soil
fertility management. Plant and Soil 339(1–2):35–50 DOI 10.1007/s11104-010-0462-7.

Wang Z, Solanki MK, Pang F, Singh RK, Yang L-T, Li Y-R, Li H-B, Zhu K, Xing Y-X. 2017.
Identification and efficiency of a nitrogen-fixing endophytic actinobacterial strain from
sugarcane. Sugar Tech 19(5):492–500 DOI 10.1007/s12355-016-0498-y.

Weisburg WG, Barns SM, Pelletier DA, Lane DJ. 1991. 16S ribosomal DNA amplification for
phylogenetic study. Journal of Bacteriology 173(2):697–703 DOI 10.1128/jb.173.2.697-703.1991.

Xiaomei Y, Zhi W, Yu M, Liqun W, Xu W, Qingshan X, Su P, Yu Z, Chaoling W. 2018.
Isolation, diversity, and growth-promoting activities of endophytic bacteria from tea cultivars of
Zijuan and Yunkang-10. Frontiers in Microbiology 9:2723 DOI 10.3389/FMICB.2018.01848.

Xing Y-X, Wei C-Y, Mo Y, Yang L-T, Huang S-L, Li Y-R. 2016. Nitrogen-fixing and plant
growth-promoting ability of two endophytic bacterial strains isolated from sugarcane stalks.
Sugar Tech 18(4):373–379 DOI 10.1007/s12355-015-0397-7.

Xu J, Kloepper JW, Huang P, McInroy JA, Hu CH. 2018. Isolation and characterization of N-2-
fixing bacteria from giant reed and switchgrass for plant growth promotion and nutrient uptake.
Journal of Basic Microbiology 58(5):459–471 DOI 10.1002/jobm.201700535.

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.12677 20/21

http://dx.doi.org/10.13344/j.microbiol.china.180523
http://dx.doi.org/10.1002/(ISSN)1521-379X
http://dx.doi.org/10.1111/j.1574-6976.2000.tb00552.x
http://dx.doi.org/10.1007/s12223-018-0608-1
http://dx.doi.org/10.1038/s41598-020-69782-6
http://dx.doi.org/10.11248/JSTA.63.198
http://dx.doi.org/10.3724/SP.J.1145.2016.04036
http://dx.doi.org/10.1271/bbb.100397
http://dx.doi.org/10.1590/S0100-204X2007000100006
http://dx.doi.org/10.1007/s11104-010-0462-7
http://dx.doi.org/10.1007/s12355-016-0498-y
http://dx.doi.org/10.1128/jb.173.2.697-703.1991
http://dx.doi.org/10.3389/FMICB.2018.01848
http://dx.doi.org/10.1007/s12355-015-0397-7
http://dx.doi.org/10.1002/jobm.201700535
http://dx.doi.org/10.7717/peerj.12677
https://peerj.com/


Yanlei Z, Xiaoping S. 2018. Evaluation of the plant-growth-promoting abilities of endophytic
bacteria from the psammophyte Ammodendron bifolium. Canadian Journal of Microbiology
64(4):253–264 DOI 10.1139/cjm-2017-0529.

Yongbin L, Yunlong L, Haowei Z, Minyang W, Sanfeng C. 2019. Diazotrophic Paenibacillus
beijingensis BJ-18 provides nitrogen for plant and promotes plant growth, nitrogen uptake and
metabolism. Frontiers in Microbiology 29(10):1119 DOI 10.3389/fmicb.2019.01119.

Zhang et al. (2022), PeerJ, DOI 10.7717/peerj.12677 21/21

http://dx.doi.org/10.1139/cjm-2017-0529
http://dx.doi.org/10.3389/fmicb.2019.01119
http://dx.doi.org/10.7717/peerj.12677
https://peerj.com/

	Isolation, identification and characterization of nitrogen fixing endophytic bacteria and their effects on cassava production
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusion
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


