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Abstract 

 Eco-friendly alternatives to the use of chemical fertilizers and other pollutants are necessary to minimize the environmental damage 

caused by agricultural practices. One solution may reside on the use of plant growth-promoting bacteria (PGPB) that are naturally present in soils 

and plant tissues, producing a wide range of compounds and capable of modulating plant development. Rhizobia nodulation of legumes and 

endophytic colonization are examples of important symbiotic associations between plants and bacteria. The presence of bacterial enzyme 1-

aminocyclopropane-1-carboxylate (ACC) deaminase is a key feature in the PGP abilities of these bacterial strains, since it can decrease 

deleterious ethylene levels that are extremely harmful to the plant host, especially under stress conditions. 

 The main objective of this thesis is the study of the role of ACC deaminase in the PGP abilities of bacterial endophytes and a β-rhizobium, 

particularly in their ability to promote plant development and nodulation. In this work, one endophyte and one β-rhizobium were transformed to 

express ACC deaminase. Also, an endophytic strain and its ACC deaminase knockout were used as reference. Bacteria expressing ACC 

deaminase were able to increase their PGP abilities and effectively promote the growth and development of the tested plants, as well as to 

enhance the nodulation process. ACC deaminase-producing bacteria were also able to increase plant resistance to stress, and decrease the 

senescence rate of an ethylene-sensitive flower. 

 This work brings new insights into the role and use of ACC deaminase-producing bacteria, which may be the key to a wide range of 

agricultural and biotechnological applications. 
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Introduction 

 The application of traditional fertilizers, pesticides and 

herbicides is known to cause extreme environmental damage, due to, 

among other harnesses, their ability to migrate into our drinking water 

supplies, as well as infiltrate into water bodies, consequently changing 

natural ecosystems [1]. An alternative for the use of these chemicals 

may arise with the application of plant growth-promoting bacteria 

(PGPB). By being naturally present in soils and plant tissues, producing 

a wide range of compounds, these bacteria positively modulate plant 

development, and therefore, can be used as an environmental friendly 

alternative to the use of pollutant fertilizers. The symbiosis found 

between rhizobia and legumes, responsible for nodule formation and 

biological nitrogen fixation, is one of the most studied examples 

regarding the importance of bacteria when sustainable agricultural 

practices are concerned [2]. Besides rhizobia, which inhabit roots and 

the rhizosphere (immediate portion of soil surrounding the roots), there 

are other PGPB, known as endophytes, that are able to colonize plant 

internal tissues such as roots, shoots, leaves, flowers and fruits [3], [4]. 

This ability may present an advantage when compared to rhizospheric 

bacteria, as endophytes are protected from the competitive, high-stress 

environment of the soil [4]. 

 When facing stress conditions, such as flooding, drought, 

high salt concentrations, organic contamination, or bacterial and fungal 

pathogens, the plant is subjected to a series of events that lead to 

hormonal alterations, which ultimately lead to plant death. The 

phytohormone ethylene, found in all higher plants, is an important 

modulator of plant growth and development, and has the leading role 

when stress response is concerned [5]. In leguminous plants, this 

phytohormone is also known for its negative effects in the nodulation 

process initiated by rhizobia, by inhibiting the formation and functioning 

of the nodules [6], [7]. 

 Some PGPB possess what can be called a key feature in 

contributing to plant growth, which is the production of the 1-

aminocyclopropane-1-carboxylate (ACC) deaminase enzyme. This 

enzyme is responsible for the breakdown of ACC, the direct precursor 

of ethylene, into ammonia and α-ketobutyrate, hence, decreasing the 

deleterious ethylene effects [8]. Bacteria expressing ACC deaminase 

have been proven to lower the impact of various stresses on plants. 

Furthermore, transformation of strains with ACC deaminase (acdS) 

genes and its regulatory regions, has been proven to increase the 

symbiosis potential in many PGPB, by enhancing plant tolerance to 

several types of stresses [9], [10]. 

 To understand the main mechanisms employed by PGPB and 

the importance of the enzyme ACC deaminase in promoting plant 

growth is, therefore, an essential task and an important step towards 

their acceptance as effective adjuncts to agricultural practices. Taking 

this in consideration, the main objective of this work is to better 

understand the ACC deaminase effect in plant-microbe interactions, 

with special emphasis in endophyte and rhizobial plant-growth 

promoting abilities. 

 

 

 

 

 



2 
 

Materials and Methods  

Transformation of endophytic and β-rhizobia strains to express 

ACC deaminase 

 Two bacterial strains, Serratia quinivorans BXF1 and 

Cupriavidus taiwanensis STM894, were selected to be transformed to 

express ACC deaminase in order to assess the effect of this enzyme in 

the plant growth promotion abilities of an endophyte and β-rhizobia, 

respectively. The bacterium, S. quinivorans BXF1, isolated in Portugal, 

was found to be a generalist endophyte (pine, tomato, cucumber) with 

plant-growth promoting abilities (Nascimento et al. unpublished results). 

C. taiwanensis STM894 was isolated from the root nodules of Mimosa 

pudica in Taiwan [11] and it is able to form an efficient symbiotic 

relationship with several leguminous plants. 

 Strains were transformed with the pRKACC plasmid [12], 

containing the acdS and acdR gene of Pseudomonas sp. UW4 and its 

flanking regions, by the triparental conjugation method. In this 

methodology, the recipient (strain to be transformed) and two E. coli 

strains were used: the helper, E. coli MT616, containing the pRK600 

plasmid encoding the genes responsible for transferring genetic 

material between strains (conjugation), and the donor, E. coli DH5α, 

containing the pRKACC plasmid. Transformants were selected by their 

ability to grow in TSA containing 15 µg/mL tetracycline (pRKACC 

antibitiotic resistance gene) and their colony morphology. Bacterial 

identity was further confirmed by 16S rDNA sequencing. Bacterial DNA 

was extracted using Sigma GenEluteTM Bacterial Genomic DNA 

extraction kit following the manufacturer’s protocol. The obtained DNA 

was sent to Macrogen Inc. (Korea) in order to perform the 16S rDNA 

sequencing by in-house protocols using the universal primers 24F and 

1492R. 

 Furthermore, a S. quinivorans BXF1 strain carrying the 

p519ngfp plasmid containing the Green Flourescence Protein (GFP) 

gene (Nascimento, unpublished results) was also transformed with the 

pRKACC plasmid as described above.  

Determination of ACC deaminase enzymatic activity 

 The ACC deaminase activity of the transformed strains was 

evaluated as described by Honma and Shimomura [8] and Penrose and 

Glick [13] using a method that quantifies the produced α-ketobutyrate, 

resulting from the cleavage of ACC by ACC deaminase. Briefly, strains 

were grown in TSB at 28 °C for 2 days, and cells were collected by 

centrifugation and washed twice with 0.1 M Tris-HCl (pH 8). Cells were 

then re-suspended in DF minimal medium containing 5 mM ACC. The 

bacterial suspension was incubated with shaking at 28 °C, overnight. 

In order to determine the produced quantity (µmol) of α-ketobutyrate in 

the sample, its absorbance at 540 nm was compared to that of known 

standards. For each measurement, a negative control (without ACC) 

and two duplicates were (containing ACC) were performed. Sample 

protein content was determined using the Bradford reagent. Final ACC 

deaminase activity was expressed in µmol of produced α-ketobutyrate/ 

mg total protein/ incubation time. The strain Pseudomonas sp. UW4 

was used as a positive control strain. 

Studies on the role of ACC deaminase in plant-growth promotion 

abilities of endophytes and β-rhizobia 

Bacterial cell culture preparation 

 Bacterial cultures were grown in TSB or YMB medium 

containing the appropriate antibiotics when necessary, for 48h at 28ºC 

in a rotating shaker, with agitation set for 150 rpm. Once grown, cultures 

were centrifuged at 6000g for 3 minutes and the pellets were re-

suspended in 0.03 M MgSO4. The bacterial cultures were adjusted to 

the desired optical density (OD) at a 600 nm wavelength using a 

spectrophotometer. 

Cucumber plant-growth promotion assay 

 In order to test the effect of ACC deaminase in endophyte’s 

plant-growth promotion abilities, an assay was conducted using 

cucumber (Cucumis sativus). This plant was selected due to its high 

germination rate and fast growth. The assay was conducted under 

normal and stress conditions, which were imposed by the use of 

isoxaben (ISB), a potent cellulose synthase inhibitor. Isoxaben 

application leads to an increase of ACC production [14]. Four strains 

were used in this assay: S. quinivorans BXF1 and S. quinivorans BXF1 

pRKACC (obtained in this study); and P. fluorescens YsS6 and its acdS 

insertion mutant (tetracycline gene disrupted the ACC deaminase 

gene), P. fluorescens YsS6 acdS- (gently ceded by Prof. Bernard Glick, 

Canada). Two independent experiments were performed: one in agar 

plates and other in plastic pots containing vermiculite. Treatments 

consisted of a negative control (without added bacteria) and each 

bacterial strain inoculation (wild-type and mutants), under normal and 

stress conditions, in a total of ten independent treatments. 

 Cucumber seeds were surface sterilized, through a three-step 

disinfection process. This consisted of submerging the seeds for 1 

minute in a 70% ethanol solution, followed by 3 minutes in a 1% 

commercial sodium hypochlorite solution, and ending with 5 washes 

with sterile distilled water to remove any traces of the former solutions. 

After disinfection, seeds were immersed in the respective bacterial 

strain solutions for 1 hour. After this period, four seedlings of each 

treatment were placed in half strength Murashige and Skoog (MS) [15] 

agar medium containing 150 nM isoxaben when necessary (stress 

conditions). Plates were then incubated for 3 days, at 25ºC. After this 

time, the plants were harvested and main roots and lateral roots were 

counted and their length was measured. An assay using plastic pots 

containing vermiculite was also conducted. Inoculation occurred after 

seedlings were germinated and placed in a plastic pot containing 100 g 

vermiculite and 30 mL of distilled water. After sowing, 1 mL of bacterial 

solution OD600 0.15 was inoculated. Stress with isoxaben (250 nM) was 

applied once by irrigation, three days after inoculation. The plants were 

watered every 2 days with 10 mL of 0.03 M MgSO4 per pot. Eight plants 

per treatment were used. Ten days after inoculation, the plants were 

harvested and main roots and lateral root (first lateral root) length were 

measured. Afterwards, the plants were dried at 60ºC for 2 days, and 

weighed in an analytical scale so that parameters such as root dry 

weight, shoot dry weight and leaf dry weight were assessed for each 

treatment. 

Common bean nodulation and plant-growth promotion assay  

 Previous studies have shown that endophytes were able to 

increase the nodulation abilities of rhizobia, however, the role of ACC 

deaminase in this process was never investigated. In this sense, a 

nodulation and plant growth promotion assay was conducted. For this 

assay, the interaction between common bean (Phaseolus vulgaris) and 

Rhizobium tropici CIAT899 was used as the symbiotic model. Common 

bean is a fast growing legume and it forms nodules in a very early stage 
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of development. R. tropici CIAT899 is a fast growing rhizobia and it is 

used as a commercial inoculant [16]. 

 Two independent co-inoculation experiments were conducted 

under greenhouse conditions: one using BXF1 or BXF1 pRKACC co-

inoculated with R. tropici CIAT899 and other using YsS6 or YsS6 acdS- 

co-inoculated with CIAT899. Treatments consisted of a negative control 

(without added bacteria), inoculation with only CIAT899, and inoculation 

with each bacterial strain (wild-type or mutants) plus CIAT899, under 

normal (greenhouse) conditions. 

 Common bean seeds were disinfected and germinated as 

described above. Following the germination period, one seedling was 

planted per pot which was filled with a sterilized mixture of sand and 

vermiculite (1:1), and inoculated with 5 mL of the bacterial solution. 

 The assays were conducted under greenhouse conditions in 

the period of June to August, 2016, in Florianópolis (average 

temperatures of 23ºC maximum and 14ºC minimum). Each treatment 

consisted of eight plant replicates. Plants were irrigated every 2 days 

with 15 mL of a nitrogen-free nutrient solution (Broughton and Dilworth, 

1971) [17]. The plants were collected 20 days after inoculation, and 

parameters like root, shoot and leaf dry weight, as well as nodule 

number were evaluated.  

Root and nodule imaging 

 In order to assess the colonization of roots and nodules 

(qualitative) by S. quinivorans BXF1 pRKACC expressing GFP, a small 

assay was conducted using similar conditions described above. Roots 

and nodules were collected from plants, 20 days after inoculation, using 

a sterile scalpel. The plant material was visualized in a Leica TCS SP5 

confocal microscope, under different fluorescent wavelengths. Images 

were composed in the Leica LAS X interface program (Leica-

microsystems).  

Evaluation of the ACC deaminase effect in C. taiwanensis STM894 

nodulating abilities in Mimosa pudica 

 Despite the knowledge of the ACC deaminase effect in the 

nodulation abilities of α-rhizobia, not much is understood about its effect 

in the association between β-rhizobia and leguminous plants. 

Therefore, a plant growth promotion and nodulation assay, using 

Mimosa pudica, was conducted in order to evaluate the effect of ACC 

deaminase in the nodulation abilities of the β-rhizobia, C. taiwanensis 

STM894 expressing an exogenous ACC deaminase gene. Seeds of M. 

pudica were surface sterilized with sulfuric acid in order to break seed 

dormancy. The applied method consisted of submerging cells in 98% 

H2SO4, for 10 minutes, followed by 10 minutes in 3% sodium 

hypochlorite solution, and ending with 5 washes with sterile distilled 

water to remove any trace of the previous solutions. After disinfection, 

seeds were placed in 1% agar plates and incubated in the dark, for 3 

days at 28ºC. Subsequently, one seedling was placed per pot, which 

was filled with a sterile mixture of sand and vermiculite (1:1) and 

inoculated with 5 mL of bacterial cell culture OD600 0.3. The assay was 

conducted under greenhouse conditions in June 2016 (average 

temperatures of 23ºC max. and 14ºC min.), in Florianópolis. In total, 4 

treatments were applied, which consisted of a negative control (without 

bacteria inoculation and nitrogen supplementation), positive control 

(without bacteria inoculation and supplemented with nitrogen), 

inoculation of C. taiwanensis STM894 (without nitrogen), and 

inoculation with C. taiwanensis STM894 pRKACC (without nitrogen). 

Eight seedlings were used per treatment. Solutions used for irrigation, 

which were performed each 2 days with 5 mL, consisted of Broughton 

and Dillworth [17] nutrient solution, and supplemented with 0.05% KNO3 

(in the case of the positive control). The experiment had the duration of 

30 days (after inoculation). Following this period, plants were harvested 

and parameters like root, shoot and leaf dry weight, as well as nodule 

number were evaluated. Roots, shoots and leaves were cut separately 

and dried at 60ºC for 3 days, so that dry weights could be measured in 

an analytical scale. 

Evaluation of the ACC deaminase effect in the strain BXF1 ability 

to decrease the senescence of carnation flowers 

 An assay using the S. quinivorans BXF1 expressing an 

exogenous ACC deaminase gene was performed in order to assess the 

importance of the ACC deaminase enzyme in preventing the 

senescence of carnation (Diantus caryophyllus), a flower highly 

sensitive to ethylene. Carnation flowers were bought from a commercial 

flower store in Florianópolis, Brazil. The flowers were selected by its 

similar size and characteristics, in order to avoid high variability, and 

were cut to have 20 centimeters, from the shoot base to the receptacle. 

After being cut, the plants were immediately placed in test tubes 

containing 5 mL of the respective bacterial solution (BXF1 wild-type or 

BXF1 pRKACC) OD600 of 0.15 or 5 mL 0.03 M MgSO4 (control). Ten 

carnation flowers were used per treatment: control (without bacteria), 

inoculation with strain BXF1 and inoculation with strain BXF1 pRKACC. 

The assay was conducted for 8 days, under laboratory conditions, with 

an average temperature of 24ºC. All treatments were irrigated with 2 

mL of sterile 0.03 M MgSO4, whenever necessary, in order to maintain 

the shoot submerged at all times. Flower senescence rate was 

evaluated everyday according to the scale described by Ali et al. [18]. 

Evaluation of BXF1 and BXF1 pRKACC flower colonization by 

Polymerase Chain Reaction  

 After 48 hours of incubation, two plants of each bacterial 

treatment were removed and shoots were separated from the flower. 

The shoot of each plant was cut and two radial sections of 1 cm (length) 

were removed: the first section corresponded to the shoot base (0-1 

cm) and other to the above shoot itself (10-11cm region). The sections 

were weighted to contain approximately 100 mg, and total DNA was 

extracted by using the Plant/Fungi DNA Isolation Kit MiniPrep (Norgen, 

Canada) according to the manufacturer’s protocol. The obtained DNA 

was quantified in a NanoDrop (Thermofisher) according to the 

manufacturer’s protocol, and adjusted to a concentration of 50 ng/μl.

 The PCR method was employed in order to qualitatively 

confirm the presence of strains BXF1 wild-type and pRKACC inside the 

carnation flowers. For this assay specific primers were constructed 

based on the available BXF1 genome sequence. In this regard, the chiD 

gene (encoding a chitinase) of strain BXF1 was chosen and used as 

reference. The selected primers were: chiDF 5’- 

CGTCTTACCAGCAGCATTGA-3’; and chiDR 5’- 

CAGGCACCTTTACCACCATT-3’. These primers amplified a 225 bp 

fragment highly specific to BXF1. For the amplification reaction, it was 

used a reaction volume of 25 μL, containing 2.5 μL of 10X Taq-DNA 

Polymerase Buffer, 2 μl of 25mM MgCl2, 0.5 μL of 10 mM dNTP’s, 5 μL 

of each primer (5 pmol), 0.1 μL of DNA Taq Polymerase (1 U), 8.9 μL 

of MilliQ water, and 1 μL of DNA (50 ng/ μL). DNA was amplified using 

a termocycler with the following program: the initialization step occurred 

for 4 minutes, at 94ºC, followed by 35 cycles of denaturation at 94ºC, 

for 45 seconds, annealing for 1 minute, at 52ºC, and elongation for 1:30 
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minutes, at 72ºC. After the 35 repetitions, the last step consisted of 72ºC 

for 10 minutes. The amplified products were observed by gel 

electrophoresis. 

 Statistical analysis 

 Statistical analysis in all plant experiments was performed by 

using the T-student test in the SPSS Statistics v.22 software (SPSS 

Inc., IBM Company). 

Results and Discussion 

Obtaining and measuring ACC deaminase activity in 

transformed strains 

 After the transformation procedure both bacterial strains 

gained the ability to grow on TSA medium supplemented with 

tetracycline (resistance gene encoded in pRKACC). The strains were 

selected by colony morphology and its identity was further confirmed by 

the 16S rDNA sequencing results. Also, S. quinivorans BXF1 p519ngfp 

was able to incorporate the pRKACC plasmid. This strain was selected 

on TSA plates containing 15 µg/mL tetracycline and 150 µg/mL 

kanamycin, and also presented fluorescence (from the gfp gene in the 

plasmid). 

 Values for ACC deaminase enzymatic activity were of 10.631 

and 7.4610 µmol α-ketobutyrate/mg protein/h for S. quinivorans BXF1 

pRKACC, and C. taiwanensis STM894, respectively.  The strain S. 

quinivorans BXF1 p519ngfp pRKACC presented an ACC deaminase 

activity of 9.908 α-ketobutyrate/mg protein/h. Both wild-type strains 

were unable to degrade ACC.  

 Despite the fact that strains were transformed with the acdS 

gene of Pseudomonas sp. UW4, their enzymatic activity was different 

of that of Pseudomonas sp. UW4 (12.212 µmol α-ketobutyrate/mg 

protein/h). This difference can be explained by the fact that 

Pseudomonas sp. UW4 has the acdS gene in its genome [19], in 

contrast to the transformed strains that contain the acdS gene in the 

low copy plasmid, pRKACC, which is present only in a reduced quantity 

inside the cells leading to a limited expression of ACC deaminase. 

Nevertheless, the obtained ACC deaminase activity values for both 

strains can be considered high and within the range of the ACC 

deaminase activity values presented by free-living bacteria [20]. This 

ACC deaminase activity can readily impact plant growth and 

development. Moreover, rhizobia only possess low activity values 

(0.076 to 0.274 µmol α-ketobutyrate/mg protein/h in Rhizobium spp. 

[21] ) and can still have an effect in plant-growth promotion [22]. 

Effect of ACC deaminase in endophytic ability to promote 

cucumber growth 

When assessing the effect of ACC deaminase in cucumber root 

development, under normal conditions, the results obtained in the plate 

assay showed that the exogenous acdS gene enhanced S. quinivorans 

BXF1 ability to elongate primary roots and to induce lateral root 

formation (Fig.1), however, not significantly. Under stress conditions, 

induced by high concentrations of isoxaben, primary root length and the 

number of lateral roots formed were the most affected parameters. 

Nevertheless, BXF1 pRKACC was able to significantly enhance (in 

about 30%) the lateral root number when compared to the wild-type 

strain (Fig.1). 

 

 
Figure 1 – Results obtained in the cucumber plate assay in plants inoculated 
with strain BXF1 or BXF1pRKACC, under normal and stress conditions (ISB), 
3 days after inoculation. Statistically significant differences (P < 0.05) are 
marked with *. Caption: PRL – Primary Root Length; LRL – Lateral Root Length; 
LRN – Lateral Root Number. Results based on 4 plants. 

In the pot assay, the transformed strain, BXF1 pRKACC, 

significantly promoted cucumber lateral root formation and elongation 

in a higher extent (increase of approximately 50 and 10%, respectively) 

when compared to the BXF1 wild-type strain, under control conditions. 

Other parameters, including total biomass, shoot and leaf dry weight, 

root dry weight, and primary root length were also found to be enhanced 

in the BXF1 pRKACC treatment, however the differences were not 

statistically significant. Under stress conditions, the BXF1 pRKACC 

strain was able to significantly increase primary (30%) and lateral root 

length (45%), root, shoot and leaf dry weight when compared to the 

BXF1 wild-type strain (Fig.2). These results suggest that the presence 

of an exogenous ACC deaminase seems to be more important in strain 

BXF1 plant growth promotion abilities under stressful conditions. 

 

 
 

Figure 2 - Results obtained in the cucumber pot assay in plants inoculated with 
strain BXF1 or BXF1pRKACC, under normal and stress conditions (ISB). 
Statistically significant differences (P < 0.05) are marked with *. Caption: PRL 
– Primary Root Length; LRL – Lateral Root Length; RDW – Root Dry Weight; 
SLDW – Shoot and Leaf dry weight; TB – Total Biomass. Results based on 8 
plants. 

Concerning the experiment with P. fluorescens YsS6, the plate 

assay results showed that the deletion of the acdS gene led to a 

significant decrease of P. fluorescens YsS6 cucumber growth-

promoting abilities. For instance, under control conditions, plants 

inoculated with YsS6 acdS- showed a significant reduction of about 20% 

in primary root length when compared to plants inoculated with the wild-

type. Also, lateral root length suffered a 40% decrease, and lateral root 
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number was reduced in about 40% (Fig.3). Under stress conditions, 

plants inoculated with the mutant strain YsS6 acdS-, presented 

significant reductions in all assessed parameters, when compared to 

plants inoculated with the wild-type strain. The stressful effects of 

isoxaben were much more pronounced in plants inoculated with the 

mutant strain than with the wild-type. Overall, plants treated with the 

mutant YsS6 acdS strain were less able to develop their primary and 

lateral roots, and to resist stress effects, when compared to the wild-

type strain. 

 
Figure 3 – Results obtained in the cucumber plate assay in plants inoculated 
with strain YsS6 or YsS6, under normal and stress conditions (ISB), 3 days after 
inoculation. Statistically significant differences (P < 0.05) are marked with *. 
Caption: PRL – Primary Root Length; LRL – Lateral Root Length; LRN – Lateral 
Root Number. Results based on 4 plants. 

Similar results were obtained in plastic pot assay. Hence, under 

control conditions, plants inoculated with YsS6 acdS- mutant strain 

presented a significant reduction in primary (15%) and lateral root 

length (45 %), as well as, root dry weight (35%) when compared to its 

wild-type counterpart (Fig. 4). Total biomass, and shoot and leaf dry 

weight also decreased in plants inoculated with YsS6 acdS-. 

Furthermore, as previously demonstrated, treatment with ISB led to a 

negative effect in the majority of the evaluated parameters, when 

compared to control conditions. The negative effects of isoxaben were 

more pronounced in plants inoculated with YSS6 acdS- when compared 

to plants receiving the YsS6 wild-type. In this sense, the YsS6 acdS- 

mutant presented a significant decreased ability to promote the primary 

and lateral root length (reductions of 12% and 57%, respectively), root 

dry weight (reduction of 40%) as well as to develop plant aerial part, 

when compared to YSS6 wild-type (Fig.4).  

 

Figure 4 - Results obtained in the cucumber pot assay in plants inoculated with 
strain YsS6 or YsS6, under normal and stress conditions (ISB). Statistically 
significant differences (P < 0.05) are marked with *. Caption: PRL – Primary 

Root Length; LRL – Lateral Root Length; RDW – Root Dry Weight; SLDW – 
Shoot and Leaf dry weight; TB – Total Biomass. Results based on 8 plants. 

Altogether, these results indicate that ACC deaminase plays a 

significant role in bacterial endophyte’s ability to promote plant 

development, more significantly in root development. Previous studies 

have demonstrated that other ACC deaminase-producing bacteria were 

able to promote and increase root development. For example, Glick et 

al. [23] demonstrated that bacteria expressing ACC deaminase were 

able to promote canola primary root elongation [91]. Similarly, Compant 

et al.,[4]  indicated that the endophyte Burkholderia phytofirmans PsJN 

presenting ACC deaminase activity promoted root development in Vitis 

vinifera. These results are in accordance with literature reports 

indicating that ethylene inhibits primary and lateral root formation [92]. 

Therefore, bacteria that possess ACC deaminase are able to decrease 

ACC and consequently ethylene levels [12] that limit primary and lateral 

root development. 

 Endophytes expressing ACC deaminase were able to 

decrease the negative effects of isoxaben, which leads to the 

accumulation of ACC [14]. Thus, bacteria that express ACC deaminase 

are able to metabolize exuded ACC that is formed in response to stress, 

and lower the negative effects of stress ethylene. Therefore, it is only 

natural to assume that bacterial ACC deaminase has a main function in 

decreasing the harmful effects of abiotic stress, which has been 

reported several times in literature. For example, Sheng et al., [24] 

demonstrated that the ACC deaminase-producing endophyte, P. 

fluorescens G16, increased plant resistance to heavy metals. 

Furthermore, Ali et al., [25] showed that tomato plants treated with P. 

fluorescens YsS6 and P. migulae 8R6, both endophytes producing 

ACC deaminase, presented less stressful effects upon high salinity 

conditions. 

Effect of endophytic bacterial ACC deaminase production in 

common bean nodulation, growth and development 

Results showed that co-inoculation of R. tropici CIAT 899 and 

S. quinivorans BXF1 generally enhanced plant total biomass, when 

compared to sole rhizobial inoculation, though not significantly. 

However, when BXF1 expressed ACC deaminase, every estimated 

parameter suffered a drastic increase, in relation to the results obtained 

with the other treatments applied. For instance, root and shoot dry 

weight, and consequently total biomass increased significantly in 56%, 

63%, and 62%, respectively, when compared to results obtained with 

the BXF1 wild-type strain (Fig.5). 

 
Figure 5- Mean dry weight per plant of the co-inoculation assay of R. tropici 
CIAT 899 and S. quinivorans BXF1 wild-type and pRKACC in common bean. 
Statistically significant differences (P < 0.05) are marked with *. Caption: NC- 
Negative control; RDW – Root Dry Weight; SLDW – Shoot and Leaf Dry Weight; 
TB – Total Biomass. Results based on 8 plants. 
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Interestingly, all common bean plants showed some disease 

symptoms even after the disinfection procedure. Chlorosis on leafs and 

shoots, but not the roots, were observed in most plants, with greater 

extent in non-inoculated (control) plants. These symptoms were clearly 

similar to those induced by Curtobacterium flaccumfaciens, a common 

pathogen naturally found in bean seeds. The C. flaccumfaciens 

infection of bean is a seed-borne disease widely distributed in 

Brazil[26]. Pink Gram-positive bacteria (typical coloration of 

Curtobacterium) were isolated from the shoots of infected bean plants 

suggesting its presence in the diseased plants (data not shown). 

Importantly, plants inoculated with the S. quinivorans BXF1 pRKACC 

presented less disease symptoms when compared to R. tropici 

CIAT899 alone or in combination with wild-type BXF1 (Fig. 6), hence 

indicating the role of ACC deaminase in increasing plant resistance to 

the biotic stress. 

 

 
 

 

Figure 6 – Common bean plants obtained in the co-inoculation assay of R. 

tropici CIAT 899 and S. quinivorans BXF1 wild-type and pRKACC, 20 days 

after inoculation.  

 

Co-inoculation of R. tropici CIAT899 and S. quinivorans BXF1 

generally enhanced root nodulation, when compared to results obtained 

with sole rhizobial inoculation. However, statistical significant results 

were only obtained in the presence of S. quinivorans BXF1 pRKACC, 

which increased the number of nodules formed by CIAT899 in 127%, 

when compared to the BXF1 wild-type strain (average of 11 nodules by 

BXF1 vs. an average of 25 nodules by BXF1 pRKACC) (Fig.7A). 

 Concerning nodule development, it was found that ACC 

deaminase production by the BXF1 endophyte increased nodule 

development, with the formed nodules appearing larger and with a more 

pronounced pink tone (indicative of nitrogen fixation) (Fig.7B) than the 

ones obtained in the co-inoculation of CIAT899 with BXF1 wild-type 

(Fig.7C). 

 

 
 

 
Figure 7 – Nodulation assay in common bean with co-inoculation of R. tropici 

CIAT899 and S. quinivorans BXF1, 20 days after inoculation. A) Mean number 

of nodules per plant. B) co-inoculation of R. tropici CIAT 899 and S. quinivorans 

BXF1. C) co-inoculation of R. tropici CIAT 899 and S. quinivorans BXF1 

pRKACC. Statistically significant differences (P < 0.05) are marked with *. 

Moreover, S. quinivorans BXF1 GFP pRKACC could be found in 

intercellular spaces of the root cells (Fig.8A) and hipercolonizing the 

surface of the root nodules (Fig.8B), effectively colonizing all the 

extension of the considered samples. 

 

Figure 8- Confocal Microscope Imaging of common bean tissues. A) Endophytic 

S. quinivorans BXF1 pRKACC presence in the intercellular spaces of the root. 

B) Hypercolonization of S. quinivorans BXF1 pRKACC on the nodule surface. 

Plants inoculated with both CIAT899 and P. fluorescens YsS6 

presented significantly higher values for root dry weight, shoot and leaf 

dry weight, and total biomass (28%, 22% and 24%, respectively) when 

compared to the results obtained with the mutant YsS6 acdS- strain 

(Fig.9). When compared to the single rhizobial inoculation (CIAT899), 

treatment with the wild-type strain of P. fluorescens YSS6 and CIAT899 

significantly enhanced root dry weight, shoot and leaf dry weight, and 

total biomass in 39%, 111% and 43%, respectively (Fig.9). 

C B 

B A 

A 

NC CIAT 899 CIAT 899 

+ BXF1 

CIAT 899 

+ BXF1 pRKACC 
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Figure 9 – Mean dry weight per plant of the co-inoculation assay of R. tropici 
CIAT 899 and P. fluorescens YsS6 wild-type and acdS- in common bean. 
Statistically significant differences (P < 0.05) are marked with *. Caption: RDW 
– Root Dry Weight; SLDW – Shoot and Leaf Dry Weight; TB – Total Biomass. 

When in comparison to plants treated with YsS6 acdS-, plants 

treated with the wild-type of YsS6 presented longer roots, taller shoots 

and more developed leaves. Furthermore, these plants also showed 

enhanced resistance to stress caused by the seed-borne pathogen C. 

flaccumfaciens, observable especially on the leaves, which appear to 

be more developed and asymptomatic, when in comparison to the other 

applied treatments (Fig.10). Hence, the presence of ACC deaminase in 

P. fluorescens YsS6 revealed a crucial importance for plant growth and 

protection. 

 
Figure 10 - Common bean plants obtained in the co-inoculation assay of R. 

tropici CIAT 899 and P. fluorescens YsS6 wild-type and acdS-, 20 days after 

inoculation. Caption: NC – Negative control; CIAT 899 – R. tropici CIAT 899 

 

Regarding the number of nodules, as well as their developmental 

state, co-inoculation CIAT 899 and YsS6, resulted in an increased 

rhizobial nodulatory activity. The endophyte P. fluorescens YsS6 

induced a significant increase in the number of nodules formed by 

CIAT899, enhancing nodulation in over 200%, when compared to the 

results obtained with the YsS6 acdS- mutant (Fig.11A). Regarding 

nodule development, plants co-inoculated with YsS6 wild-type 

(Fig.11B) presented more developed nodules than the ones existing on 

the roots of plants treated with the YsS6 acdS- mutant (Fig.11C), which 

once again indicates an active role of YsS6 ACC deaminase in assisting 

the nodulation process. 

Overall, co-inoculation of R. tropici CIAT 899 with an ACC 

deaminase-producing endophytes presented positive results. In 

general, in the presence of ACC deaminase, plants presented longer 

and thicker roots, with an increased number of lateral roots, and a 

greater biomass. The aerial part of the plant, shoot and leaves, was 

also positively affected. The nodulation abilities of CIAT899 were also 

found to be enhanced. 

 

 

Figure 11 - Nodulation assay in common bean with co-inoculation of R. tropici 

CIAT899 and P. fluorescens YsS6, 20 days after inoculation. A) Mean number 

of nodules per plant. B) co-inoculation of R. tropici CIAT 899 and P. fluorescens 

YsS6. C) co-inoculation of R. tropici CIAT 899 and P. fluorescens YsS6 acdS-. 

Statistically significant differences (P < 0.05) are marked with *. 

These results suggest that co-inoculation of rhizobia with free-

living ACC deaminase-producing bacteria plays an important role in 

assisting rhizhobial colonization of roots, as well as the formation of 

nodules. This suggestion is in agreement with some reports that defend 

inoculation of legumes with a combination of both rhizobial strains and 

other ACC deaminase-producing bacteria, as an effective strategy to 

increase nodulation. In fact, Shaharoona et al. [27] demonstrated that 

Bradyrhizobium japonicum co-inoculation with a PGPB possessing 

ACC deaminase activity enhanced by 48% the number of nodules on 

mung bean plants, when compared to the sole rhizobial inoculation. 

Equally, Remans et al., [28] reported that co-inoculation of PGPB with 

a strain of R. etli enhanced nodulation in common beans. In addition, 

co-inoculation of chickpea and lentil plants with rhizobia and PGPB 

expressing high ACC deaminase activities increased plant nodulation 

and growth, in comparison to single rhizobial inoculation [29], [30]. 

Furthermore, CIAT 899 co-inoculation with ACC deaminase 

producing endophytes enhanced plant resistance to stress caused by 

the natural bean pathogen C. flaccumfaciens. Therefore, these results 

represent further evidence regarding the importance of the enzyme 

ACC deaminase in lowering the deleterious effects of biotic stress. 

Some reports have showed the impact of ACC deaminase in biotic 

stress control. Hao et al. [31]  demonstrated that Agrobacterium 

tumefaciens C58 partially lost its ability to induce crown gall tumors on 

tomato plants and castor bean plants, after being transformed with an 

exogenous acdS gene. Additionally, Toklikishvili et al. [32].  observed 

that the rhizobacterium, Pseudomonas sp. UW4, and the endophyte B. 

phytofirmans PsJN, naturally posessing the acdS gene, were able to 

reduce the development of tumors on tomato plants infected with 

B C 

A 
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Agrobacterium strains. Furthermore, acdS deletion mutants of 

Pseudomonas sp. UW4 and B. phytofirmans PsJN, were not able to 

significantly reduce Agrobacterium-induced tumors. Thus, this data 

suggests that rhizobacteria and endophytes producing ACC deaminase 

are effective biocontrol agents, and the possibility of using these 

bacteria to protect plants from biotic stresses is potentially of great 

importance in improving crops productivity. 

ACC deaminase promotes the nodulation process mediated 

by C. taiwanensis STM894 in Mimosa pudica 

 Plants inoculated with the wild-type strain STM894 presented 

an increased growth when compared to non-inoculated plants (negative 

control), and a similar growth and development when compared to 

plants supplemented with nitrogen (positive control), hence, indicating 

the benefic plant-growth promoting abilities of the STM894 strain. 

However, the transformed strain C. taiwanensis STM894 pRKACC 

significantly promoted plant growth (all studied parameters) in greater 

extent, when compared to the wild-type strain (Fig.12A). Plants 

inoculated with STM894 pRKACC also presented more elongated 

primary and lateral roots, and a more developed shoot when compared 

to plants treated with the wild-type (Fig.12B).  

 

 

 

Figure12 –Mimosa pudica assay inoculated with C. taiwanensis STM894. A) 

Mean results per plant of Root dry weight (RDW), shoot dry weight (SDW), and 

total biomass (TB). B) Representative plants of each treatment applied, 30 days 

after inoculation. Caption: NC – Negative Control, PC – Positive Control. 

Results based on 8 plants. 

The role of ACC deaminase in affecting the nodulation 

abilities of C taiwanensis STM 894, was also studied. There was a 

significant increase in the number of nodules formed by strain STM894 

pRKACC when compared to the wild-type strain, indicating that the 

exogenous acdS gene was able to improve nodulation abilities of STM 

894 by 125% (Fig.13). Moreover, these results consist of the first report 

regarding a β-rhizobium transformed with the plasmid pRKACC, 

successfully increasing its nodulation abilities on a legume. 

   

 

Figure 13 – Differences in the number of nodules obtained in Mimosa pudica 

inoculated with STM894 and STM894 pRKACC. Statistically significant 

differences (P < 0.05) are marked with *. 

 Several other studies using α-rhizobia expressing exogenous 

ACC deaminase genes have been performed. For instance, Ma et al. 

[33] described that S. meliloti Rm1021, transformed to express an 

exogenous ACC deaminase gene, increased its ability to nodulate M. 

sativa plants in 40% when compared to its wild-type form. Furthermore, 

Nascimento et al. [9] revealed that the strain M. ciceri LMS-1 expressing 

an exogenous ACC deaminase (through plasmid pRKACC) enhanced 

the nodulation of C. arietinum by 127%, when compared to the wild-

type form. Similarly, Brigido et al. [34], demonstrated that salt-sensitive 

Mesorhizobium strains increased their nodulation abilities by 

expressing an exogenous acdS gene. In addition, Kong et al. [10]also 

showed that the expression of the plasmid pRKACC in S. meliloti 

CCNWSX0020 increased the nodulation of M. lupulina plants. 

Altogether, these reports indicate that ACC deaminase poses an 

important strategy in modulating ethylene levels in roots, which 

consequently leads to an increase in nodulation and to a better plant 

growth and development. By inducing a high enzymatic activity, the 

insertion of an exogenous acdS gene might be considered an important 

asset to the development of a rhizobial inocula, with increased 

nodulation abilities, however, its use is restricted by the regulation on 

the use of Genetically Modified Organisms (GMO’s). In this sense, co-

inoculation of rhizobia and free-living ACC deaminase-producing 

bacteria poses an alternative. 

Expression of ACC deaminase increases the strain BXF1 ability to 

decrease the senescence of carnation flowers 

 The inoculation of flowers with the wild-type BXF1 did not 

affected the senescence rate, when compared with the control (no 

bacteria added). However, the presence of strain BXF1 pRKACC 

delayed flower senescence to a considerate extent, when compared to 

results obtained with the wild-type strain BXF1 or the control. This 

difference was obtained only past 4 days after inoculation, suggesting 

that ethylene senescence effects only start to take effect in latter 

periods after the flower being cut (Fig.14).  

A 

B 
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Figure 14 - Variation of the senescence sypmtoms presented by carnation 

flowers inoculated with BXF1 and BXF1 pRKACC, during 8 days. Statistical 
significant differences (P < 0.05) are marked with *. 

 

 After 8 days of incubation, carnation flowers inoculated with 

BXF1 pRKACC presented less senescence symptoms (Fig.15A) when 

compared to flowers inoculated with the wild-type BXF1 (Fig.15B). 

These results suggest that the expression of ACC deaminase is vital for 

the endophyte ability to regulate flower ethylene levels. Similar results 

were obtained by Ali et al. [18], showing that flowers treated with wild-

type ACC deaminase-containing endophytic strains exhibited the most 

significant delay in flower senescence, while flowers treated with the 

ACC deaminase minus mutants senesced at a rate similar to the 

control. 

A B  

Figure 15 – Carnation flowers after 8 days of incubation. Flowers treated with 

A) BXF1 pRKACC and B) BXF1. 

 

 Despite the knowledge on the role of endophyte’s ACC 

deaminase in decreasing the senescence rate of carnation, not much 

is understood about its impact in the endophytic colonization abilities of 

these bacteria. Hence, the endophytic colonization abilities of both wild-

type and BXF1 pRKACC were studied. In this sense, the PCR method 

was employed in order to qualitatively confirm the presence of strains 

BXF1 wild-type and pRKACC inside the carnation flowers, after 48 

hours of incubation. Results presented in Figure 16 show that both wild-

type and BXF1 pRKACC could be detected inside the shoot of carnation 

flowers at least 10 cm away from the inoculation point. These results 

suggest that, at this time point (48 hours) the presence of ACC 

deaminase does not increase the colonization abilities of strain BXF1. 

This is consistent with the results described above, showing a similar 

senescence rate between flowers inoculated with wild-type or BXF1 

pRKACC, after 48 hours. Nevertheless, more robust studies with 

increased sampling points and incubation times, are necessary to 

confirm this hypothesis. 

 

 

 

Figure 16 - Results obtained after gel electrophoresis of the amplified DNA 
products. Caption: 1 – Negative Control; 2 and 3 – BXF1 (0-1cm); 4 and 5 – 
BXF1 pRKACC (0-1cm); 6 and 7 – BXF1 (10-11cm); 8 and 9 - BXF1 pRKACC 
(10-11cm); 10 – Positive Control.  The DNA ladder used was 1Kb Plus 
(Invitrogen). 

Conclusions and Future Prospects 

 Overall, this work confirmed the beneficial effects of the 

application of an exogenous ACC deaminase in promoting general 

plant growth and development, in increasing plant resistance to both 

abiotic and biotic stresses, in enhancing the nodulatory capacities of 

rhizobia, and in prolonging the shelf-life of an ethylene sensitive flower. 

Thus, the broad spectrum of results obtained indicate that ACC 

deaminase is involved in many different aspects of the plant life cycle, 

through complex interactions with bacteria and plant, many of which still 

remain unknown. Furthermore, the diversity of plants used in this work 

demonstrates that treatment with ACC deaminase-producing bacteria 

is transversal to many different types of plants and legumes, which may 

point to an extensive range of industrial applications and solutions. 

Hence, the main findings presented in this work support the application 

of PGPB producers of ACC deaminase as a competitive and eco-

friendly answer to many environmental problems raised by the 

application of chemical fertilizers in crops.  

Further work and investigation must, therefore, be done in 

order to better understand how to convert these laboratorial findings to 

a large scale commercialization and industrial application of inoculum. 

Hence, on the topic of the co-inoculation of endophytic producers of 

ACC deaminase and rhizobia, new studies could arise with the aim of 

finding the best combination of both types of bacteria to better suit the 

development of a determined legume. Moreover, further studies 

regarding the behavior of acdS-transformed rhizobia in the nodulation 

of legumes could also be performed. A more profound investigation 

concerning the acdS gene could be considered as well, namely with 

respect to better understanding the regulatory regions of the acdS gene 

of β-rhizobia, or to map the existence of the acdS gene in endophytes, 

with the aim of understanding its function phylogeny and origin. 

Furthermore, a deeper investigation on the genes responsible for 

endophytic colonization is also relevant, since this field of work is almost 

unexplored.  

Finally, the present work offers a new approach to the 

applications of bacterial ACC deaminase as a suitable commercial 

inoculum for many agricultural crops, thriving as a clean solution for the 

environmental future of our planet. 
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