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SUMMARY 

 

Based on isolating Gluconacetobacter diazotrophicus from the intercellular spaces of aseptically 

produced sugar beet root (Beta vulgaris L.) seedlings in sucrose-containing culture conditions, the 

following study determined the interaction of G. diazotrophicus, a non-nodulating endophytic nitrogen-

fixing bacterium. The entire root system gained intracellular colonization by G. diazotrophicus after 

inoculating the plant with the bacterium. Sugar beet seedlings’ root tips and cotyledons inoculated 

with GUS-labeled genes bore scrutiny under a light microscope to examine the blue-stained G. 

diazotrophicus in the root cells’ cytoplasm. The favorable environment within the cell helped produce 

the nitrogenase nif gene. Novel inoculations with G. diazotrophicus underwent investigation for their 

ability to promote the non-nodular endosymbiotic nitrogen fixation. The inoculations’ viability as a 

plant model for investigating the endosymbiotic theory of organelle generation in eukaryotic 

organisms is another vital question requiring answers. 

 

Keywords: Sugar beet (B. vulgaris L.), GUS gene, G. diazotrophicus, nif nitrogen fixation, interaction, 

eukaryotic organisms 

 

Key findings: Successful intervention of sugar beet (B. vulgaris L.) seedlings with GUS-labeled G. 

diazotrophicus occurred for the first time, expressing the possibility of fixing atmospheric nitrogen (N2) 

as an alternative to Rhizobium bacteria. 
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INTRODUCTION 

 

Sugar beet (Beta vulgaris L.) is an important 

sucrose-producing crop being grown 

commercially for sugar production in temperate 

zones. In plant breeding, it is typically the 

Altissima cultivar group of the common beet 

(Beta vulgaris). Together with other beet 

cultivars, such as beetroot and chard, it 

belongs to the subspecies Beta vulgaris subsp. 

vulgaris; however, its classification is var. 

saccharifera, and the sea beet (Beta vulgaris 

subsp. maritima) is its closest wild relative 

(Beta Maritima, 2012; Sorting Beta Names, 

2013). Sugar beets can grow in climates that 

are too cold for sugarcane. Russia, the USA, 

Germany, France, and Turkey are the world's 

largest sugar beet producers.  

More than 16% of global sugar 

requirements come from sugar beets planted 

on approximately 4.2 million hectares 

(Wimmer and Sauer, 2020). Owing to its 

elevated productivity, sugar beet root is 

gaining prominence as a sugar source, as well 

as a potential 'green bioreactor' for 

accumulation of novel metabolites in its roots 

(Amo-Mateos et al., 2022). The tissue culture 

technology application has emerged as 

successful with sugar beet (Al-Nema and Al-

Mallah, 2013) and various other crop and 

medicinal plants (Al-Nema and Abdullah, 

2023). 

Gluconacetobacter diazotrophicus, a 

nitrogen-fixing bacterium known formerly as 

Acetobacter diazotrophicus, had its first 

discovery in sugarcane roots and stems (Grillo-

Puertas et al., 2018; Taher and Saeed, 2023). 

Numerous essential crops have been observed 

to contain these endophytic non-rhizobacterial 

bacteria (Sebring, 2021). A previous study 

recently identified the said species in Spinacia 

oleracea seedlings (Masyeb et al., 2024). By 

using 15N2 as an incorporation test, the G. 

diazotrophicus bacterium was effective at fixing 

the nitrogen inside sugarcane plants (Sevilla et 

al., 2001; Boddey et al., 2003).  

GUS refers to a gene reporter system 

that uses the enzyme glucuronidase (GUS) to 

provide insight into gene expression. The G. 

diazotrophicus bacterium can release more 

than 50% of the fixed nitrogen used by crop 

plants (Cojho et al., 1993). Moreover, it 

penetrates the intercellular spaces of root 

meristems and lateral roots in the sugarcane 

plants without producing nodules in the xylem. 

Notably, the G. diazotrophicus, diazotrophic 

endophytic Azoarcus spp., Herbaspirillum spp., 

and Klebsiella pneumoniae 342 have not 

shown to colonize live plant cells intracellularly 

(James et al., 2001, 2002; Iniguez et al., 

2004; Rasheed et. al., 2024).  

A reporter gene is a gene whose 

protein has a property allowing it to be evident 

in vitro (fluorescence and detectable enzyme 

activity). The most valuable types of genes are 

GUS, NPT II, GFP, CAT, and LUC. These genes 

serve to measure the gene expression of target 

genes by combining them with their regulatory 

sequences (Miki, 2008). The GUS gene was 

applicable with G. diazotrophicus bacteria in 

detecting its presence in wheat (Triticum 

aestivum cv. baguette) and sorghum 

(Sorghum bicolor L.) (Luna et al., 2010) and 

spinach seedlings (Younis and Saeed, 2023; 

Masyeb et al., 2024).  

Results about this gene with other 

types of bacteria interfering with plants will 

play a vital role because of its diagnostic 

importance in distinguishing the interaction 

between bacteria and crop plants. One study 

succeeded in monitoring the GUS gene in 

transformed hairy roots cultures in tomato and 

potato using the X-Gluc dye. Its blue color was 

evidence of the gene’s transfer with the genes 

of Agrobacterium rhizogenes to the plant’s 

genome inoculated with this bacterium (Al-

Mallah and Masyeb, 2014). Based on the above 

discussion, the presented study sought to 

investigate an efficient protocol for the 

interaction of GUS-labeled G. diazotrophicus 

with sugar beet seedlings. 

 

 

MATERIALS AND METHODS 

 

Seed germination and plant culture 

 

Seed samples of sugar beet (Beta vulgaris var. 

Baraka) came from the General State of 

Producing Sugar, Mosul, IRAQ. The seeds were 

surface sterilized using appropriately diluted 

'Domestos' bleach, containing 5% sodium 

https://en.wikipedia.org/wiki/Sugar
https://en.wikipedia.org/wiki/Cultivar_group
https://en.wikipedia.org/wiki/Beta_vulgaris
https://en.wikipedia.org/wiki/Beetroot
https://en.wikipedia.org/wiki/Chard
https://en.wikipedia.org/wiki/Sea_beet
http://www.plantnames.unimelb.edu.au/Sorting/Beta.html
http://www.plantnames.unimelb.edu.au/Sorting/Beta.html
https://en.wikipedia.org/wiki/Sugarcane
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hypochlorite (Lever Fabergé, Kingston-upon-

Thames, UK), and subsequently rinsed in 

sterile water. Surface-sterilized sugar beet 

seeds’ cultivation in autoclaved vermiculite and 

sterile water reached a period of five days at 

28 °C under a 16-h photoperiod. After five 

days, transferring seedlings (roots with 1.0 cm 

in length) proceeded into sterile agar-solidified 

(MSO) MS hormone-free medium (Murashige 

and Skoog, 1962) in tiny jars, keeping one 

seedling per jar. The seedlings’ maintenance in 

the growth chamber had a temperature of 25 

°C with light for four days to assess their 

growth. 

 

Culture of GUS-labeled G. diazotrophicus 

 

The growing of G. diazotrophicus UAP5541 

strain (Fuentes-Ramirez et al., 1999), which 

constitutively expresses GUS, transpired on an 

AT-GUS medium. The medium consisted of 

0.8% (w/v) agar, 2.7 g L-1 yeast extract, 

glucose (2.7 g L-1), mannitol (1.8 g L-1), MES 

buffer (4.4 g L-1), and potassium bicarbonate 

(0.65 g L-1), and adjusting to a pH of 6.5, to 

meet the prescribed streptomycin 

concentration of 45 mg L-1. The X-Gluc (5-

bromo-4-chloro-3-indolyl-beta-D-glucuronic 

acid cyclohexylammonium salt) addition to AT-

GUS medium had a concentration of 50 mg L-1 

to assess the expression of the β-glucuronidase 

(GUS A) gene. A gene expression signal known 

as GUS A was notable when dark blue colonies 

emerged (Cocking et al., 2006). 

 

Inoculation procedure 

 

The goal of developing an aqueous G. 

diazotrophicus suspension was to reach an 

optical density of 600 nm of 1.1 × 109 colony-

forming units (CFU ml-1). Using the AT-GUS 

medium helped determine the CFU count by 

serial dilution and plating. Counting bacterial 

colonies in Petri plates continued for four days 

in a dark environment at 28 °C. According to 

Cocking et al. (2006), the last dilution (109) 

succeeded in inoculating 25 seedlings whose 

root system was present in MS medium by 

adding 1.0 ml of the suspension to them, while 

giving other seedlings 1.0 ml of sterile water as 

a control. 

Histochemical staining using X-Gluc 

 

The light microscopy usage helped examine the 

dark blue precipitate produced when the β-

glucuronidase broke down X-Gluc, allowing for 

the observation of bacterial colonizations. After 

removing any surplus agar, removal of plants 

infected with G. diazotrophicus and control 

plants ensued from the medium. Using 

dimethyl formamide instead of dimethyl 

sulfoxide without Na2S2O5, the histochemical 

staining followed the steps previously 

described (Fuentes-Ramirez et al., 2001). 

Before being treated overnight at 37 °C with X-

Gluc staining solution, the samples sustained 

vacuum infiltration for 30 min. Before analysis, 

the samples underwent three rounds of 

washing in a 0.1 M sodium phosphate buffer 

(pH 7.0). The samples reached fixing in a 

solution containing 2% glutaraldehyde by 

volume using a water-based fixative. 

 

Direct microscopic observations 

 

At each sampling interval, roots and 

cotyledonary leaves’ removal from the plants 

histochemically stained with X-Gluc occurred 

and underwent examination using brilliant field 

microscopy. The scrutiny of root and cotyledon 

leaf portions continued with samples 

demonstrating blue GUS activity. The 

specimens’ fixing employed 2% glutaraldehyde 

in 0.1 M sodium phosphate buffer for 24 h at 4 

°C and subsequently dehydrated with ethanol. 

The implanted medium-grade acrylic resin in 

white (Agar Aids, UK) sectioned to a thickness 

of approximately 1.4 µm, counterstained with 

safranin (0.01%), bore assessment with 10× 

and 100× objectives. The repetition of study 

(histochemical staining and observation) 

proceeded in a 12-day post-inoculation. 

 

 

RESULTS 

 

Seedling inoculation with GUS-G. 

diazotrophicus 

 

After inoculating sugar beetroot seedlings with 

G. diazotrophicus, the conditions facilitating 

intracellular colonization of root tips were 
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noteworthy. All the studied samples exhibited 

he most significant root and shoot 

development in agar-solidified MS media. 

Inoculation of juvenile seedlings cultivated on 

MS-agar medium proceeded with 109 CFU. This 

number was typically applicable for inoculating 

sugar beet seedlings with the G. diazotrophicus 

strain UAP5541. 

 

Chemical detection of bacteria using X-

Gluc 

 

The visual observations revealed the X-Gluc 

dye solution transformed from colorless to blue 

in infected seedlings after 24 h, whereas it 

remained colorless in uninoculated seedlings. 

Furthermore, the leaves of infected sugar beet 

seedlings exhibited a blue coloration in 

contrast to the leaves of uninoculated 

seedlings. 

 

Bacterial presence in tissues 

 

The bacterial presence was evident with two 

stages: 

 

a) Roots and cotyledonary leaves with 4d 

post-inoculation 

 

Microscopic examination of root tips exhibited 

the presence of bacterial cells in the cell wall of 

these roots (Figures 1A and B), while bacterial 

cells were absent in the root tips of control 

samples of sugar beet (Figures 1C and D). The 

results also proved the presence of bacterial 

cells in the cell wall of epidermal cells of 

cotyledonary leaves (Figure 2A), and some 

sections also showed the bacterial cells 

displayed a close association with vesicles 

(Figure 2B). In other sections, the viewed 

bacterial cells stationed near the cell walls of 

guard cells (Figure 2C), and they were absent 

in control samples (Figure 2D). 

 
 

Figure 1. Light micrographs of roots of Beta vulgaris L. seedlings inoculated with G. diazotrophicus 

four days after inoculation (A–B) and uninoculated control (C–D). (A) Section of root inoculated with 

GUS-A G. diazotrophicus showing bacteria within cells and in cell walls (arrows). (B) Section of root 

four days after inoculation with GUS-A G. diazotrophicus, showing more extensive intracellular 

colonization including the presence of microcolonies (arrows). (C) Longitudinal section of 

histochemically stained root tip of uninoculated (control). (D) Section of histochemically stained 

peripheral cells of root tip of uninoculated (control). Scale bars ¼ = 10 mm. 
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Figure 2. Light micrographs of cotyledon leaves from Beta vulgaris L. seedlings, inoculated with G. 

diazotrophicus four days post-inoculation (A–C), alongside the uninoculated control (D). Portion of leaf 

infected with GUS–G. diazotrophicus, exhibiting bacteria within cells and in cell walls (shown by 

arrows). (B) Leaf slice four days post-inoculation with GUS–G. diazotrophicus, displaying elongated 

pleomorphic bacteria and substantial intracellular colonization of leaf cells, with bacteria closely 

associated with vesicles (arrows). Bacterial cells were aggregated along the cell walls of guard cells 

(arrows). Histochemically stained slice of the cotyledon from uninoculated control specimens. Scale 

bars ¼ = 10 mm. 

 

b) Roots and cotyledonary leaves with 12-

day post-inoculation 

 

After 12 days of inoculation, the portions of 

roots and cotyledon leaves fixed with resin, 

and the GUS-G. diazotrophicus inoculation 

revealed the presence of diazotrophicus inside 

cells dyed dark blue (Figures 3A and B). 

Figures 3C and D showed the invasion and 

heavy spread of bacteria into the elongation 

zone. Histochemically stained slices of 

uninoculated (control) root tips have not 

exhibited the dark blue-stained G. 

diazotrophicus (Figure 3E). 

 

Colonization inside leaf cells 

 

Under the microscope, the cells with blue-

stained G. diazotrophicus could be seen (Figure 

4A). Additionally, the bacterial cells were also 

visible within the protective cells (Figures 4B 

and C). The histochemically stained slices of 

uninoculated (control) leaves do not contain 

the dark blue-stained G. diazotrophicus (Figure 

4D). 

DISCUSSION 

 

The growth conditions and low inoculation 

levels on sucrose-enriched MS-agar medium 

proved to be ideal for G. diazotrophicus and 

sugar beet plants. This allowed for the 

exchange of signals requiring for the bacteria 

to penetrate plant cell walls and colonize within 

cells. It was likely that one factor was the 

production of indole acetic acid (IAA) by G. 

diazotrophicus. This compound may hinder 

plant growth with its high concentrations, as 

also reported by Lee et al. (2004). In bacterial-

plant interactions, IAA may function as a 

signaling molecule at a low concentration 

(Keswani et al., 2020).  

Plants can respond positively and 

negatively to IAA generated by the microbes. 

However, the magnitude of IAA found in the 

plant's roots internally determines its role. A 

recent study also mentioned the possibility of 

G. diazotrophicus colonizing vesicles inside 

cells after penetrating their cell wall with 

sucrose-induced endocytosis (Ganesh et al., 

2024). According to Meneses et al. (2011), G. 
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Figure 3. Light micrographs of roots of Beta vulgaris L. inoculated with G. diazotrophicus 12 days 

after inoculation (A–D) and uninoculated control (E). (A) Bacteria inside cells are shown in the section 

of the root infected with GUS-G. diazotrophicus. (B) A root section taken 12 days after being 

inoculated with GUS-G. diazotrophicus reveals microcolonies and enhanced intracellular colonization 

(arrows). In C and D, blue-stained G. diazotrophicus (arrows) is shown colonizing the root 

intracellularly. Part of the root tips of the control group not infected and stained histologically (E). 

Every 10 millimeters, the scale bars are visible.  

 

 

 
 

Figure 4. Light micrographs of cotyledon leaves of Beta vulgaris L. inoculated with G. diazotrophicus 

12 days post-inoculation (A–C) and uninoculated control (D). Intracellular colonization of leaf 

exhibiting blue-stained G. diazotrophicus within cells (arrows). Bacterial cells (B, C) invaded guard 

cells (shown by arrows). Section of histochemically stained cotyledon from uninoculated (control) 

specimens. Scale bars ¼ =10 mm (A–D). 
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diazotrophicus also synthesizes 

exopolysaccharides that help mucoid bacteria 

to grow. The significant staining may gain 

further amplification by the GUS-histochemical 

reaction's byproducts (Ruijter et al., 2003) and 

rarely by mistaken localization (Dedow et al., 

2022).  

Nitrogen fixation could occur over a 

broad range of oxygen levels because the G. 

diazotrophicus population uses this mucoid 

matrix as a considerable barrier against 

oxygen transport (Pan and Vessey, 2001; Dong 

et al., 2002). Factually, G. diazotrophicus can 

produce blue-stained bacteria due to its GUS 

gene and nifH promoter-GUS A combination, 

which suggests the internal environment of the 

said plant species supports the development of 

nitrogenase genes. By inoculating the spinach 

seedlings, the G. diazotrophicus nifH-GUSA has 

the same construction (Masyeb et al., 2024).  

The exact intracellular role of a similar 

oxygen diffusion resistance in G. 

diazotrophicus inside this plant's roots is still a 

mystery. The further understanding of how 

exopolysaccharides contribute to the 

development of G. diazotrophicus and if the 

expression of the nifH gene has linkage with 

exopolysaccharide synthesis requires future 

studies using mutants that are unable to 

produce these sugars (Sevilla and Kennedy, 

2000; Dietz, 2022). According to 

Muthukumarasamy et al. (2002), the presence 

of intracellular G. diazotrophicus, which has 

elongated pleomorphic cells, suggests that it 

thrives in MS media containing the highest 

concentration of nitrogen sources (NH4 and 

NO3).  

Nitrogen fixation and growth mostly 

occur at a pH of 3.0 and below, demonstrating 

G. diazotrophicus's crucial acid tolerance. 

Nitrogenase activity is being unaffected by 10 

mM nitrate, and it does not include nitrate 

reductase (Grillo-Puertas et al., 2018). 

Additionally, NH4 induces a limited inhibition of 

nitrogenase (Medeiros et al., 2006). However, 

striking parallels exist between the angiosperm 

Gunnera and the nitrogen-fixing 

cyanobacterium Nostoc, as well as the 

interaction between the non-rhizobial G. 

diazotrophicus and the plant root tips (Santi et 

al., 2013). To enter the stem's thin-walled 

meristematic gland cells, the cyanobacteria 

first break down their cell walls. Then, the host 

cell uses endocytosis to transfer the bacteria 

into vesicles, become intracellular, and initially 

get trapped by a membrane found within the 

host plasma membrane (Al-Nema et al., 2022). 

Although the roots do not produce nodules, 

this is similar to the symbiosome membrane 

that encases bacteroids in the Rhizobium-

legume symbiosis (Parniske, 2000). 

 

 

CONCLUSIONS 

 

Successful intervention of sugar beet seedlings 

with GUS-labeled Gluconacetobacter 

diazotrophicus proceeded for the first time, 

expressing the possibility of fixing atmospheric 

nitrogen N2 as an alternative to Rhizobium 

bacteria. The efficiency of the GUS protocol, as 

also assessed, was valid in detecting the 

interaction of sugar beet with the GUS-labeled 

bacteria G. diazotrophicus. 

 

 

ACKNOWLEDGMENTS 

 

Heartfelt thanks for the facilities at the University of 

Al-Hadba's Health and Medical Technical College and 

the University of Mosul's College of Education for 

Pure Sciences, instrumental in helping enhance the 

quality of this work. 

 

 

REFERENCES 

 

Al-Mallah MK, Masyab HM (2014). Expression of GUS 

and GFP reporter genes in transgenic hairy 

roots of tomato and potato plants via 

Agrobacterium rhizogenes mediated 

transformation. Aust. J. Basic Appl. Sci. 8(2: 

234–239. 

Al-Nema QS, Abdullah RM (2023). Propagation 

protocol of the medicinal plant - Aloe vera 

using tissue culture. SABRAO J. Breed. 

Genet. 55(1): 254–259.  

Al-Nema QS, Al-Mallah MK (2013). Protoplast 

isolation from leaf mesophyll of sugarbeet 

Beta vulgaris L. axenic seedlings. J. Biotech. 

Res. Cent. 7: 36–42. 

Al-Nema QS, Hasan GQ, Alhamd OZ (2022). A high 

yield method for protoplast isolation and 

ease detection of rol B and C genes in the 

hairy roots of cauliflower (Brassica oleracea 



SABRAO J. Breed. Genet.57 (4) 1592-1600. http://doi.org/10.54910/sabrao2025.57.4.25 

1599 

L.) inoculated with Agrobacterium 

rhizogenes. Karbala Int. J. Modern Sci. 8(3): 

415–420. 

Amo-Mateos M, Lopez-Linares JC, García-Cubero MT, 

Lucas S, Coca M (2022). Green biorefinery 

for sugar beet pulp valorisation: Microwave 

hydrothermal processing for 

pectooligosaccharides recovery and 

biobutanol production. Ind. Crops Prod. 

184: 1–10. 

Beta Maritima (2012). The Origin of Beets. Springer - 

2012. ISBN 978-1-4614-0841-3.  

Boddey RM, Urquiaga S, Alves BJ, Reis V (2003). 

Endophytic nitrogen fixation in sugarcane: 

Present knowledge and future applications. 

Plant Soil 252: 139–149. 

Cocking EC, Stone PJ, Davey MR (2006). Intracellular 

colonization of roots of Arabidopsis and crop 

plants by Gluconacetobacter diazotrophicus. 

In vitro Cell. Dev. Biol. Plant 42: 74–82.  

Cojho EH, Reis MV, Schenberg ACG, Döbereiner J 

(1993). Interactions of Acetobacter 

diazotrophicus with an amylolytic yeast in 

nitrogen-free batch culture. FEMS Microbiol. 

Let 106: 341–346.  

Dedow LK, Oren E, Braybrook SA (2022). Fake news 

blues: A GUS staining protocol to reduce 

false-negative data. Plant Direct 6(2): 1–8. 

Dietz BR (2022). Genetic manipulations in known 

endophytes furthering the application as a 

biofertilizer. M.Sc. Thesis, University of 

Minnesota, Minnesota, USA. 

Dong Z, Zelmer CD, Canny MJ, McCully ME, Luit B, 

Pan B, Faustino RS, Pierce GN, Vessey JK 

(2002). Evidence for protection of 

nitrogenase from O2 by colony structure in 

the aerobic diazotroph Gluconacetobacter 

diazotrophicus. Microbiology 148: 2293–

2298. 

Fuentes-Ramırez LE, Bustillos-Cristales R, Tapia-

Hernandez A, Jimenez-Salgado T, Wang ET, 

Martı!nez-Romero E, Caballero-Mellado J 

(2001). Novel nitrogen-fixing acetic acid 

bacteria, Gluconacetobacter johannae sp. 

nov. and Gluconacetobacter azotocaptans 

sp. nov., associated with coffee plants. Int. 

J. Sys. Evol. Microbiol. 51: 1305–1314.  

Fuentes-Ramirez LE, Caballero-Mellado J, Sepulveda 

J, Martinez-Romero E (1999). Colonization 

of sugarcane by Acetobacter diazotrophicus 

is inhibited by high N-fertilization. Fed. Eur. 

Microbiol. Soc. Microbiol. Ecol. 29:117–128. 

Ganesh J, Hewitt K, Devkota AR, Wilson T, Kaundal A 

(2024). IAA-producing plant growth 

promoting rhizobacteria from Ceanothus 

velutinus enhance cutting propagation 

efficiency and Arabidopsis biomass. Front. 

Plant Sci. 15: 1–13.  

Grillo-Puertas M, Delaporte-Quintana P, Pedraza RO, 

Rapisarda VA (2018). Intracellular 

polyphosphate levels in Gluconacetobacter 

diazotrophicus affect tolerance to abiotic 

stressors and biofilm formation. Microbiol. 

Environ. 33(4): 440–445.  

Iniguez AL, Dong Y, Triplett EW (2004). Nitrogen 

fixation in wheat provided with Klebsiella 

pneumoniae 344. Mol. Plant Microbe 

Interact. 17: 1078–1085.  

James EK, Gyaneshwar P, Mathan N, Barraquio WL, 

Reddy PM, Iannetta PPM, Olivares FL, Ladha 

JK (2002). Infection and colonization of rice 

seedlings by the plant growth-promoting 

bacterium Herbaspirillum seropedicae Z67. 

Mol. Plant Microbe Interact. 15: 894–906. 

James EK, Olivares FL, de Oliveira ALM, Dos Reis FB, 

Da Silva LG, Reis VM (2001). Further 

observations on the interaction between 

sugar cane and Gluconacetobacter 

diazotrophicus under laboratory and 

greenhouse conditions. J. Exp. Bot. 52: 

747–760.  

Keswani C, Singh SP, Cueto L, García-Estrada C, 

Mezaache-Aichour S, Travis RG, Borriss R, 

Singh S, Blázquez MA Sansinenea E (2020). 

Auxins of microbial origin and their use in 

agriculture. Appl. Microbiol. Biotechnol. 104: 

8549–8565.  

Lee S, Flores-Encarnacio´n M, Contreras-Zentella M, 

Garcia-Flores L, Escamilla JE, Kennedy C 

(2004). Indole-3-acetic acid biosynthesis is 

deficient in Gluconacetobacter 

diazotrophicus strains with mutations in 

cytochrome c Biogenesis genes. J. Bacter. 

186(16): 5384–5391.  

Luna MF, Galar ML, Aprea J, Molinari ML, Boiardi JL 

(2010). Colonization of sorghum and wheat 

by seed inoculation with Gluconacetobacter 

diazotrophicus. Biotechnol. Lett. 32: 1071–

1076. 

Masyeb HM, Al-Nema QS, Al-Mallah MK (2024). 

Glucuronidase gene: A strong evidence of a 

novel interaction of GUS-Labled 

Gluconacetobacter diazotrophicus with 

spinach, Spinacia oleracea L. seedling. ARO 

- The Scien. J. Koya Uni. 12(1): 8–12.  

Medeiros AFA, Polidoro JC, Reis VM (2006). Nitrogen 

source effect on Gluconacetobacter 

diazotrophicus colonization of sugarcane 

(Saccharum spp.). Plant Soil 279(1-2): 

141–152. 

Meneses CHS, Rouws LFM, Simoes-Araujo JL, 

Vidal MS, Baldani JI (2011). 

Exopolysaccharide production is required for 

biofilm formation and plant colonization by 

the nitrogen-fixing endophyte 

https://www.springer.com/life+sciences/plant+sciences/book/978-1-4614-0841-3
https://en.wikipedia.org/wiki/ISBN_(identifier)
https://en.wikipedia.org/wiki/Special:BookSources/978-1-4614-0841-3
https://www.researchgate.net/journal/ARO-The-Scientific-Journal-of-Koya-University-2307-549X?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://www.researchgate.net/journal/ARO-The-Scientific-Journal-of-Koya-University-2307-549X?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uIiwicGFnZSI6InB1YmxpY2F0aW9uIn19
https://pubmed.ncbi.nlm.nih.gov/?term=Meneses+CH&cauthor_id=21809982
https://pubmed.ncbi.nlm.nih.gov/?term=Rouws+LF&cauthor_id=21809982
https://pubmed.ncbi.nlm.nih.gov/?term=Simoes-Araujo+JL&cauthor_id=21809982
https://pubmed.ncbi.nlm.nih.gov/?term=Vidal+MS&cauthor_id=21809982
https://pubmed.ncbi.nlm.nih.gov/?term=Baldani+JI&cauthor_id=21809982


Al-Nema et al. (2025) 

1600 

Gluconacetobacter diazotrophicus. Mol. Plant 

Microbe Interact. 24(12): 1448–1458.  

Miki B (2008). Marker genes and promoters. In: C.N. 

Stewart, Plant Biotechnology and Genetics: 

Principles, Techniques, and Applications. 

John Wiley & Sons, Ltd. New Jersey, USA. 

Murashige T, Skoog F (1962). A revised medium for 

rapid growth and bioassays with tobacco 

tissue culture. Physiol. Plant. 15: 473–497.  

Muthukumarasamy R, Revathi G, Loganathan P 

(2002). Effect of inorganic N on the 

population, in vitro colonization and 

morphology of Acetobacter diazotrophicus 

(syn. Gluconacetobacter diazotrophicus). 

Plant Soil 243: 91–102. 

Pan B, Vessey JK (2001). Response of the 

endophytic diazotroph Gluconacetobacter 

diazotrophicus on solid media to changes in 

atmospheric partial O2 pressure. Appl. 

Environ. Microbiol. 67: 4694–4700. 

Parniske M (2000). Intracellular accommodation of 

microbes by plants: A common 

developmental program for symbiosis and 

disease. Curr. Opin. Plant Biol. 3: 320–328. 

Rasheed MM, Saeed IO, Ibrahim OM (2024). Study 

of pollution by some heavy metals in the 

water of the Tigris River in some areas of 

Salah Al-Din Governorate. Egyptian Journal 

of Aquatic Biology & Fisheries, 28(2).  

Ruijter ND, Verhees JA, Van Leeuwen W, Van-der-

Krol A (2003). Evaluation and comparison of 

the GUS, LUC and GFP reporter system for 

gene expression studies in plants. Plant Biol. 

5: 103–115. 

Santi C, Bogusz D, Franche C (2013). Biological 

nitrogen fixation in non-legume plants. Ann. 

Bot. 111: 743–767. 

Sebring RL (2021). Impacts of the bacterial 

endophyte Gluconacetobacter diazotrophicus 

on three agriculturally important crops. 

Ph.D. Thesis, Pennsylvania State University, 

Pennsylvania, USA. 

Sevilla M, Burris RH, Gunapala N, Kennedy C (2001). 

Comparison of benefit to sugarcane plant 

growth and 15N2 incorporation following 

inoculation of sterile plants with Acetobacter 

diazotrophicus wild-type and Nif mutant 

strains. Mol. Plant Microbe Interact. 14: 

358–366.  

Sevilla M, Kennedy C (2000). Genetic analysis of 

nitrogen fixation and plant growth 

stimulating properties of Acetobacter 

diazotrophicus, an endophyte of sugarcane. 

In: E.W. Triplett (Ed.). Prokaryotic Nitrogen 

Fixation: A Model System for Analysis of a 

Biological Process. Wymondham, UK: 

Horizon Scientific Press, pp. 737–760. 

Sorting Beta Names (2013). Multilingual Multiscript 

Plant Name Database. Archived from the 

original on May 4, 2013. 

Taher AM, Saeed IO (2023). Isolation and 

identification of normal flora bacteria from 

different areas of Ninava 

governorate. Nativa 11(2): 161–165. 

Wimmer S, Sauer J (2020). Profitability development 

and resource reallocation: The case of sugar 

beet farming in Germany. J. Agric. 

Econ. 71: 816–837. 

Younis BM, Saeed IO (2023). Concentration of heavy 

metals in soil contaminated with crude oil at 

two Iraquian sites according to 

environmental indices of 

pollution. Nativa 11(4).  

 

http://www.plantnames.unimelb.edu.au/Sorting/Beta.html
https://web.archive.org/web/20130504173112/http:/www.plantnames.unimelb.edu.au/Sorting/Beta.html

