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Abstract 

 

Food production increases concomitantly with the world's population, therefore the impact caused 

by the over fertilization of soil, especially with nitrogen and phosphate, in order to improve the crops 

productivity will only increase in importance. One of the putative strategies to establish more sustainable 

agricultural production is the use of biofertilizers which are based on plant growth promoting properties 

of some microorganisms. Therefore, the inoculation of crops with plant growth promoting rhizobacteria 

(PGPR) has emerged as relevant concept in agriculture. Paenibacillus riograndensis is a Gram-positive, 

rod-shaped, endospore forming, motile rhizobacterium. The strain SBR5 was isolated from the 

rhizosphere of wheat plants cultivated in Rio Grande do Sul, Brazil. In addition to nitrogen fixation, 

SBR5 is capable of producing the phytohormone indol-3-acetic acid and antagonistic compounds against 

phytopathogens and therefore is an interesting candidate for crop inoculation. However, this organism has 

not been characterized regarding other plant growth promoting characteristics, e. g. phosphate 

solubilization and production of vitamins. 

In order to improve the knowledge on the metabolism and plant growth promoting activity of 

P. riograndensis SBR5, its genome was re-sequenced, assembled and fully annotated. The genome of 

SBR5 consists of one circular chromosome with 7,893,056 bps, containing 6,705 protein coding genes, 87 

tRNA and 27 rRNA genes. Genes for biotin biosynthesis such as bioWAFDBI are absent from the genome 

of SBR5. Based on the complete genome sequence of P. riograndensis SBR5, a detailed transcriptome 

analysis of this organism was performed using RNAseq technology. To this end, P. riograndensis SBR5 

was cultivated under 16 different growth conditions and RNA was isolated from samples collected during 

growth experiments and combined in order to analyze an RNA pool representing a large set of expressed 

genes. The resultant RNA pool was used to generate two different libraries, one enriched in 5’-ends of the 

primary transcripts and the other representing the whole transcriptome. Both libraries were sequenced and 

analyzed to identify the conserved sequences of ribosome biding sites and translation start motifs, and to 

elucidate operon structures present in the transcriptome of P. riograndensis. Sequence analysis of the 

library enriched in 5’-ends of the primary transcripts was used to identify 1,173 TSSs belonging to 5’ 

UTRs of annotated genes and 1,082 belonging to novel transcripts. This allowed the determination of 

promoter consensus sequence and regulatory sequences in 5’ untranslated regions including riboswitches.  

A new transformation protocol based on physical permeation through mixing the cell suspension 

with a plasmid-aminoclay solution was established for P. riograndensis SBR5. Transformation was 

shown by plasmid isolation and re-transformation as well as by heterologous production of a fluorescent 

reporter protein. Furthermore, the gfpUV reporter gene was used to test rolling-circle and theta-replicating 
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plasmids for constitutive and inducible gene expression. Flow cytometry verified the versatility of the 

developed expression vectors for constitutive and graded inducible expression. These gene expression 

systems could be transferred to another Paenibacillus species, Paenibacillus polymyxa DSM365. In 

addition, rolling circle inducible gene expression was applied to metabolic engineering of 

P. riograndensis, when the heterologous expression of the biotin biosynthesis operon from B. subtiliis 

bioWAFDBI rendered P. riograndensis SBR5 biotin prototrophic. Further, the developed tools for gene 

expression served to characterize a putative thiamine pyrophosphate (TPP) dependent riboswitch 

upstream of the thiamine biosynthesis gene thiC. This was achieved by translational fusion to a 

fluorescent reporter gene lacking a promoter and a ribosome binding site. The switch was shown to 

function as TPP “off” switch in P. riograndensis SBR5.  

Finally, the differential gene expression analysis associated to functional study was performed 

aiming to evaluate the process of phosphate solubilization SBR5. SBR5 was cultivated in two distinct 

conditions, with NaH2PO4 or hydroxyapatite, which are soluble and insoluble phosphate sources, 

respectively. Total RNA of SBR5 cultivated in these two conditions was isolated and submitted to 

sequencing. The sequences underwent DESeq analysis that lead to discovery that the expression of 42 

genes was upregulated and 15 genes downregulated in insoluble phosphate condition. The differential 

gene expression analysis showed that the expression of genes involved in glucose metabolism, including 

those coding for 2-oxoglutarate dehydrogenase, was downregulated in insoluble phosphate condition. 

Associated to that, organic acids production in the two conditions was determined, resulting in the finding 

that the metabolic channeling of glucose towards the tricarboxylic acid cycle is negatively regulated by 

insoluble phosphates. Moreover, as flagellin encoding gene was downregulated in insoluble condition, 

cell motility was evaluated by the means of flow cytometry revealing that motility of SBR5 cells is 

reduced as a response to phosphate depletion. Finally, SBR5 was able to solubilize hydroxyapatite, which 

suggests that this organism is a promising phosphate solubilizing bacterium. 

All the information gathered here, starting from the genome, serves as groundwork for the 

characterization of a very promising PGPR, P. riograndensis. The present thesis provides insight into the 

P. riograndensis SBR5 transcriptome at the systems level and was a valuable basis for differential 

RNAseq analysis of this organism regarding one plant growth promoting characteristic. Moreover, the 

gene expression tools here developed will allow the characterization of this organism and other member 

of Paenibacillus species, because this technology is transferrable to DSM-365. However, a larger effort is 

still to be done in the field of characterization of plant growth promotion features in SBR5. The phosphate 

solubilization process for instance still needs to be studied in depth; my findings showed that SBR5 

possibly changes its metabolic channeling of glucose to perform PS, which is an interesting first step for 

the study of this feature.   



iii 

Abbreviations  

 

PGPR  Plant growth promoting rhizobacteria 

PSB  Phosphate solubilizing bacteria 

BNF  Biological nitrogen fixation  

IAA   Indole-3-acetic acid  

OD600  Optical density at 600 nm 

MES  2-(N-morpholino)ethanesulfonic acid  

MOPS  3-Morpholinopropane-1-sulfonic acid  

TAPS  3-[[1,3-Dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]propane-1-sulfonic acid  

LB  Lysogeny broth  

PbMM  Paenibacillus minimal medium  

CDS  Coding DNA sequences 

TLS  Translation start sites 

TSS  Transcription start sites  

RBS  Ribosome binding site 

RPKM  Reads per kilobase per million mapped reads  

BLAST  Basic local alignment search tool 

5′UTR  5′ Untranslated region 

TPP  Thiamine pyrophosphate 

CFU  Cell forming units  

PS  Phosphate solubilization 

TCA  Tricarboxylic acid 

2-OGDH  2-Oxoglutarate dehydrogenase 

 

Common (biological) abbreviations, units, and gene names are not included. Abbreviations are 

introduced in parentheses the first time they are used within the text and abbreviations only used 

in the figures are explained in each figure, but not included here. 
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1. INTRODUCTION 

 

 
1.1. Impact and importance of agriculture  

 

In the past years, the demand for agricultural commodities has grown extensively. Main factors 

that drive increasing food demand are population growth, expanding urbanization and rise in income. 

With regard to the first point, human population size is projected to grow up by 34% by 2050, reaching 

9.1 billion people [1]. Food production has increased over the past years and is predicted to grow further 

while the area of cultivated land expands at a slow rate (Table 1). Moreover, it is to be noted, that in the 

future the total demand for agricultural commodities may significantly exceed the demand for food and 

feed because of the expansion of technologies enabling the conversion of agricultural biomass into 

biofuels [1]. Furthermore, arable land resources are limited and significant portions of world’s agricultural 

lands are currently being converted from food to fuel crop production. Due to the growing human 

population (Table 1) and the rising demand for biofuels, the major food competitor for land use, the crops 

yields must increase.  

 

Table 1. Global progress in food production, population, cultivated land, CO2 emissions caused by agriculture and fertilizer 

consumption over the years. Total food production (mega tones- Mt); world’s population (in 1,000 people - both sexes); cultivated 

lands (hectares- ha); global emissions of CO2 caused by agriculture (in Gg of CO2eq); and world’s total consumption of fertilizers 

in agriculture (tones - t) in 1960, 2000 and the prediction for the 2030 decade. Data adapted from Vance et al [2], FAO [1] and 

FAOstat [3]. 

 

Item  1960 2000 2030 –2040 

Food production (Mt) 1.8 × 109 3.5 × 109 5.5 × 109 

Population  3.0 x 106 6.1 x 106 9.1 x 106 

Cultivated land (ha) 1.3 × 109 1.5 × 109 1.8 × 109 

CO2 emissions (Gg) 2.7 x 106 4.6 x 106 - 

fertilizer consumption (t) 3.3 x 107 4.0 x 108 - 

 

There are many strategies in the modern agronomy that lead to sharp increase of yields from crop 

cultivations: development of agrochemicals and fertilizers, plant breeding technologies, techniques of soil 

management and development of agricultural machinery. Yet, while the advance in the agronomical field 

is an imperative to support the global demand for food, it has caused substantial negative impact on 

human health, for example the human poisoning caused by pesticides which has been reported since the 

1960 decade [4]. The environmental hazards caused by the advances in agriculture are also an important 

factor; one of the indicators of this impact is the global CO2 emissions caused by agriculture, which had a 
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crescent tendency (Table 1). Moreover, the fertilizer application on soil causes significant water and soil 

contamination, not only by the accumulation of excessive fertilizer amounts in soil and groundwater, but 

also by the fertilizer-derived radioactivity and heavy metal contamination [5,6]. The occurrence of those 

incidents may increase if the fertilizer consumption keeps the rising tendency observed in the past decades 

(Table 1).  

 

1.1.1 Phosphorus dynamics in soil and impact of phosphate fertilization on the environment 

 

Phosphorus (P), together with nitrogen and potassium, is an essential element for plant and animal 

growth and is necessary to maintain sustainable crop and livestock production. This element is involved in 

processes of energy generation, photosynthesis, glycolysis, respiration, membrane synthesis and stability, 

enzyme activation and inactivation, redox reactions, signaling and nitrogen fixation, and it a component of 

the structure of carbohydrate esters, phospholipids, coenzymes and nucleic acids. The concentration of P 

in plants varies from 0.05 to 0.5% of the dry weight and it is known that P availability influences the 

development of plants and their fruits [2]. In general, P deficiency causes chlorosis in older plant leaves 

followed by necrosis in the leaf margins, while stressed younger leaves present a curled shape. This effect 

can be observed for example in the economically relevant soybean culture [7]. 

Figure 1 shows that, in the soil, P exists in various chemical forms, either inorganic: secondary P 

minerals precipitated with calcium (CaP) manganese (MnP), iron (FeP) and aluminum (AlP), or organic: 

as inositol phosphates (phytates), phosphonates (PN), and organic polyphosphates (OPP) [8]. P in the soil 

is formed in the process of weathering of primary minerals, which is slow and depends on several 

conditions, rarely naturally occurring in the soil. As an example, the release of P during the dissolution of 

apatite rocks (CaP) is controlled by diverse factors, such as soil pH and composition, temperature, and 

surface area [9]. In long-term, P can also be released to the soil from microbe, plant and animal remains 

and manure [10]. However, the concentration of soluble P in soil is usually very low: less than 0.1% of the 

P exists in its labile form (free in soil solution as orthophosphate ions HPO4
-2 and H2PO4

-1) which can be 

taken up by plants [11]. It is a general knowledge that substantial part of the P present in the soil is 

immobilized, adsorbed in soil colloids or chemically precipitated as CaP or AlP depending on the soil pH 

[12]. The desorption of the P adsorbed in soil colloids exist mostly due to a complex equilibrium with soil 

solution, while the mineralization or dissolution of immobilized and precipitated P, respectively, is mostly 

performed by the soil microbiota [8]. 
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Figure 1. P dynamics in the soil-plant continuum. PN- phosphonates, OPP-organic polyphosphates, CaP- calcium phosphates, 

FeP- iron phosphates, MnP- manganese phosphates, AlP- aluminum phosphates. 

 

The availability of P in the soil is a critical factor for plant growth, and the application of P 

fertilizers is a major problem of intensive agriculture. It has been documented that relevant cultivated 

plants demonstrate high demand for phosphate source for growth: to yield of up to 9 t ha−1, maize crop 

requires an uptake of 50 kg P ha−1; the production of approximately 3 t ha−1 of small grains takes up 22 kg 

P ha−1; soybean plants demand 25 kg P ha−1 [13]. However, it is estimated that only 20% of the P applied 

in soil is taken up by plants due to its retention by the soil [14]. The low rate of P uptake by plants leads to 

the overload of P fertilizer into the soil by the farmers. Hence, the P fertilizer utilization increased 

substantially over the years (Figure 2). This scenario leads to the occurrence of the main environmental 

hazard caused by P fertilization, eutrophication of lakes and marine estuaries, mainly caused by the run-

off of the remaining P from fertilized agricultural land [2]. Moreover, rock phosphates are a non-

renewable resource and can be used up in a near future due to mining exploration (estimation of 

approximately 60 years) [2].  
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Figure 2. Global annual consumption of phosphate fertilizers. The consumption of phosphate fertilizers is represented in Gg, 

since 1961 to 2004. Data adapted from FAOstat [3].  

 

In the present, as the society requires more of agricultural resources to feed expanding 

populations, impact of phosphate to improve the crop productivity will only increase in importance. 

Hence, sustainable methods to increase the labile P content in the soil must be developed. One of the 

putative strategies to establish more sustainable agricultural production is the use of biofertilizers which 

are based on plant growth promoting properties of some microorganisms. The global biofertilizer market 

is dominated by biofertilizers designated to the nitrogen fixation process, covering around 77% thereof. 

Despite the big difference in number, the biofertilizers designated to enhance phosphate solubilization 

occupy the second place in this market, with around 14% of the share [15]. 

 

1.2. Active rhizosphere: the role of plant growth promoting rhizobacteria (PGPR) in 

sustainable agriculture 

 

Currently, the biofertilizer market occupies 5% of global fertilizer market [15]. The interaction 

between plants and microbes (e. g. PGPR, mycorrhizal fungi or rhizobia) is essential for plant growth. 

PGPR are the group of bacteria (which does not include rhizobia) inhabiting the root surroundings and are 

directly or indirectly involved in promoting plant health, growth and development via production and 

secretion of several regulatory chemicals and enzymes [16]. The application of PGPR to benefit crops is a 

potential way to reduce the environmental impact caused by the conventional agriculture. In the recent 

years, the use of biofertilizers has emerged as relevant component in agriculture, especially due to the 

biological nitrogen fixation (BNF). The association between plants and PGPR starts by the phenomenon 

called “rhizosphere effect”. It involves the attraction and establishment of a microbiota around the plant 



Introduction 

5 

root at the time of the seed germination, due to the liberation of organic metabolites [17]. The microbial 

migration towards the rhizosphere is a key factor for plant-microbe association and the microbial motility 

increases the probability of plant-microbe interaction in the soil [18]. To maintain the associated microbes, 

the liberation of components such as root exudates, lysates and mucilage by the plant is needed [19]. 

Generally, 40% of the plant photosynthates are allocated to the rhizosphere [20]. These components 

contain a large variety of chemicals beneficial for microbes such as amino acids, sugars, flavonoids, 

vitamins and organic acids, which are utilized for microbial growth [18]. Moreover, surface proteins and 

polysaccharides are released by plants to promote the adherence of some rhizobacteria to the plant root 

[21].  

There are many benefits emerging from the rhizosphere microbiota in exchange to the components 

produced by plants. Many PGPR species are well characterized as non-legume nitrogen fixing bacteria, 

such as Azospirillum, Gluconacetobacter, Herbaspirillum, Burkholderia, Klebsiella and Pseudomonas 

[22]. Non-symbiotic BNF is carried out by a diverse group of PGPR that enzymatically reduce 

atmospheric dinitrogen (N2) to ammonia. The biological reduction of N2 is catalyzed by an enzymatic 

complex, nitrogenase [23]. Although the concentration of fixed nitrogen by PGPR is not as high as that 

measured in legumes nodulated by rhizobia, their BNF contribution to plant growth in field conditions 

(determined by 15N2 incorporation studies and nitrogenase activity assays) have been reported foremost for 

sugarcane and rice [24] and recently for maize [25].  

Moreover, PGPR produce metal-chelating agents called siderophores that possess the ability to 

solubilize and bind iron from soil precipitates, making this element available for the plant uptake [26,27], 

which leads to an increased percentage of seed germination and induction of the plant growth [28]. 

Bacterial cells mainly produce siderophores under iron starvation conditions, because they need such 

substances to improve their own iron uptake [29]. Among the siderophore-producing bacteria, the 

siderophore production by Pseudomonas spp. is well documented [30–32], but can also be observed in 

Klebsiella [33], Azotobacter [34] and bacilli [35,36].  

Plant hormones have a major role in regulation of a plant growth. Many rhizobacteria are able to 

produce phytohormones which are structurally unrelated small molecules. Phytohormones produced by 

bacterial communities improve plant health and immunity by influencing regulatory processes [37]. The 

phytohormone-producing PGPR promote beneficial effects on plant health and growth, suppress 

phytopathogens and accelerate nutrient availability and assimilation. Phytohormones may regulate many 

aspects of plant growth, such as apical dominance, root gravitropism, root hair, lateral root, leaf, and 

flower formation, and plant vasculature development [38,39]. Examples of compounds that are classified 

as phytohormones are indole-3-acetic acid (IAA), andother auxins, abscisic acid, cytokinin, gibberellin 

and ethylene [40]. It is documented that inoculation with the IAA producing strains of 

Pseudomonas aeruginosa leads to the increased yield of sesame plants by approximately 40% [41]. 
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Furthermore, rhizospheric halotolerant IAA producing bacterium Kocuria turfanensis is able to promote 

growth of peanut both in non-saline and saline soils [42].  

The PGPR can act as biocontrol agents and reduce the use of synthetic chemicals for controlling 

plant pathogens such as bacteria, fungi, oomycetes, protozoa, nematodes and also weeds [43,44]. The 

biocontrol activity can be mediated by the competition for rhizosphere colonization area. As the 

rhizosphere is a significant carbon sink [18], there is a variety of nutrient-rich niches in this environment 

which attract great diversity of microorganisms, including plant pathogens. The promoted competition for 

these niches is a known mechanism by which PGPR protects plants from pathogens colonization [45]. A 

diverse group of PGPR, including Pseudomonas fluorescencens, Bacillus subtilis and Streptomyces libani 

[46–48], can also promote biocontrol by releasing antibiotics into the environment. Antibiosis between 

bacteria is very broad, including production of phenazines, phloroglucinols, pyoluteorin, pyrrolnitrin, 

cyclic lipopeptides (all of which are diffusible) and hydrogen cyanide (which is volatile) for control of 

root diseases [49]. The production of lytic enzymes [50], induction of systemic resistance (e. g. activation 

of [+]-ᵹ-cadinene synthase in cotton against Spodoptera exigua; [51]), production of IAA and small 

chelating components such as the above-mentioned also contribute to bacterial biocontrol activity. 

Lastly, some PGPR has the ability to promote the solubilization of immobilized phosphates in soil 

[52]. Although the physiology of phosphate solubilization has not been studied thoroughly, some scientific 

insights on this process have been published and are presented in the following chapter.  

 

1.2.1. Solubilization of phosphates as strategy to improve plant nutrition and growth  

 

Phosphate solubilizing bacteria (PSB) possess the ability to solubilize the immobilized P from 

soil. PSB serve as efficient biofertilizer candidates for improving the P nutrition of crop plants [53]. The 

plant growth promoted by PSB has been tested, showing the potential of those organisms to contribute to 

the P uptake in pea [54] and greengram [16]. The PSB Pseudomonas putida along with the nitrogen fixing 

bacteria Azospirillum spp. and Azotobacter spp led to significant increase of germination and plant 

development of artichoke [55]. Furthermore, when co-inoculated with rhizobia, the PSB Pseudomonas sp. 

applied on wheat crop significantly increased the seed yield and the plant P uptake [56]. PSB are greatly 

abundant in the rhizosphere of non-legume plants [57]. There are different bacterial genera with this 

capacity such as Pseudomonas, Bacillus, Rhizobium, Burkholderia, Achromobacter, Agrobacterium, 

Microccocus, Aereobacter, Flavobacterium and Erwinia [52].  

The physiology of mineral phosphate solubilization processes in bacteria is not well understood. 

Nevertheless, as a core phenotype, the phosphate-solubilizing activity of PSB is induced by the exogenous 

depletion of water soluble phosphates [58]. There are few known strategies for the P solubilization by 

bacteria e.g. synthesis of organic acids and expression of alkaline/acid phosphatases, phosphonatases and 

phytases. 
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Synthesis of organic acids has been well recognized and widely accepted as principal P 

solubilization strategy by bacteria. Organic acids have the potential to increase the availability of P in the 

soil [59,60]. This event occurs due to the chelating proprieties of the organic acids [61]. Moreover, the 

synthesis of organic acids leads to the acidification of the bacterial surroundings; this may promote the 

solubilization of apatite by proton substitution of H+ and release of Ca2+ [62]. It is known that the 

phosphate solubilization rate by bacteria depends on the carbon source in the medium [63]. Moreover, the 

deficiency of soluble phosphate in the medium leads to the change of the metabolic carbon flux in 

bacteria, altering the profile of secondary metabolites production [64]. Gluconate is predominantly 

produced by bacteria at low levels of soluble phosphate. For Pseudomonas frederiksbergensis, the 

production of gluconate, tartrate, and oxalate is reduced with the increase of concentration of soluble 

phosphate in its environment [65]. It is documented that production of gluconate in the reaction catalyzed 

by glucose dehydrogenase, which requires pyrroloquinoline quinone (PQQ) as cofactor, is a primary 

mechanism behind phosphate solubilization [63,66]. Different kinds of organic acids (e. g. citrate, 

gluconate, lactate, succinate and propionate) can be detected in PSB culture broths supplemented with 

insoluble phosphate as single P source [53]. Moreover, the phosphate solubilization by Bacillus sp. is 

related to production of oxalate and malate [60]. However, the influence of organic acids on phosphate 

solubilization by bacteria is very complex and need to be studied deeply.  

Acid and alkaline phosphatases can act in phosphate solubilization by removing phosphate groups 

from phosphorylated compounds and catalyzing the hydrolysis of ester-phosphate bonds, leading to the 

release of free phosphate in the soil, which can be taken up by plants [67]. It was previously shown that 

plant available P concentration in the rhizosphere, as well as shoot P levels closely mirrored acid and 

alkaline phosphatase activity in the rhizosphere of several plant species [68]. Moreover, acid phosphatase 

activity can be observed in acid conditions while alkaline phosphatase is active under neutral or alkaline 

conditions [69]. Acid phosphatase activity is mainly found in members of Enterobacteriaceae [70] while 

alkaline phosphatase activity can be observed in Pseudomonas [71]. The best studied system for the 

regulation of phosphatases is the pho regulon, which is an important two-component regulatory operon 

acting as a sensor responding to soluble phosphate in signaling processes. This two-component 

transcriptional factor regulates the expression of several pho regulon genes, such as the alkaline 

phosphatase genes phoA and phoB and the APase-alkaline phosphodiesterase gene phoD [72].  

In organic soils, the phosphate solubilization may be mediated by the cleavage of the C-P bond of 

organophosphonates by phosphonatases (C-P lyases) activity under conditions of phosphate limitation 

[73,74]. Furthermore, phytase activity can be detected in PGPR, e. g. in Streptomyces [75], Pseudomonas, 

Enterobacter, and Pantoea [76]. Phytases are enzymes which catalyze the hydrolysis of phytate, releasing 

less phosphorylated myo-inositol and plant available phosphate forms [52] and phytase-producing PGPR 

are interesting targets for organic agriculture.  
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The physiology and molecular basis of phosphate solubilization is not fully elucidated yet and the 

knowledge on genes expressed in PBS during solubilization of immobilized phosphates remains elusive. 

Nevertheless, Bacillus and Paenibacillus species are prominent examples of PGPR candidates which are 

interesting for further phosphate solubilization studies [77].   

 

1.2.2. Bacillus and Paenibacillus spp. as potential PGPR 

 

This thesis focused on characterization of a promising candidate for PGP use, Paenibacillus 

riograndensis SBR5, which belongs to Paenibacillus genus. Members of the genera Bacillus and 

Paenibacilus, which belong to the phylum Firmicutes, are Gram-positive, facultatively aerobic and 

endospore forming bacteria [78]. They formerly belonged to the same genus; however, members of the 

group 3 within the genus Bacillus were transferred to the genus Paenibacillus, by the proposal of Ash et 

al. [79], in which Paenibacillus polymyxa was suggested as the new genus type species. Multiple species 

of these two genera can promote plant growth and health in a variety of ways. Most species of Bacillus 

and Paenibacillus are globally widespread and have been isolated from rhizosphere soils and plant tissues 

[80–82]. They are interesting candidates to use as biofertilizers due to their PGP features such as, N2 

fixation properties, synthesis of phytohormones, biocontrol of plant pathogens and P solubilization. 

Many isolates of Paenibacillus species, are able to fix nitrogen [83–86]. The presence of nif 

genes, related to nitrogenase activity, is highly conserved in the majority of the Paenibacillus nitrogen 

fixing species [87]. Likewise, B. subtilis and Bacillus amyloliquefaciens present nitrogenase activity [88]. 

Moreover, inoculation of maize plants with Bacillus pumilus contributed to the development of plants and 

led to the N2 fixing contribution of around 30% of total N uptake [89]. Bacillus and Paenibacillus species 

can also contribute indirectly to N2 fixation when applied during the co-inoculation with legume 

symbionts; they increase plant development by stimulating the signaling between plant host and symbiont 

[90]. Moreover, the co-inoculation of PSB Paenibacillu  polymyxa and Bacillus megaterium with rhizobia 

increased the growth and P uptake of common beans [77]. Finally, soybean plants produced longer roots 

and shoots than those of control plants when inoculated with the non-symbiont Bacilus aryabhattai [91]. 

Furthermore, many Bacillus and Paenibacillus species are able to produce plant phytohormones. 

B. subtilis and B. amyloliquefaciens isolated from rhizosphere of cucumber produce high levels of IAA 

[92]. Furthermore, inoculation of B. amyloliquefaciens into tomato plants increased the plant development 

and fruit size [93]. Occurrence of Bacillus and Paenbacillus species was observed in the rhizosphere of 

sunflower and its isolates could produce up to 100 μg of indolic compounds per mL of culture medium 

[94]. Rice inoculation with Bacillus species led to considerable impact on different growth parameters of 

this plant including germination percentage, shoot and root growth and chlorophyll content as compared to 

negative control, due to the influence of IAA produced by bacteria [95].  B. amyloliquefaciens has the 

ability to produce gibberellin and its inoculation into seedlings can be beneficial to rice plants [96]. The 
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inoculation with B. amyoliquefaciens promotes salt tolerance of maize by reducing the level of sodium in 

the rhizosphere; in response to the salinity stress, this bacterium produces the phytohormone abscisic acid 

which promotes the growth of maize plants [97]. 

Several strains belonging to the species of B. amyloliquefaciens, B. subtilis, and B. pumilus elicit 

significant reductions in the incidence rate or severity of various diseases caused by pathogens including 

Fusarium, Rhizoctonia and Pythium [98]. Furthermore, competition assays revealed antagonistic potential 

of Paenibacillus pasadenensis against Botrytis cinerea [99].  

Bacillus and Paenibacillus ssp. participate in P solubilization processes in soil. The general P 

solubilization strategies of PGPR were described in detail in a previous chapter. However, here strategies 

mentioned here are typical for Bacillus and Paenibaicllus ssp. which are the main focus of this thesis. In 

silico analyses suggest that most Paenibacillus strains can solubilize phosphorus by the production of 

gluconate: a study of 35 strains comprising 18 strains belonging to Paenibacillus species revealed that the 

majority of them possess gene candidates encoding glucose dehydrogenase and gluconate dehydrogenase. 

The putative PSB included strains from the species Paenibacillus azotofixans, Paenibacillus graminis, 

P. polymyxa, Paenibacillus sabinae, Paenibacillus sonchi, Paenibacillus vortex, and Paenibacillus 

zanthoxyli [100].  

 

1.2.3. Paenibacillus riograndensis SBR5: a promising candidate for crop inoculation 

 

P. riograndensis SBR5 was isolated from wheat (Triticum aestivum) cultivated in fields in the 

south of Brazil [82]. It is a rod-shaped, facultatively anaerobic, endospore forming bacterium (Figure 3) 

and was proven to possess PGP activity. Specifically, this organism showed the ability to fix nitrogen and 

to produce siderophores and indole-3-acetic acid. The strain SBR5 is closely related to P. graminis 

RSA19T , P. odorifer TOD45T and P. borealis KK19T with DNA-DNA hybridization values of 43, 35 and 

28 %, respectively [101]. The inoculation with P. riograndensis SBR5 improves the growth of wheat in 

greenhouse conditions [102].  
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Figure 3. Scanning electron microscopy of vegetative cells of P. riograndensis SBR5 and spores showing a regular pattern of 

stripes (bar, 2 mm) [101]. 

 

The draft genome sequence of P. riograndensis SBR5 was generated and it revealed the presence of a 

single chromosome of 7,370,000 base pairs (bp) distributed in 2,276 contigs. This draft genome 

sequencing revealed 7,467 open reading frames, 16 tRNAs genes and a G+C content of 55.1% [103]. 

Twenty three genes involved in nitrogen fixation were found, as well as 6 genes encoding siderophore 

transport and uptake proteins [103]. Therefore, the nitrogen fixation and siderophore genetic basis and 

functionality in P. riograndensis SBR5 were further investigated. First, nitrogen fixation system in SBR5 

was tested through differential RNA sequencing (RNAseq) and quantitative reverse transcription 

polymerase chain reaction (qRT-PCR) revealing three BNF-related gene clusters: one cluster comprising 

the genes nifB1H1D1K1E1N1X1-orf1-hesA-V; a second cluster containing nif genes nifH2, B2, D2 and 

K2; and a third one containing alternative nitrogenase genes anfHDGK [104]. Moreover, the functionality 

of the alternative nitrogenase was confirmed by enzymatic assay [104]. Further, it was revealed that 

glutamine synthase senses the presence of nitrogen and transmits the nitrogen signal towards the 

transcriptional repressor GlnR, leading to the transcriptional repression of nitrogen fixation in SBR5 

[105]. Secondly, differential RNAseq under iron depletion was performed [106]. In the event of iron 

deficiency, SBR5 expresses genes related to iron uptake and shows signs of stress resistance displayed by 

increased expression of genes involved in sporulation and DNA protection. Furthermore, although it was 

demonstrated that SBR5 can produce siderophores [101], genes putatively related to siderophore 

production were not expressed under iron starvation conditions. However, the fecE gene encoding Fe3+ 

siderophore transporter was upregulated [106]. Regarding the pathogen biocontrol, P. riograndensis SBR5 

displays the antagonist activity against Listeria monocytogenes and Pectobacterium carotovorum [107]. 

Although a protocol for genetic transformation (based on electroporation) of P. riograndensis was 

developed [108], the tools for genetic manipulation thereof are very limited. The strain SBR5 was 
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deposited as P. riograndensis SBR5T (deposit number LFB-FIOCRUZ 1313). Despite the fact that 

P. riograndensis SBR5 was proposed as the type strain of the species [101], it is still not characterized in 

depth, e.g. only the draft genome sequence is available and some PGP activities of this organism remain 

elusive, e. g. the solubilization of soil phosphates. In the next chapters, I will present on how high-

throughput sequencing technologies and genetic tools can be applied for elucidation of metabolism of 

PGPR. 

 

1.3. Genome-based functional analysis of microorganisms  

 

Due to environmental importance of PGPR, increasing numbers of genomic studies were 

performed on PGPR species, facilitating a holistic insight into their metabolism and the rapid 

identification of biosynthesis pathways of ecologically important metabolites. The whole genome 

sequencing data of an organism represents the big data that is interpreted with the help of bioinformatics 

tools in order to annotate genes and search for new relevant pathways. Since the beneficial properties of 

PGPR are mediated by enzymes and secondary metabolites, genome mining allows scrutinizing the whole 

genome of a PGPR strain for genes encoding enzymes that facilitate resource acquisition, as well as for 

biosynthetic gene clusters encoding PGPR-related active compounds. Since many genes are silent under 

standard laboratory conditions, due to the absence of appropriate natural triggers or stress signals, some 

functions of PGPR may be overlooked where only classical experimental methods are employed [109]. 

Based on that, genomes of a variety PGPR have been sequenced which contributed to identification of 

genes related to their PGP activities [110–114]. 

The complete genome sequences of Paenibacillus PGP members have been published recently 

[115,116]. Comparative genome analysis of different Pseudomonas species revealed important insights on 

the plant interaction process in this genus, showing strong genomic conservations on metabolism of plant-

derived compounds, heavy metal resistance, and rhizosphere colonization [117]. Comparative genome 

analysis of the PGPR Pseudomonas chlororaphis helped to identify the regulation of genes related to the 

biosynthesis of the antimicrobial metabolite phenazine [118]. Genomic-based analysis was used to 

elucidate transcriptional regulation of nitrogen fixation in P. riograndensis SBR5 [105]. 

Over the past years, the understanding of bacterial transcription has advanced due to the 

combination of high-throughput technologies with classical genetics and biochemical assays. For instance, 

RNAseq has offered powerful tool for high-resolution transcriptome characterization, allowing both 

differential-expression analysis and identification of new transcripts not predicted by bioinformatics. The 

efforts in the transcriptome field have helped to elucidate the function of different genes in PGP processes. 

These efforts are mainly based on microarray or comparative RNAseq technologies. Microarray analysis 

was applied to demonstrate the gene expression profile of B. subtilis in the presence of rice seedlings, 

which led to the upregulation of the genes related to stress response and metabolism of carbohydrates and 
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amino acids [119]. Transcriptomic response of Herbaspirillum seropedicae characterized by the means of 

RNAseq showed activation of nitrogen fixation, polyhydroxybutyrate metabolism, cell wall re-modeling 

and adhesion molecules such as adhesin, which suggests specific metabolic adaptations of the bacteria to 

the rhizospheric environment [120]. Differential gene expression analysis revealed genes involved in 

phosphate solubilization under P depletion in Burkholderia multivorans, confirming the role of organic 

acids production in this process [121]. Differential gene expression analysis also uncovered expression of 

the nif gene operon (nifBHDKENXhesAnifV) in Paenibacillus sp. under nitrogen fixation conditions [122].  

For industrially relevant bacteria, like Corynebacterium glutamicum and B. methanolicus, the use 

of high-throughput RNAseq enabled genome-wide scale transcriptome analysis, uncovering 

transcriptional features of such organisms, for example promoter and ribosome binding site (RBS) motifs, 

operon structures and presence of novel transcripts [123,124]. This type of transcriptome analysis is a 

valuable basis for differential RNA sequencing analysis; however, so far they were not performed for 

PGPR. Draft genome and gene expression analysis of P. riograndensis have been published 

[103,104,106]. However, a complete genome sequence and genome-wide scale transcriptome analysis are 

still missing. One of the goals of this thesis was to address these shortcomings. The advance in 

genomic/transcriptomic studies on PGPR offers a high-throughput and valuable way of understanding 

bacterial metabolism and may contribute to increase the PGPR participation in fertilizer market. In next 

subchapters, I will present how the high-throughput technologies contributed to the improvement of 

understanding of biotin biosynthesis pathway and functioning of riboswitches in different bacterial 

species. Those processes served as an example in my thesis on how the genomic/transcriptomic data 

combined with functional analysis may contribute to uncovering physiology of bacterial species, here, 

particularly P. riograndensis.   

 

1.3.1. Genome-based identification of biosynthesis pathways: biotin biosynthesis pathway in 

microorganisms 

 

Biotin is part of a vitamin group B produced by PGPR that also include thiamine, niacin, 

pantothenic acid, and cobalamin, and may play a role in microbial competition for root colonization [125]. 

The biosynthesis of this component is well known in Escherichia coli and B. subtilis. The synthesis of 

biotin starts from pimeloyl-CoA (Figure 4). In B. subtilis, pimeloyl-CoA is obtained in a reaction 

catalyzed by enzyme coded by the genes bioW and bioI. BioI is an enzyme of the cytochrome P450 family 

that cleaves carbon bonds of fatty acids to generate pimeloyl-CoA while BioW is a 6-carboxyhexanoate-

CoA ligase that catalyzes the conversion of the precursor pimelic acid into pimeloyl-CoA [126]. In E. coli, 

the synthesis of pimeloyl-CoA is mediated by BioC and BioH enzymes. BioC transfers a methyl group 

from S-adenosyl-L-methionine (SAM) to malonyl-CoA, to give malonyl-CoA methyl ester. BioH 

synthetizes pimeloyl-CoA by the hydrolysis of the ester bonds in the fatty acid synthetic pathway [127]. 
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Downstream of pimeloyl-CoA, the synthesis of biotin occurs in four steps mediated by BioF, BioA, BioD 

and BioB. BioF is a 7-keto-8-aminopelargonic acid (KAPA) synthase that catalyzes the decarboxylative 

condensation of pimeloyl-CoA and alanine to produce KAPA [128]. BioA is a 7,8-diaminopelargonic acid 

(DAPA) aminotransferase that uses S-adenosyl-L-methionine (SAM) as amino donor to KAPA to form 

DAPA [129]. BioD is a dethiobiotin synthase that forms dethibiotin by the ATP-dependent insertion of 

CO2 between the N7 and N8 nitrogen of DAPA [130]. BioB (biotin synthase) catalyzes the last step in this 

pathway, in which dethiobiotin is converted to biotin by the insertion of a sulfur atom into dethiobiotin by 

a radical mechanism [131]. 

   

 
 
Figure 4. Scheme of biotin biosynthesis in the Gram-negative E. coli and the Gram-positive B. subtilis and the genes involved in 

this process. OA- octaconic acid; SAM- S-adenosyl-L-methionine; SAMO- S-adenosyl-4-methylthio-2-oxobutanoate; S- Sulphur. 

 

Genomic findings associated with functional analysis could elucidate the genetic basics of biotin 

biosynthesis in E. coli and B. subtilis. In E. coli the genes encoding for biotin synthesis are organized in a 

bi-directional operon. On the right direction, the transcription unit includes the genes bioB, bioF, bioC and 

bioD, while on the left transcription unit includes the bioA gene and an additional open reading frame with 

unknown function named orfX. Located outside of this operon, a bioH gene is also required for biotin 
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synthesis [132]. In B. subtilis, the bio genes are all co-transcribed in one single operon bioWAFDBI 

[133,134]. Although biotin is formed in bacteria by a well-defined pathway, much of the current 

knowledge on the molecular mechanisms has been derived from work in model organisms, as E. coli and 

B. subtilis [127]. Moreover, the biotin biosynthesis and its genetic basis in P. riograndensis are unknown 

and still needs further study.   

 

1.3.2. Transcriptome-based identification of regulatory elements: gene regulation by riboswitches 

 

Riboswitches are regulatory elements found in the 5’-untranslated regions (5’-UTR) of genes and 

they perform the regulatory control over the gene transcript by directly binding a small ligand molecule. 

Riboswitches often regulate expression of essential genes and as such they are interesting target structures 

for the development of novel compounds, e. g. antibiotics [135]. Most riboswitches are composed of two 

distinct functional domains: an aptamer domain that recognizes and binds to a small molecule (ligand) 

which leads to adopting a new conformation; and an expression platform, which contains a secondary 

structural switch that interfaces with the gene transcriptional or translational machinery (Figure 5). The 

aptamer must discriminate between chemically related metabolites with high selectivity to elicit the 

appropriate regulatory response. Regulation is achieved by action of a region of overlap between two 

domains of the riboswitch, whose pairing directs folding of the RNA into one of two mutually exclusive 

structures of the expression platform that represent the “on” and “off” states of the mRNA [136]. The 

most common mechanisms used by bacterial riboswitches in the presence of ligand to regulate gene 

expression are the transcription termination, the translation initiation and a dual effect of these 

mechanisms [137,138]. The transcription termination occurs through the aptamer control of the formation 

of the terminator stem usually by regulating the formation of a competing secondary structure called anti-

terminator, which causes RNA polymerase to stall transcription. In case of regulation of translation 

initiation, an anti-sequestering stem is formed controlled by the aptamer and it results in the sequestration 

of the RBS sequence. Finally, a dual transcription and translation control occurs when the RBS is 

sequestrated in a terminator stem (Figure 5). 
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Figure 5. Riboswitch gene regulation mechanisms. The aptamer domain binds to a small molecule (ligant), adopting a new 

conformation that base pair with the RBS, blocking the translation; A- transcription termination; B- translation initiation control; 

and C- dual transcription and translation control. 

 

Genome-wide searches have identified many conserved mRNA elements that could potentially 

function as riboswitches but were missing their validated ligands [139]. Furthermore, transcriptome 

analysis in bacteria could offer the prediction of riboswitches and their transcriptional organization 

[123,124].The riboswitch mechanisms for regulation of gene expression has major impact on bacterial cell 

physiology, e. g. thiamine pyrophosphate (TPP)-responding riboswitches, which are involved in the 

regulation of thiamine metabolism in numerous bacteria, is well known for controlling the translation 

initiation in E. coli [140]. Hence, the search for riboswitches also allows the development of tools for 

manipulation of gene expression in a variety of biological systems. However, studies regarding gene 

regulation by riboswitches in PGPR are scarce.   

 As mentioned before, the putative riboswitches can be predicted solely on the basis of the 

genomic sequences e.g. by comparison to the sequences gather in RNA families databases such as Rfam 
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[141]. The RNAseq analysis provides additional information on the transcriptional landscape which makes 

it useful tools in quest for putative riboswitches present in the transcriptome. However, the functionality of 

the putative riboswitch can only be confirmed by molecular studies, such us expression of a reporter gene 

under control of putative riboswitch. The detection and confirmation of functionality of putative 

riboswitches gives better insight into the regulation of different biosynthesis pathways. For example, 

transport and biosynthesis of TPP which is a cofactor in many metabolic reactions is feedback controlled 

by the TPP riboswitch is some bacterial species such as B. subtilis [142], Bacillus anthracis [143] and 

E. coli [144].  

 Thiamine is indispensable for the activity of the carbohydrate and branched-chain amino acid 

metabolic enzymes in its active form TPP [145]. As biotin, thiamine is part of the vitamin B group, which 

is suggested to improve the plant root colonization by PGPR [146]. Thiamine also acts as a cofactor of the 

principal enzyme (indolepyruvate decarboxylase) in synthesizing IAA in PGPR [147]. In E. coli, the 

precursors hydroxymethyl-pyrimidine diphosphate and hydroxyethyl-thiazole phosphate are utilized to 

synthetize TPP [148]. Thiamine biosynthesis protein ThiC converts aminoimidazole ribotide to 

hydroxymethyl-pyrimidine phosphate, which is subsequently phosphorylated by the bifunctional 

hydroxymethyl-pyrimidine phosphate P kinase ThiD to yield hydroxymethyl-pyrimidine pyrophosphate. 

On the other hand, the thiazole moiety of thiamine is derived from tyrosine, cysteine and 1-deoxy-D-

xylulose phosphate. In a yet unresolved chain of reactions featuring thiF, thiS, thiG, thiH, thiI and thiM 

gene products, hydroxyethyl-thiazole phosphate is formed. Hydroxymethyl-pyrimidine pyrophosphate and 

hydroxyethyl-thiazole phosphate are joined by one enzymatic step mediated by the ThiE protein, followed 

by phosphorylation of the formed thiamine monophosphate by ThiL to create TPP (Figure 6) [144,148].  
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Figure 6. Scheme of TPP biosynthesis pathway in E. coli and the genes involved in this process. 

 

In this light, the use of high-throughput sequencing technologies and molecular biology tools are 

important methods to elucidate a regulation of biosynthesis of compounds crucial for the metabolism of 

different bacterial species. 

 

1.4. Molecular biology tools for functional study of PGPR features  

 

Genetic manipulation is crucial for taking full advantage of the information generated by DNA 

sequences. The use of genetic manipulation has been applied to characterize different PGP features in 

bacteria. Molecular cloning was used to identify and characterize rpoS as non-siderophore production 

gene in P. putida [149]. An electroporation method was developed to transform Azospirillum amazonense 

with plasmid DNA, and further the vectors introduced into the cells were used for expression of 

heterologous fluorescent reporter gene [150]. The fluorescent reporter genes were applied in PGPR studies 

where P. putida and Azotobacter chroococcum were transformed with plasmid vector carrying gene 

coding for green fluorescence protein (gfp) to detect gfp-tagged bacterial cells colonizing sorghum tissues 

through microscopy [151]. The use of transposon mutagenesis and molecular cloning for the 

complementation of the mutants was used to characterize the production of a pathogen antagonist 

component phenazine by Pseudomonas aereofaciens [152]. A gene region that codes for pyrrolnitrin 

production enzyme was cloned in non-pyrrolnitrin-producing mutants of P. fluorescens, which led to 

restoration of pyrrolnitrin synthesis and suppression of Rhizoctonia solani-induced damping-off of cotton 
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[153]. Furthermore, in B. amyloliquefaciens, the genes patB (encoding aminotransferase), yclC (encoding 

decarboxylase), and dhaS (encoding indole 3-acetaldehyde dehydrogenase), which were proposed to 

constitute the indole-3-pyruvic acid pathway for IAA biosynthesis, were expressed separately or co-

expressed as an entire IAA synthesis pathway, which led to the increased IAA production by the 

recombinant B. amyloliquefaciens [154]. An electroporation method has been developed for 

P. riograndensis, resulting in recombinant cells with high transformation efficiency [108]. A genetic 

toolbox for P.riograndensis was missing, and it was one of the aims of this thesis to develop suitable 

molecular tools for this bacterium and apply them for the characterization of metabolism of this 

bacterium.   

 

1.5. Objectives 

 

P. riograndensis SBR5 is a plant growth promoting rhizobacterium, which is a promising 

candidate to serve as a crop inoculant. Despite its potential regarding environmental and economic 

benefits, the species P. riograndensis is poorly characterized and genetic tools are deficient. Based on that, 

the objective of this thesis is to improve the characterization of this organism, focusing on the following 

goals: 

 To sequence, assemble and annotate the genome P. riograndensis SBR5 in order to determine 

its complete genome sequence. 

 To perform a genome-wide scale transcriptome analysis of SBR5, providing the 

characterization of promoter and RBS motifs, operon structure, and transcriptional profile. 

 To develop a molecular genetic toolbox for P. riograndensis SBR5. 

 To investigate aspects of vitamin biosynthesis by SBR5 based on the genome/transcriptome 

data and utilizing the newly developed molecular genetic toolbox. 

 To evaluate the transcriptional profiling of SBR5 in phosphate solubilization conditions using 

differential gene expression analysis based on the genome/transcriptome data.      
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2.1.1. Abstract 

 

Paenibacillus riograndensis is a Gram-positive rhizobacterium which exhibits plant 

growth promoting activities. It was isolated from the rhizosphere of wheat grown in the state of 

Rio Grande do Sul, Brazil. Here we announce the complete genome sequence of P. riograndensis 

strain SBR5
T
. The genome of P. riograndensis SBR5

T 
consists of a circular chromosome of 

7,893,056 bps. The genome was finished and fully annotated, containing 6,705 protein coding 

genes, 87 tRNAs and 27 rRNAs. The knowledge of the complete genome helped to explain why 

P. riograndensis SBR5
T
 can grow with the carbon sources arabinose and mannitol, but not myo-

inositol, and to explain physiological features such as biotin auxotrophy and antibiotic 

resistances. The genome sequence will be valuable for functional genomics and ecological 

studies as well as for application of P. riograndensis SBR5
T
 as plant growth-promoting 

rhizobacterium.  

 

2.1.2. Results and Discussion 

 

Plant growth-promoting bacteria may be beneficial for crop production [1]. Bacterial 

communities can be characterized by metagenomics approaches as e.g. applied to monitor 

changes of root bacterial communities associated to two different development stages of canola 

(Brassica napus L. var oleifera) [2]. Studies focusing on isolation of plant growth-promoting 
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bacteria are also often performed, e.g. for sugar cane [3], maize [4], rice [5], and wheat [6]. 

Paenibacillus riograndensis SBR5
T
, a diazotrophic bacterium isolated from the rhizosphere of 

Triticum aestivum L. cultivated in Southern Brazil, has been described as a new species of the 

genus Paenibacillus [7]. The Gram-positive rod-shaped, facultative aerobic, motile, spore-

forming P. riograndensis SBR5
T
 has been investigated for its plant growth promotion 

characteristics and its potential use as wheat inoculant [6]. The strain is available from the 

Brazilian type collection LFB-FIOCRUZ as CCGB1313 and from Spanish type collection CECT 

as CECT7330. The draft genome sequence has previously revealed the presence of nif genes as 

well as of genes related to the alternative nitrogen fixation system (anf genes) [8]. Since there are 

few studies about anf genes in Gram-positive diazotrophs, this species constitutes an interesting 

model for the study of the regulation of nitrogen fixation in this group of bacteria [9].  

To perform the sequencing of P. riograndensis SBR5
T
, two shotgun Paired-End and 

Mate-Pair libraries were generated. The libraries were prepared using Nextera DNA sample 

preparation kit and Nextera Mate-Pair sample preparation kit, respectively (Illumina, U.S.A.). 

The sequencing run was carried out using the Illumina MiSeq System. The genome sequencing 

resulted in 6,781,183 reads, assembled in 4 scaffolds and 198 contigs by the Newbler v.2.8 

(Roche, Switzerland), with 198 fold average coverage. The largest scaffold had 7,885,596 bps 

and the largest contig had 437,460 bps. The average read lengths were 743 ± 249 bps for the 

Paired-End library and 9,692 ± 2,423 bps for the Mate-Pair library.  

The genome finishing was performed using the CONSED Software package [10] to order 

and join the contigs, close gaps (repetitive sequences, which were confirmed by PCR) and 

resolve SNPs in repetitive regions. The whole genome of SBR5
T
 consists of a circular 

chromosome of 7,893,056 bps, with GC content of 50.97% (Table 1). The 523,056 bps absent 

from the draft genome sequence consisting of 2,276 contigs [8] were not clustered, but scattered 

over the whole genome. The finished sequence was submitted to GenDB Software [11] for 

automatic identification and annotation of the genes, resulting in 6,705 protein coding genes, 87 

tRNAs and 27 rRNAs (Table 1). The rRNA genes (named Prio_6706 to Prio_6732) are organized 

in nine individual operons (rrnA, rrnB, rrnC, rrnD, rrnE, rrnF, rrnG, rrnH and rrnI) located in 

different regions of the genome. Each operon encodes the 5S, 16S, and 23S rRNAs in varied 

order except for operon rrnG which lacks a 5S rRNA gene while operon rrnH contains two 5S 

rRNA genes.  
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Table 1. Genome features of P. riograndensis SBR5T 

  

Features Chromosome 

Length (bp) 7,893,056 

G+C content (%) 50.97% 

CDS 6,705 

rRNA genes (operons) 27 (9) 

tRNA genes 87 

 

The genome of SBR5
T
 contains genes putatively involved in resistance to several 

antibiotics such as encoding the antibiotic efflux systems belonging to the RND (e.g. Prio_4911), 

ABC (e.g. Prio_6246), MFS (e.g. Prio_6658), and MATE (e.g. Prio_2495) protein families. 

Furthermore, genes that possibly confer specific antibiotic resistance including 10 van (e.g. 

Prio_6068) and 18 genes related to the general β-lactamase mediated resistance were found (e.g. 

Prio_6596). For example, the growth of SBR5
T
 on LB agar plates containing 200 μg ml

-1
 

erythromycin or 600 μg ml
-1

 kanamycin (data not shown) may be explained by the gene encoding 

a multidrug exporter of the Emr protein family (Prio_3171), which confers erythromycin 

resistance in Escherichia coli [12], and the kanamycin nucleotidyltransferase gene (Prio_3529), 

respectively. 

SBR5
T
 is not able to grow in minimal medium without biotin and this biotin auxotrophy is 

reflected by the absence of all biotin biosynthesis genes (bioWAFDBI), although the Prio_5347 

encoded P450 enzyme shows similarity to BioI of Bacillus subtilis.  

P. riograndensis SBR5
T
 is characterized by the ability to grow with the carbon sources 

arabinose and mannitol, but not myo-inositol [7]. A cluster of tree adjacent genes (Prio_4651-

4653) encoding uptake system AraE and the AraC-family two-component regulatory system and 

a cluster of four genes (Prio_6589-6592) encoding enzymes AraB, AraA and AraD as well as 

repressor AraR may explain uptake, utilization and regulation of arabinose. Mannitol uptake, 

phosphorylation and conversion to fructose-6-phosphate is commensurate with the presence of 

four adjacent genes (Prio_1805-1808) coding for mannitol specific PTS and mannitol-1-

phosphate 5-dehydrogenase. P. riograndensis SBR5
T
 is unable to utilize myo-inositol which is 

refelcted by the lack of the genes iolB, iolD and iolJ, although homologs of idhA, iolE, iolC and 

iolA are present (Prio_3014, Prio_4831, Prio_2204 and Prio_6323). Albeit SBR5
T
 was negative 

in a nitrate reduction assay [4], its genome encodes putative nitrate reductase NarGHJI 

(Prio_3572-3574), while there is no evidence for assimilatory nitrate reductase NasACKBDEF. 

The complete genome sequence will be valuable for future characterization of the physiology of 
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the diazotroph P. riograndensis SBR5
T
, functional genomics and its application in 

agrobiotechnology.  

 

Sequence accession numbers 

 

The complete genome sequence has been deposited in EMBL/GenBank with accession 

number LN831776. 
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2.2.1. Abstract 

 

 Background: The plant growth promoting rhizobacterium Paenibacillus riograndensis 

SBR5 is a promising candidate to serve as crop inoculant. Despite its potential regarding 

environmental and economic benefits, the species P. riograndensis is poorly characterized. Here, 

we performed for the first time a detailed transcriptome analysis of P. riograndensis SBR5 using 

RNAseq technology. 

 Results: P. riograndensis SBR5 was cultivated under 16 different growth conditions and 

RNA was isolated from samples collected during growth experiment and combined together in 

order to analyze an RNA pool representing a large set of expressed genes. The resultant total 

RNA was used to generate two different libraries, one enriched in 5’-ends of the primary 

transcripts and the other representing the whole transcriptome. Both libraries were sequenced and 

analyzed to identify the conserved sequences of ribosome biding sites and translation start motifs, 

and to elucidate operon structures present in the transcriptome of P. riograndensis. Sequence 

analysis of the library enriched in 5’-ends of the primary transcripts was used to identify 1,082 

TSS belonging to novel transcripts and allowed us to determine a promoter consensus sequence 

and regulatory sequences in 5’ untranslated regions including riboswitches. A putative thiamine 

pyrophosphate dependent riboswitch upstream of the thiamine biosynthesis gene thiC was 

characterized by translational fusion to a fluorescent reporter gene and shown to function in 

P. riograndensis SBR5.  
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 Conclusions: Our RNAseq analysis provides insight into the P. riograndensis SBR5 

transcriptome at the systems level and will be a valuable basis for differential RNAseq analysis of 

this bacterium.  

 

2.2.2. Background 

 

Members of Paenibacillus genus are Gram-positive, spore-forming, motile and 

facultatively anaerobic bacteria [1]. This group is biochemically and morphologically diverse and 

is found in various environments, such as soil [2], rhizosphere [3], insect larvae [4], and clinical 

samples [5]. Originally, Paenibacillus belonged to the genus Bacillus; however, in 1993 it was 

reclassified as a separate genus [6]. The important plant growth promoting (PGP) species 

Paenibacillus polymyxa, Paenibacillus macerans and Paenibacillus azotofixans were included in 

the new genus when it was proposed [6]. The genus Paenibacillus currently comprises more than 

150 named species; approximately 6% of these are able to fix nitrogen and possess some other 

plant growth promotion abilities [7]. 

Paenibacillus riograndensis SBR5 is the type strain of this species and was isolated from 

rhizosphere of wheat (Triticum aestivum) fields in the south of Brazil (Rio Grande do Sul) [8]. It 

was shown that P. riograndensis SBR5 is a promising candidate for crop inoculation because of 

its nitrogen fixation ability and other plant growth promotion characteristics such as production 

of phytohormones and antimicrobial substances [9,10]. 

A phylogenetic analysis of SBR5 based on the 16S rRNA gene sequence has showed that 

it is most closely related to Paenibacillus graminis RSA19
T
 (98.1 % similarity) [9]. The genome 

of SBR5 was completely sequenced and annotated; its circular chromosome consists of 7,893,056 

bps, with GC content of 50.97% [11]. The annotation of the finished genome sequence showed 

the presence of 6,705 protein coding genes, 87 tRNAs and 27 rRNAs genes [11]. 

Recent research efforts on transcriptome characterization in paenibacilli focused on 

comparative transcriptomic analysis under different plant-related conditions [12,13]. Contrary to 

these differential transcriptomic analyses, comprehensive transcriptome analysis allows to chart 

the RNA landscape of a particular organism for improvement of the genome annotation, 

detection of novel transcripts and conserved sequence motifs such as transcription start sites 

(TSS), promoters and ribosomal biding sites [14,15]. These comprehensive analyses have been 

performed for bacteria of industrial or public health relevance such as Corynebacterium 
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glutamicum [14] and Salmonella [16], respectively. Although complete genome sequences of 

several Paenibacillus PGP members have been published [11,17–19], a whole transcriptome 

analysis for a member of this genus is still missing. 

In this study, we describe genome-wide TSS mapping and whole transcriptome analysis 

of P. riograndensis SBR5 cultivated under 16 conditions. Conserved sequence motifs for 

promoters, ribosome binding sites, riboswitches and other RNA families were determined, and 

the function of a TPP (thiamine pyrophosphate) riboswitch confirmed by translational fusion with 

a green fluorescence protein (GfpUV) reporter gene. 

 

2.2.3. Materials and Methods 

 

Cultivation of P. riograndensis SBR5 in different conditions 

 

P. riograndensis SBR5, the bacterial strain used in this study , was obtained from the 

strain collection of the Department of Genetics at Universidade Federeal do Rio Grande do Sul. 

Here, we performed different cultivations in order to expose SBR5 to varied growth conditions. 

In all experiments, the bacterial cells were grown in 500 mL shaking flasks containing 50 mL of 

medium shaking at 120 rpm and at temperature of 30°C, if not stated otherwise. For each 

condition tested, four biological replicates were used: one for harvesting of bacterial cells and 

total RNA isolation, and three for further determination of growth characteristics. The optical 

density at 600 nm (OD600 nm) of the cultivated cells was measured throughout growth. The initial 

OD600 nm in all cultivations was approximately 0.05. 

The first experiment was performed with lysogeny broth (LB) as growth medium; the 

cells were grown under three different temperatures: 20°C, 30°C or 37°C. Cells were also 

cultivated at 30°C for further application of 5 minute-cold shock (from 30°C to 4°C) or heat 

shock (from 30°C to 50°C) when the middle of the exponential phase was reached. The PbMM 

(P. riograndensis minimal medium: MVcMY without vitamin complex and yeast extract) [20] 

with 20 mM glucose as carbon source was used for application of the remaining stress conditions. 

The growth of SBR5 was carried with addition of 100 mM KCl or NaCl or addition of 2 g L
-1

 of 

ethanol or methanol to the medium. Moreover, growth in PbMM with addition of three different 

carbon sources of was compared: 20 mM of glucose, 40 mM of glycerol or 10 mM of sucrose. 

Finally, the cells were cultivated in three different pHs: 5, 7 or 8, buffered with 50 mM of 2-(N-
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morpholino)ethanesulfonic acid (MES), 3-morpholinopropane-1-sulfonic acid (MOPS) and 3-

[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino]propane-1-sulfonic acid (TAPS), 

respectively. The bacterial cells were harvested in the middle of the exponential phase and the 

harvesting procedure was done according to Irla et al. [15]. 

For the cultivation of the P. riograndensis transformants harboring plasmid DNA with 

gfpUV reporter gene under control of the pyruvate kinase promoter (Ppyk) with either native 5’ 

UTR (pP2pyk-gfpUV) or 5’ UTR of the gene P.riograndensis_final_150 (pP2pyk_TPP-gfpUV), 

the cells were routinely grown at 30°C, shaking at 120 rpm, in medium DSMZ 220 [21] with 

addition of 5.5 µg mL
-1

 of chloramphenicol. Escherichia coli strains were routinely cultivated at 

37 °C in LB supplied with 15 µg mL
-1

 of chloramphenicol when needed. To assay the effect of 

thiamine on gfpUV expression by the two P. riograndensis strains, bacterial cells were transferred 

from DSMZ 220 medium to glucose minimal medium PbMM [21] with 0, 5, 10, 15, 20 or 25 µM 

of thiamine for SBR5(pP2pyk_TPP-gfpUV) and 0 or 25 µM of thiamine for SBR5(pP2pyk-

gfpUV). After overnight growth, cells in minimal medium were used to inoculate fresh PbMM 

medium containing its respective thiamine concentration.  

 

RNA isolation and preparation of cDNA libraries for sequencing 

 

In order to isolate total RNA from SBR5 cells, bacterial cell pellets previously harvested 

and kept at -80°C were thawed in ice and RNA was extracted individually for each cultivation 

condition using NucleoSpin RNA isolation kit (Macherey-Nagel, Düren, Germany). Polymerase 

Chain Reactions (PCRs) with two pairs of primers amplifying two different genome regions was 

perform to detect the presence of remaining genomic DNA in the samples (primer sequences in 

Additional file 2: Table 2). RNA samples with genomic DNA contamination were treated with 

the RNase-free DNase set (Qiagen, Hilden, Germany). The concentration of isolated RNA was 

determined by DropSense™ 16 (Trinean, Ghent, Belgium; software version 2.1.0.18). To verify 

the quality of RNA samples, we performed capillary gel electrophoresis (Agilent Bioanalyzer 

2100 system using the Agilent RNA 6000 Pico kit; Agilent Technologies, Böblingen, Germany). 

All procedures to obtain high quality RNA were done according to manufacturer’s 

recommendations. The extracted RNA samples were pooled in equal parts and the pool of total 

RNA was subsequently used for the preparation of two different cDNA libraries.  
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The cDNA libraries of SBR5 were pre pared according to two different protocols. One 

library followed the protocol for the enrichment of 5′-ends of primary transcripts, while the other 

method allowed the analysis of the whole transcriptome [14,15]. The libraries were prepared and 

sequenced according to Irla et al. [15]. 

 

Mapping sequenced reads onto the genome of P. riograndensis SBR5 

 

Before mapping to the reference genome, the reads obtained during sequencing of the whole 

transcriptome and 5’-end enriched library were trimmed to a minimal length of 20 base pairs with the 

Trimmotatic ver. 0.33 [22]. The reads of 5’-end enriched library were trimmed in the single end mode, 

whereas those of whole transcriptome library in paired end mode. Trimmed reads were mapped to the 

reference genome of P. riograndensis SBR5 (accession number LN831776.1) using the software for short 

read alignment Bowtie [23]. 

 

Determination of transcription start sites (TSS) based on 5’-end enriched library 

 

To determine and classify the TSS based on mapped 5’-end enriched library, we used the 

software for visualization of mapped sequences ReadXplorer [24]. This determination was done 

in two steps, one automatic TSS determination and one manual data set curing. First, the TSS 

were automatically detected by ReadXplorer Transcription Analysis Parameter Wizard, following 

two different selected sets of criteria described in Table 1. In the generated data, to each TSS 

detected, several characteristics were reported; including: 70 base pairs sequence upstream the 

TSS, the assigned gene name and product, the DNA strand to which the assigned gene belongs, 

the assigned gene start and end position, the distance between the given TSS and its assigned 

TLS and its classification regarding a TSS assigned to t/mRNA or a novel transcript. As second 

step, the data generated through the two parameter sets were combined and manually cross-

checked to classify the novel transcripts as antisense, intergenic or intragenic, and also to 

eliminate false positives, as previously described by Irla et al. [15]. 
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Table 1. Parameter sets selected for transcription analysis of P. riograndensis SBR5. 

 

Transcription start site detection parameters 1 2 

Minimum number of read starts 5 3 

Minimum percent of coverage increase 48 48 

Maximum low coverage read start count 0 20 

Minimum low coverage read starts 0 3 

Minimum transcript extension coverage 20 5 

Maximum distance to feature of leaderless transcripts 300 5,500 

Associate neighboring TSS in a base pair window of 3 3 

 

Determination of 5’ UTR length and identification of cis-regulatory elements in 5’ UTRs of 

P. riograndensis SBR5 genes 

 

A genome-wide analysis was performed in order to identify putative RNA motifs in the 

genome of SBR5. To this end, we used the Infernal tool [25]. The RNAs were annotated to the 

genome of SBR5 in conjunction with the Rfam library [26]. Furthermore, based on the difference 

between the position of the analyzed TSS and its assigned TLS, we could determine the 5’ UTR 

length of each TSS belonging to an annotated gene. The 5’ UTRs which were longer than 100 

base pairs were used as candidates to evaluate whether they contain cis-regulatory elements. In 

total, 209 5’ UTRs were analyzed by comparison to Rfam database [27]. One of the detected 

riboswitches was selected for further analysis; a 313 base pairs sequence of the TPP riboswitch 

present in the 5’ UTR of the thiC gene was analyzed in the ARNold tool for identification if 

transcriptional terminators [28] and in the RNAfold tool  for determination of its secondary 

structure [29]. 

 

Detection of conserved ribosomal biding site (RBS) and promoter motifs sequences 

 

To identify the conserved promoter motifs, 70 base pairs sequences upstream the TSS 

assigned to annotated genes were analyzed. All the genes with identified TSS were considered in 

the analysis of translation start sites (TLS) and RBS motifs, for this analysis 50 bp upstream of 

TLS were considered. The Improbizer [30] program was used to find the motifs and the tool 

WebLogo [31] was used to generate the visualization charts. In both programs, the default 

settings were applied for the analysis. In the final charts, the conserved motifs are represented in 
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upper or lower case depending on its conservation, as follows: nucleotides in upper case letters 

represent more than 80% of occurrence among all analyzed sequences, nucleotides in lower case 

letters represent occurrence of more than 40%, but less than 80% of all cases. If a base occurs 

less often than 40%, the letter “n” in lower case appears.  

 

Determination of most abundant genes transcribed in P. riograndensis SBR5 

 

In order to determine the most abundant genes transcribed in the applied cultivation 

conditions in SBR5, the whole transcriptome library data set was used. The data was normalized 

by calculation of Reads Per Kilobase per Million mapped reads (RKPM) [32]. The calculation of 

abundances was automatically generated by the ReadXplorer software [24] as described in Irla et 

al. [15]. When the transcripts of proteins of unknown function were automatically defined as the 

most abundant, the gene sequences were submitted to BLASTx analysis to identify the family to 

which the protein in question belongs [33]. 

 

Identification of operon structures in P. riograndensis SBR5 

 

The operon structures present in this transcription analysis were automatically detected in 

the ReadXplorer software [24]. The same approach was previously shown in Irla et al. [15]. 

Based on the whole transcriptome library data set, the operon was identified if the intergenic 

space of two genes positioned in same orientation linked those genes by a bridge of at least two 

paired mappings. The operons and suboperons were classified separately: a primary operon was 

considered when a TSS was assigned to the first gene of the operon; and a suboperon was 

detected when a TSS was assigned within primary operons. Furthermore, the automatically 

generated operon set was manually cross-checked with the complete whole transcriptome 

RNAseq data. Finally, the difference between the position in the genome of the first nucleotide 

and the last nucleotide of the suboperons/operons was calculated to determine the approximated 

suboperons/operons length distribution. This calculation does not take the lengths of 5’ UTRs and 

3’ UTRs into account. 
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Strains, plasmid construction and primers 

 

P. riograndensis SBR5was used as host for heterologous expression of gfpUV. 

Information about the plasmids constructed in this work and primer sequences is available in 

Additional file 2: Table S2. Molecular cloning was performed as described by Sambrook [34]. 

Chemically competent cells of E. coli DH5α were prepared for cloning [35]. Genomic DNA of 

P. riograndensis SBR5 was isolated as described by Eikmanns et al. [36]. The NucleoSpin® Gel 

and PCR Clean-up kit (Machery-Nagel, Düren, Germany) was used for PCR clean-up and 

plasmids were isolated using the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific, 

Waltham, USA). Plasmid pNW33Nkan backbone was cut with restriction enzyme BamHI 

(Thermo Fisher Scientific, Waltham, USA) and inserts were amplified using Allin HiFi DNA 

polymerase (HighQu, Kraichtal, Germany) and the overlapping regions joined by Gibson 

assembly [37]. For colony PCR the Taq polymerase (New England Biolabs) was used. The 

correctness of insert sequences was confirmed by sequencing. The constructed plasmids were 

named pP2pyk-gfpUV or pP2pyk_TPP-gfpUV and transformed to P. riograndensis SBR5 via 

magnesium-aminoclay method as described by Brito et al. (2016).  

 

Fluorescence-activated cell scanning analysis 

 

To quantify the fluorescence intensities, SBR5 cells were analyzed by means of flow 

cytometry. Routinely, the SBR5 transformants were grown until reaching the middle of the 

logarithmic phase and centrifuged for 15 minutes at 4,000 rpm. The pellets were washed three 

times in NaCl 0.9 % solution and the OD600nm was adjusted to 0.3. The fluorescence of the cell 

suspension was measured using flow cytometer (Beckman Coulter, Brea, US) and the data 

analyzed in the Beckman Coulter Kaluza Flow Analysis Software. The settings for the emission 

signal and filters within the flow cytometer for detection of GfpUV were 550 short pass and 525 

band pass in FL9 filter. 
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2.2.4. Results 

 

Cultivation of P. riograndensis SBR5 under various growth conditions  

 

Apart from a core subset of constitutively expressed genes, most genes are transcribed 

only under certain conditions. In order to obtain a broad representation of the whole 

transcriptome, we performed several shaking flasks cultivations of SBR5 under different 

conditions for subsequent RNA extraction. P. riograndensis SBR5 was cultivated in lysogeny 

broth (LB) at three different temperatures (20°C, 30°C and 37°C) and was also submitted to five 

minutes of cold (4°C) and heat (50°) shock during growth at 30°C. As standard growth condition 

in a mineral salts medium, SBR5 was cultivated in Paenibacillus minimal medium (PbMM) at 

30°C and pH 7 with 20 mM glucose as sole carbon source. In addition, the medium pH was 

adjusted to pH 5 or pH 8 for growth in moderately acidic or alkaline conditions, respectively. As 

stress conditions, 100 mM of KCl or NaCl, or 2 g L
-1

 of ethanol or methanol was added to the 

minimal medium PbMM. Glycerol or sucrose was used as alternative carbon source. Compared 

to standard conditions, growth of SBR5 under stress conditions was in general slower (Additional 

file 1: Table S1). Hyperosmotic stress, low or high pH and low temperature (20°C) affected 

growth of SBR5 to the largest extent (Additional file 1: Table S1). Under all conditions, 

exponentially growing cells were harvested for RNA isolation.  

   

Preparation and mapping of DNA sequence reads onto P. riograndensis SBR5 genome  

 

After confirmation of RNA integrity and absence of DNA contamination, the prepared 

RNA samples were pooled. Two cDNA libraries were prepared for sequencing: a 5’-end enriched 

library and a whole transcriptome library. The generated whole transcriptome and 5’-end 

enriched cDNA libraries were sequenced on a single flow cell of a MiSeq Desktop Sequencer 

system. The total number of reads generated from whole transcriptome and 5’-end enriched 

libraries were 11.57 million and 1.40 million, respectively (Table 2). Trimming of the reads with 

a length threshold of 20 bp resulted in 5.87 million (51% of the total reads) remaining reads for 

the whole transcriptome library and 827,376 (59% of total reads) for the 5’-end enriched library 

(data not shown). The trimmed reads were mapped to the genome of P. riograndensis SBR5, and 

1.22 million whole transcriptome library reads and 345,313 reads of the 5’-end enriched library 
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were uniquely aligned to the genome of SBR5 while 122,980 and 31,899 reads were aligned to 

multiple genome regions, respectively (Table 2). 

 

Table 2. Sequencing and mapping features of cDNA libraries of P. riograndensis SBR5.  

 

  Whole transcriptome 5' enriched ends 

Total reads 11,577,588 1,401,776 

Mapped reads 5,876,240 345,313 

Mapped at single position 1,228,354 313,414 

Mapped at multiple position 122,980 31,899 

 

Identification of transcription start sites (TSS) based on the mapped 5’-end enriched data  

 

In order to detect putative TSS in the mapped 5’-end enriched data; two TSS analysis 

parameter sets were chosen (Table 1). The use of the parameter set 1 led to the automatic 

detection of 849 TSS and by using parameter set 2 1,951 TSS were detected (Table 1). 

Subsequently, these results were merged. Figure 1 shows the scheme of the manual review of the 

automatically detected TSS which led to the identification of 86 TSS belonging to rRNA or 

tRNA genes. Moreover, 363 elements were considered not to be TSS or to be false positives. The 

2,651 remaining TSS were classified as either belonging to 5’ UTRs of annotated genes or of 

novel transcripts. Out of the 6,705 genes annotated in the genome of SBR5 (Brito et al., 2015), 

1,173 were found to possess TSS. The detected TSS were classified as single (1,102) or multiple 

(166). The remaining 1,082 TSS were classified as belonging to novel transcripts, divided into 

the groups of antisense (170), intergenic (77) or intragenic (835) transcripts (Figure 1). 
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Figure 1. Classification of TSS identified with RNAseq. Schematic view of the TSS analysis flow: TSS automatic identification 

by ReadXplorer [24], filtering of false positives and rRNA/tRNA, manual verification and classification of TSS between TSS 

belonging to 5’ UTR of annotated genes or to novel transcripts. 

 

Distribution of 5’ UTR length in P. riograndensis SBR5 

 

The sequences located between TSS and the gene start codons were used for the analysis 

of 5’ UTR lengths. For this purpose, only the 5’ UTRs assigned to annotated genes were 

considered. The length of 5’ UTRs in P. riograndensis varied from 0 to 799 base pairs. Only two 

of the genes with annotated TSS were considered leaderless (no 5’ UTR present): 

P.riograndensis_final_2873 and P.riograndensis_final_5691 (Additional file 3: Table S3). 

Moreover, 9 of the analyzed 5’ UTRs were found to be shorter than 10 base pairs (Additional file 

3: Table S3). Figure 2 shows the distribution of the 5’ UTR lengths indicating that the majority of 

5’ UTRs is 25 to 50 base pairs long. Among the 1,269 analyzed 5’ UTRs, 209 (16.4%) were 

longer than 100 base pairs (Figure 2). Those 5’ UTRs were further used in a screen for cis-

regulatory RNA elements. 
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Figure 2. Distribution of 5’ UTR lengths of mRNAs assigned to genes in P. riograndensis SBR5. The 5’ UTR length was the 

distance between the identified TSS and its assigned TLS. The lengths of the 1,268 5’ UTRs of annotated genes were grouped in a 

crescent interval of 5 base pairs or longer than 500 base pairs. 

 

Identification of consensus promoter motif sequences in P. riograndensis SBR5  

 

The 1,269 TSS identified as belonging to annotated genes were used in a search for the 

conserved promoter motifs (Figure 1). The software Improbizer was applied to predict the motifs 

in a DNA region 70 base pairs upstream of each of those TSS (Ao et al., 2004). Conserved -35 

and -10 promoter sequence motifs were found in 1,220 (96.1%) and 1,217 (95.9%) of the 

analyzed sequences, respectively (Figure 3). Figure 3 shows the -10 and -35 motif sequence logos 

generated by WebLogo software [31], which were ttgaca for -35 hexamer motif and TAtaaT for 

the -10 hexamer motif. The mean spacer lengths between the -35 and -10 motifs and -10 motifs 

and TSS were 17.6 base pairs and 4.1 base pairs, respectively (Figure 3).  

 

 

 

Figure 3. Analysis of promoter motifs in P. riograndensis SBR5. The nucleotide distribution in the promoter motifs of 

P. riograndensis SBR5 were determined by using the Improbizer tool [30]. WebLogo tool [31] was used to determine the 
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conservation of the nucleotides which was measured in bits and represented in the plot by the size of the nucleotide. Nucleotides 

in upper case letters represent more than 80% of occurrence among all analyzed sequences, nucleotides in lower case letters 

represent occurrence of more than 40%, but less than 80% of all cases. If a base occurs less often than 40%, the letter “n” in lower 

case appears.  

 

Identification of RBS (ribosome binding site) and TLS (translation start site) consensus 

sequences in P. riograndensis SBR5 

 

Similarly to the analysis of the promoter motifs, the Improbizer software was used to 

determine the consensus sequence of RBS and TLS in the sequence 50 base pairs upstream of the 

translation start codon of genes associated to the 1,269 previously identified TSS (Figure 1). 

Some genes were characterized as associated to multiple TSS (Figure 1), therefore the upstream 

sequence of these genes was only included once in the analysis. Hence, the 1,173 remaining 

sequences were extracted from the genome of SBR5 and submitted to Improbizer and WebLogo 

for the identification of the conserved motifs of RBS and TLS (Figure 4). RBS motifs were 

identified in 98% (1,155) of analyzed sequences. The determined RBS motif of P. riograndensis 

SBR5 consists of three conserved guanines (aGGaGg, in capital letters) in approximately 90% of 

the analyzed sequences (Figure 4). Translational start codons were identified in all the analyzed 

sequences (Figure 4). The TLS found in the analyzed sequences were ATG (924; 79%), GTG 

(138; 12%) and TTG (111; 9%). The lengths of the spacer sequence between RBS and TLS 

varies between 5 and 13 base pairs, with an average of 7.8 ± 2.0 base pairs (Figure 4). 

 

 

 

 

Figure 4. Ribosome binding site and translation start site analysis in P. riograndensis SBR5. The nucleotide distribution in 

ribosome binding sites and translation start sites were determined by using the Improbizer tool [30]. WebLogo tool [31] was used 

to determine the conservation of the nucleotides which was measured in bits and represented in the plot by the size of the 
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nucleotide. Nucleotides in upper case letters represent more than 80% of occurrence among all analyzed sequences, nucleotides in 

lower case letters represent occurrence of more than 40%, but less than 80% of all cases. If a base occurs less often than 40%, the 

letter “n” in lower case appears. 

 

Identification of cis-regulatory elements in 5’ UTRs of P. riograndensis SBR5 genes 

 

In order to identify putative RNA motifs in the genome sequence of P. riograndensis 

SBR5, we used the Infernal tool [25] and the Rfam database, which contains hundreds of RNA 

families [26]. This approach revealed 327 RNA motifs that subsequently were manually cross 

checked. Matches to tRNAs, ribosomal RNAs and RNA motifs from Eukaryotes or different 

bacterial groups were not considered. As result, 98 RNA motifs among 31 Rfam families were 

identified (Additional file 7: Table S7).   

In an alternative approach based on the RNAseq data, we analyzed 209 5’ UTRs longer 

than 100 base pairs (Figure 2) for the presence of cis-regulatory elements by comparison to the 

Rfam database. This analysis revealed 10 putative cis-regulatory elements grouped in 8 types of 

riboswitch families (Table 3). Thus, 10 of 98 putative 5’ UTR RNA motifs upstream of annotated 

genes are found in the RNAseq analysis of pooled RNA from 16 conditions. A TPP (thiamine 

pyrophosphate) sensitive riboswitch was predicted to be present in the 5’ UTR of the gene 

P.riograndensis_final_150 (thiC) encoding phosphomethylpyrimidine synthase, which is 

putatively involved in thiamine biosynthesis, and in the 5’ UTR belonging to the operon 

P.riograndensis_final_504-502. Although P.riograndensis_final_503 gene is automatically 

annotated as a hypothetical protein, BLASTx analysis revealed that it belongs to the thiamine-

biding protein superfamily. More vitamin and amino acid related riboswitches were found: a 

pantothenate related pam riboswitch in the 5’ UTR of putative pantothenate synthesis operon and 

a riboswitch recognizing S-adenosylmethionine (SAM) in the 5’ UTR of an operon encoding 

homoserine O-succinyltransferase and cystathionine gamma-lyase proteins. The T-box regulatory 

elements were found in 5’ UTR of the genes coding for D-3-phosphoglycerate dehydrogenase 

(serA) and valine tRNA ligase (valS). Furthermore, the protein dependent L20 leader and L21 

leader riboswitches, the metabolite dependent ydaO-yuaA riboswitch and the pfl riboswitch were 

identified in this work (Table 3).  
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Table 3. Riboswitches detected in the transcriptome of P. riograndensis SBR5 and their transcriptional organization. 

 

Accession 

Riboswitch and its 

transcriptional 

organization 

Related function Locus tag 

RF00379 
(ydaO-yuaA)-

P.riograndensis_final_93 

Cell wall-associated hydrolase 

(invasion- associated protein) 
P.riograndensis_final_93 

RF00059 (TPP)-thiC Phosphomethylpyrimidine synthase P.riograndensis_final_150 

RF00059 

(TPP)-

P.riograndensis_final_504-

P.riograndensis_final_503-

P.riograndensis_final_502 

Conserved hypothetical protein- 

Hypothetical protein- 

Biding protein dependent transport 

system inner membrane component 

P.riograndensis_final_504-

P.riograndensis_final_503-

P.riograndensis_final_502 

RF00558 

(L20 leader)-infC- 

P.riograndensis_final_1528-

P.riograndensis_final_1529 

Translation initiation factor IF-3- 

Conserved hypothetical protein- 

Ribosomal protein L20 

P.riograndensis_final_1527-

P.riograndensis_final_1528-

P.riograndensis_final_1529 

RF00162 
(SAM)-metA- 

P.riograndensis_final_2059 

Homoserine O-succinyltransferase-

Cystathionine gamma-lyase 

P.riograndensis_final_2058-

P.riograndensis_final_2059 

RF01749 

(pan)-panB- 

panC- 

P.riograndensis_final_4379 

3-Methyl-2-

oxobutanoatehydroxymethyltransferase-

Pantothenate synthetase- 

Aspartate 1-decarboxylase alpha 

P.riograndensis_final_4381-

P.riograndensis_final_4380-

P.riograndensis_final_4379 

RF00230 (T-box)-serA D-3-phosphoglycerate dehydrogenase P.riograndensis_final_4453 

RF00559 

(L21 leader)-rplU- 

P.riograndensis_final_5299-

P.riograndensis_final_5300 

50S ribosomal protein L21- 

Conserved hypothetical protein- 

50S ribosomal protein L27 

P.riograndensis_final_5298-

P.riograndensis_final_5299-

P.riograndensis_final_5300 

RF00230 (T-box)-valS Valine tRNA ligase P.riograndensis_final_5318 

RF01750 
(pfl)-

P.riograndensis_final_6217 
Hypothetical protein P.riograndensis_final_6217 

 

A TPP riboswitch influences gfpUV expression in P. riograndensis SBR5 

 

The prediction of the secondary structure of the TPP riboswitch (in the 5’ UTR of thiC 

gene with 313 base pairs sequence) showed that it contains no terminator sequence, but a 5’-

GAUAA-3’ sequence and its complementary 5’-UUAUC-3’ is present in many predicted stems, 

including the stems of the aptamer region. This indicates the existence of anti-sequestering stems 

in this molecule, as showed schematically in Figure 5A. SBR5 cells were transformed with the 

plasmid pP2pyk_TPP-gfpUV which carries the constitutive promoter Ppyk with the 5’ UTR 

replaced by the 5’ UTR of the P. riograndensis_final_150 gene driving the expression of the 

reporter gene gfpUV (Additional file 2: Table S2). The 5’ UTR of the P. riograndensis_final_150 

gene contains the sequence of a TPP riboswitch (Table 3). Our aim was to detect the influence of 

the P. riograndensis TPP riboswitch on gene expression in the presence of different 

concentrations of its ligant thiamine. The cells were grown in glucose minimal medium PbMM 

supplied with 0, 5, 10, 15, 20 or 25 µM of thiamine and the GfpUV fluorescence was measured 

by the means of flow cytometry. As control for this assay, the plasmid pP2pyk-gfpUV, containing 
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Ppyk native 5’ UTR was used to transform SBR5 cells and the resultant strain was also cultivated 

in glucose PbMM, but supplied with 0 or 25 µM of thiamine. The median fluorescence intensity 

(MFI) of the control strain SBR5(pP2pyk-gfpUV) remained the same when the cells were in in 

absence or in presence of 25 µM of thiamine (Figure 5B). In contrast, when in presence of 

gradually increasing concentrations of thiamine, the GfpUV MFI of the TPP riboswitch-

containing strain SBR5(pP2pyk_TPP-gfpUV) decreased drastically (Figure 5B). The GfpUV MFI 

of SBR5(pP2pyk_TPP-gfpUV) was similar to the control strain when no thiamine was added to 

the growth medium. The addition of 5 µM of thiamine readily reduced the expression of gfpUV 

about three times (Figure 5B). Furthermore, there was no difference in GfpUV MFI of 

SBR5(pP2pyk_TPP-gfpUV) when 5, 10, 15, 20 or 25 µM of thiamine were added to the medium 

(Figure 5B). 

 

 

 

Figure 5. TPP riboswitch influence on the reporter gfpUV gene expression of P. riograndensis SBR5. A. Schematic 

representation of the TPP riboswitch and TPP aptamer sequence predicted using RNAfold tool [29]; regions of riboswitch scheme 

in red represents possible anti-sequestering stems present in the riboswitch sequence; regions of aptamer sequence in bold are 

identical to the TPP riboswitch consensus sequence of B. subtilis. B. GfpUV median fluorescence intensity (MFI) in SBR5 under 

six gradually increasing concentrations of thiamine; gfpUV expression was driven either by the pyk promoter with 5’ UTR 

exchanged by the thiC gene 5’ UTR or pyk promoter carrying native 5’ UTR. Means and standard deviation of biological 

triplicates were measured by flow cytometry of 20,000 cells. 
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Identification and characterization of novel transcripts 

 

Here, we performed the characterization of P. riograndensis novel transcripts based on 

the 5’-end enriched data set. Among the 2,351 manually verified TSS, 1,082 were classified as 

belonging to novel transcripts. Depending on their position in genes or untranslated regions, these 

TSS belonged to antisense transcripts (170), transcripts intragenic (835) to annotated genes or 

their 5’/3’ UTRs, or intergenic (77) transcripts (Figure 1). Additional file 5: Table S5 shows the 

intragenic transcripts which were organized according to their position and associated gene. As 

intergenic novel transcripts could not be assigned to annotated genes, they were manually 

annotated as unknown transcripts. The length of those features was determined on the basis of the 

whole transcriptome data (Additional file 6: Table S6). BLAST analysis of the intergenic novel 

transcripts resulted in discovery of 34 small proteins and 27 small RNAs. Small RNAs were 

analyzed in the Rfam database and three of them were annotated as Small SRP 

(P.riograndensis_final_s0002), BsrC sRNA (P.riograndensis_final_s0008) and RNase P 

(P.riograndensis_final_s0013)(Table 5). 

 

Table 5. Novel transcripts with known function in P. riograndensis SBR5. 

 

Feature Class Locus tag 

Feature 

start 

Feature 

stop Length Strand 

Small SRP Small RNA P.riograndensis_final_s0002 130367 130639 272 + 

BsrC sRNA Small RNA P.riograndensis_final_s0008 688067 687745 322 - 

RNase P Small protein P.riograndensis_final_s0039 6002090 6001625 465 - 

 

Gene expression ranked according to transcript abundances  

 

The abundance of transcripts in the analyzed RNA samples was quantified on the basis of 

the whole transcriptome dataset using RPKM values. 6,367 transcripts were detected during the 

analysis, corresponding to 94% of the total number of genes annotated in the genome of 

P. riograndensis. Transcript abundance varied over six orders of magnitude with RPKM values 

ranging from 0.11 to 71,849.57 and was categorized arbitrarily as follows. Transcript abundance 

was considered low for 70% of transcripts (with RPKM values < 100), intermediate (RPKM 

between 100 and 1,000) for 11% of the detected transcripts and high for 261 transcripts (RPKM 



Results 

52 

 

between 1,000 and 10,000). Twenty one transcripts showed RPKM values exceeding 10,000 and 

these were considered as transcripts with very high transcript abundance and are listed in Table 4.  

 

Table 4. Most abundant transcripts of P. riograndensis SBR5 under the chosen cultivation conditions. 

 

Gene Product RPKM Value 

rpsH 30S ribosomal protein S8 71,849.57 

P.riograndensis_final_4321 N-acetyltransferase superfamily 70,789.99 

P.riograndensis_final_30 

Veg protein; sporulation, Stimulates biofilm formation 

via transcriptional activation of extracellular matrix 

genes 53,361.67 

P.riograndensis_final_5486 Hypothetical protein 39,913.22 

P.riograndensis_final_2764 Hypothetical membrane protein 28,462.66 

P.riograndensis_final_2316 Small, acid-soluble spore protein superfamily 24,204.00 

P.riograndensis_final_1999 PTS maltose transporter subunit IIBC 21,134.31 

P.riograndensis_final_6014 50S ribosomal protein L24 20,187.98 

P.riograndensis_final_4594 Hypothetical protein 18,591.09 

P.riograndensis_final_2529 Hypothetical protein 17,946.18 

P.riograndensis_final_956 Recombinase RecA 17,771.90 

P.riograndensis_final_5132 Ribosomal S21 superfamily 17,463.97 

P.riograndensis_final_5601 Small, acid-soluble spore protein superfamily 16,757.65 

P.riograndensis_final_1944 Protein of unknown function DUF1292 superfamily 15,456.74 

ftsH ATP-dependent zinc metalloprotease FtsH 15,355.15 

rpsS 30S ribosomal protein S19 15,060.69 

P.riograndensis_final_6183 Conserved hypothetical protein 14,247.19 

P.riograndensis_final_6034 50S ribosomal protein L7A 14,218.27 

P.riograndensis_final_1943 Crossover junction endodeoxyribonuclease RuvA 11,659.67 

P.riograndensis_final_1181 Transcriptional regulator, TetR family 11,466.86 

P.riograndensis_final_6018 50S ribosomal protein L16 10,826.18 

Gene products in italics were predicted with BLASTx analysis. 

 

BLASTx analysis of the 14 genes which were automatically annotated to code for 

hypothetical proteins or proteins with unknown function was performed to predict their functions. 

However, for 5 genes with very highly abundant transcripts a function could not be predicted 

(Table 4). Part of the very highly abundant transcripts code for ribosomal proteins (6 genes). 

Remarkably, three genes related to bacterial sporulation had very highly abundant transcripts 

(Table 4). Noteworthy, the transcripts of a gene coding for putative phosphocarrier HPr protein 

which belongs to the phosphoenolpyruvate-dependent sugar phosphotransferase system (PTS) 

were also very highly abundant. This may likely reflect that glucose, a PTS substrate in 

Paenibacilli, was used as carbon source under most growth conditions.  
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Identification of operon structures in P. riograndensis SBR5 

 

Here, we identified operon structures in P. riograndensis SBR5. Based on the mapped 

reads generated from whole transcriptome library, we assigned genes either to monocistronic 

transcripts, primary operons or suboperons. Operon structures were automatically detected when 

two or more combined reads connected neighboring genes. Suboperons were found manually, 

when the TSS were located within operon structures. Genes with annotated TSS that were not 

automatically detected as primary operons were classified as monocistronic transcripts. In total, 

919 monocistronic transcripts were detected, and 1,776 genes were assigned to 622 operons and 

248 suboperons (Figure 6B; Additional file 8: Table S8). The length distribution of the operons 

and sub-operons was estimated and shown to peak between 1,000 and 3,000 base pairs for 

operons, while the majority of the suboperons were shorter than 2,000 base pairs (Figure 6A). In 

general, the number of operons decreases with the number of genes in those operons and most 

operon structures (71%) are composed of 2 genes while only 5 operons contained more than 7 

genes (Figure 6B). Notably, riboswitches were found in the 5’ UTRs of 5 operons 

P.riograndensis_final_502-504, infC-P.riograndensis_final_1528- 1529, metA-

P.riograndensis_final_2059, panB-panC-P.riograndensis_final_4379 and rplU-

P.riograndensis_final_5299-5300 (Table 3).  

 

 

 

Figure 6. Operon analysis in P. riograndensis SBR5. A. Length distribution (in base pairs) of detected operons and suboperons; 

B. Analysis of feature number in monocistronic transcripts, operons and suboperons in P. riograndensis SBR5. 
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2.2.5 Discussion 

 

The complete genome sequence of the plant growth promoter P. riograndensis SBR5 has 

been determined previously and shown to code for 6,705 proteins [11]. In the present study, we 

performed a detailed transcriptome analysis of this bacterium. The TSS, promoter motifs, operon 

structures, RBS motifs, translation starts and transcriptional organization were characterized. This 

work lays a foundation for understanding of gene expression in this bacterium and complements 

differential gene expression analysis. Recently, the transcriptional profile of nitrogen fixation by 

P. riograndensis SBR5 was assayed, where the nitrogen fixation genes grouped in three genome 

clusters were characterized by transcript analysis by the means of quantitative real time-qPCR 

[10]. Among the three clusters of nitrogen fixation genes present in the genome sequence of 

SBR5 [10,38] three operons were found: nifB1H1D1K1E1N1X1-orf1-hesA-V, nifE2N2X2 and 

anfHDGK [10]. In the present study, these operons were not found to be expressed under the 

chosen growth conditions, whereas a different gene related to nitrogen fixation encoding putative 

nitrogenase (flavodoxin; P.riograndensis_final_4327; Additional file 8: Table S8) was found to 

be expressed. The lack of expression of the nitrogen fixation genes in the transcriptome analysis 

presented in this study may be explained by the fact that all growth conditions were characterized 

by sufficient nitrogen concentrations (in LB medium or minimal media with 16 mM ammonium 

sulfate) while it is known that nitrogen fixation genes are generally transcribed under poor 

nitrogen supply conditions [13,39,40]. In a different study, 150 genes were shown to be 

differentially expressed under iron-replete in comparison to iron-limiting conditions [41]. 

Surprisingly, a high expression level of the Fe
3+ 

siderophore transporter gene fecE was observed 

suggesting that P. riograndensis SBR5 can uptake Fe
3+ 

siderophore from the environment 

although is not able to produce those siderophores itself [41]. Here, we could identify two operon 

structures putatively involved in Fe
3+ 

siderophore uptake and transport: the operon fhuB - 

P. riograndensis_final_3660 which encodes a putative Fe
3+

 hydroxamate import system permease 

and a component of an ABC type Fe
3+ 

siderophore transport system, respectively, and the operon 

P. riograndensis_final_5688 - P. riograndensis_final_5687 which comprises a gene encoding the 

Fe
3+ 

siderophore ABC transporter permease (Additional file 8: Table S8).  

In the transcriptome of P. riograndensis SBR5, the abundantly transcribed genes could be 

grouped by their presumed functions: ribosomal proteins, sporulation related proteins, proteins 

related to carbon metabolism and others. Many abundantly transcribed genes encode proteins of 
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unknown function (Table 4). Among the highly expressed genes, we have detected one gene 

coding for a subunit of a carbohydrate phosphotransferase system (Table 4), which may be due to 

the fact that we mostly used sucrose and glucose as carbon sources (give gene IDs of the glucose 

PTS and sucrose PTS). A transcriptome analysis of carbon source utilization (β-glucan, starch, 

cellobiose, maltose, glucose, xylose and arabinose) by Paenibacillus sp. JDR-2 revealed a 

regulatory connection for the utilization of the polysaccharides β-glucan, starch and xylans, while 

transcription of genes coding for proteins involved in monosaccharide ( e.g. arabinose and 

glucose) utilization was less apparent [12]. BLASTx analysis revealed three sporulation-related 

genes (P.riograndensis_final_4321, P.riograndensis_final_2316 and P.riograndensis_final_5601) 

among the most abundantly expressed genes (Table 4). This result might be due to the fact that 

different stress conditions were applied during cultivations of SBR5, which included five minutes 

of cold and heat shock but also exposure to salinity, solvent, low temperature and low pH along 

the bacterial growth. The exposure to stress conditions affected growth rates in comparison to the 

optimal growth conditions, and might have also induced expression of sporulation related genes 

(Additional file 1: Table S1). Very recently, sporulation genes spoVT and spoIIIAH were shown 

to be transcribed by P. riograndensis SBR5 under iron-limiting conditions [41]. Moreover, the 

related P. polymyxa SC2 expressed sporulation genes (spo0A, spoIIE, spoIIAA, spoIIAB, sigE and 

sigF) when cultivated under sporulation conditions (cultivation in LB for one day) [42]. 

The transcriptional organization of 1,776 genes of P. riograndensis SBR5 in 622 operons 

including 248 suboperons and 919 monocistronically transcribed genes (Figure 6B; Additional 

file 8: Table S8) was comparable to that found in B. methanolicus, in which 1,164 genes were 

assigned to 381 operons and 94 suboperons, and also ~ 900 monocistronic transcripts were 

detected [15]. Similarly, in B. subitilis 736 regulated operons were found [43] and 1,013 genes 

were organized in 616 operons (including 565 suboperons) for the actinobacterium 

C. glutamicum [14]. Most operons detected here were composed of only two genes and were 

between 1,000 and 3,000 base pairs in length (Figure 6). Accordingly, most suboperons 

comprised only one gene and were smaller than 2,000 base pairs (Figure 6). The length 

distribution of suboperons/operons and the number of genes constituting these are commensurate 

with the average length of the genes in P. riograndensis SBR5 genome of 1,008 base pairs (data 

not shown).   

Surprisingly, the absolute number of TSS (present in 5’ UTR of annotated genes together 

with TSS belonging to novel transcripts) in the present work were comparable to those detected 
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for B. methanolicus MGA3 [15]; they were 2,350 and 2,167 respectively, although the genome of 

P. riograndensis SBR5 is about ~4.5 Mbp larger than the genome of B. methanolicus MGA3 

[15]. This observation may reflect the fact that RNA was pooled from cell cultivated under 

various growth and stress conditions that were chosen with a similar rationale both for 

B. methanolicus MGA3 and P. riograndensis SBR5. Under similar cultivation conditions 2,591 

TSS were also detected in the transcriptome of C. glutamicum [14], despite the difference in 

genome size of ~4.6Mbp [44].This may indicate that a similar set of genes is transcribed in these 

three species under a comparable set of stress/cultivation conditions. It is also evident that 

expression of a larger part of the P. riograndensis genes could be not be detected under the 

chosen cultivation conditions and they may only be expressed under yet to be defined 

growth/stress conditions.  

Our RNAseq analysis allowed us to identify 1,082 novel transcripts in P. riograndensis 

SBR5 that were classified as antisense (16%), intragenic (77%) or intergenic (7%) transcripts 

(Figure 1). Antisense transcripts were found to be abundant in P. riograndensis SBR5. The 

number of reported antisense RNAs varies between bacteria and the biological advantages of 

such overlapping transcription remains unclear, but antisense RNAs may play important roles in 

regulation e.g. by transcription interference [45]. Commensurate with this notion, we could 

identify that transcription of three antisense RNAs initiates in the 5’ UTRs of the genes on the 

complementary strand and, thus, antisense transcription may interfere or attenuate with their 

transcription (P.riograndensis_final_5580, P.riograndensis_final_6016 and 

P.riograndensis_final_6182; Additional file 3: Table S3). Novel transcripts were also identified in 

the intergenic regions between previously known genes. Of these, 34 were predicted to encode 

small proteins, for example, small signal recognition particle (or small SRP; 

P.riograndensis_final_s0002), which is known to be involved in protein targeting in other 

bacteria [46]. Twenty seven small RNA genes were found (Table 5), e.g. the small RNA bsrC 

(P.riograndensis_final_s0008), which is present also in B. subtilis [47] and RNase P 

(P.riograndensis_final_s0013), the ubiquitous endonuclease that catalyzes the maturation of the 

5’ end of the tRNAs [48]. 

The sequence motifs for initiation of transcription and translation (-10 and -35 promoter, 

RBS and TLS sequence motifs) identified for the P. riograndensis SBR5 transcripts expressed 

under the chosen growth conditions are similar to microbial consensus sequences. For example, 

the -10 box consensus sequence in SBR5 (TAtaaT) was conserved in this bacterium, E. coli, 
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B. subtilis and B. methanolicus [15,49,50]. The conserved -35 region in SBR5 was similar to the -

35 box described for other bacilli [15,51] as were the spacings between -10 and –35 boxes (17.6 

base pairs) and between -10 box and TSS (4.1 base pairs)(Figure 3). The RBS consensus 

sequence in P. riograndensis SBR5 was aGGaGg (Figure 4); this sequence corresponds to the 

RBS consensus sequence historically assigned for bacteria [52]. Moreover, the distance between 

RBS sequence and translation starts is 7.8 base pairs in average (Figure 4) which is in the rang of 

the spacing optima determined for B. subtilis and E. coli [53]. As expected, the majority of the 

translation start sequences found in this study was ATG (79% of the analyzed sequences) and the 

TLS GTG and TTG were present in 12% and 9% of the analyzed sequences, respectively (Figure 

4). This frequency is typical for bacterial genomes [54]. 

In silico analysis, performed by Zheng et al. [55] showed that 207 among 953 analyzed 

bacterial genomes possess leaderless genes including species of the Firmicutes and 

Actinobacteria phyla. RNAseq analysis revealed six leaderless transcripts in the transcriptome of 

B. methanolicus [15]. In the present study, two transcripts (P.riograndensis_final_2873 and 

P.riograndensis_final_5691) were found to be leaderless in P. riograndensis SBR5 (Additional 

file 3: Table S3). The scarcity of leaderless transcripts in the transcriptomes of the low-GC Gram-

positives B. methanolicus and P. riograndensis contrasts with a large proportion of leaderless 

transcripts (33%) in the high-GC Gram-positive actinobacteria: Actinoplanes sp. (20%) [56] and 

C. glutamicum (33%) [14]. On the other hand, the overall 5’ UTR length distribution peaking 

around 30 base pairs is comparable in P. riograndensis SBR5 (Figure 2), Actinoplanes sp., 

C. glutamicum and B. methanolicus [14,15,56]. 

Riboswitch-mediated control of expression of a variety of genes in bacteria could have 

practical implications, such as development of new antibacterial drugs [57], or more generally 

contribute to improvement of the understanding of bacterial metabolism. The genome-based 

riboswitch analysis revealed 98 putative RNA motifs, 10 of which were also detected in the 

sequenced RNAs (Additional file 7: Table S7). Ten different 5’ UTRs represented in the 

transcriptome analysis of P. riograndensis SBR5 under the chosen growth conditions were found 

to contain 8 classes of riboswitches (Table 3). The groups of riboswitches identified in the 

transcriptome of SBR5 were: a pantothenate related pam riboswitch; a riboswitch recognizing S-

adenosylmethionine; T-box regulatory elements; protein dependent L20 leader and L21 leader 

riboswitches; a metabolite dependent ydaO-yuaA riboswitch; a pfl riboswitch; and TPP sensitive 

riboswitches (Table 3). In Firmicutes, the SAM riboswitch is part of the S-box group of 



Results 

58 

 

riboswitches which are involved in regulation of SAM, cysteine and methionine biosynthesis, and 

sulfur metabolism [58,59]. This type of riboswitch has been well characterized in bacilli, for 

example in B. subtilis, which has at least 11 operons and 26 genes under control of S-box RNA 

[60]. S-box RNA from B. subtilis directly senses the level of SAM and functions as SAM 

dependent riboswitch [61]. However, the most frequent mechanism of riboswitch regulation of 

amino acid operons expression in the Firmicutes is the T-box regulatory system [62,63]. In 

B. subtilis and other Firmicutes, the T-box can regulate infinity of genes encoding amino acid 

biosynthetic enzymes and transporters [64]. The ydaO-yuaA riboswitches occur upstream of these 

two genes in B. subtilis and operate as a genetic “off” switch [65]. Furthermore, recognition of 

the cyclic di-AMP by ydaO-yuaA was characterized and also shown to exist in B. subtilis [66,67]. 

The riboswitches in P. riograndensis SBR5 identified in the present study need to be investigated 

to some detail to unravel their regulatory function  

In order to analyze the function of one exemplary riboswitch found in the transcriptome 

of P. riograndensis SBR5, we selected the TPP dependent riboswitch present upstream of the 

thiC gene (Table 3) and we tested its effect on the expression of the reporter gene gfpUV. The 

gene thiC encodes a phosphomethylpyrimidine synthase involved in TPP biosynthesis [68]. To 

drive the expression of gfpUV, the 5’ UTR of the thiC gene was placed downstream of the Ppyk 

promoter, which was previously shown to be a strong promoter of P. riograndensis SBR5 [21]. 

TPP riboswitches typically bind TPP and regulate expression of genes that are involved in 

biosynthesis and transport of thiamine in eukaryotes and bacteria making them interesting targets 

for the study of antibacterial compounds [57]. Our data could show that a TPP riboswitch 

predicted on the basis of the RNAseq data was functional in P riograndensis SBR5.  

The E. coli thiC riboswitch controls translation initiation and in the presence of TPP thiC 

product is not translated [69,70]. The thiamine analog triazolethiamine showed a concentration 

dependent reporter gene repression by the TPP riboswitch in the 5’ UTR of the thiamine kinase 

thiK in a concentration dependent manner [69]. In the present study, thiamine was added to the 

growth medium and already 5 µM thiamine fully reduced gfpUV expression (Figure 5B). 

P. riograndensis SBR5 is a thiamine prototroph capable of growing in minimal medium without 

added thiamine (data not shown). Without thiamine added to the growth medium gfpUV 

expression remained high (Figure 5B) suggesting that the amount of thiamine synthetized by 

SBR5 did not activate the TPP riboswitch.  
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Riboswitch aptamers remain highly conserved through evolution because each one must 

preserve a selective binding pocket for its target metabolite. Hence, the conserved TPP riboswitch 

consensus regions of B. subtilis were also present in the TPP riboswitch aptamer sequence 

targeted in this study (Figure 5A) [57]. The secondary structure analysis showed that, in contrast 

to the tenA TPP riboswitch in B. subtilis [57], the SBR5 thiC TPP riboswitch does not possess a 

transcriptional terminator sequence. This led us to investigate the presence of sequestering/anti-

sequestering stems that could participate in the “on/off” state of the P. riograndensis SBR5 thiC 

TPP riboswitch. The schematic representation of the thiC TPP riboswitch secondary structure 

shows that the RBS is sequestered within a stem-loop structure predicted to inhibit translation 

initiation (Figure 5A). We could detect the sequence 5’-GATAA-3’ and its complementary 

region 5’-UUAUC-3’ inserted in the TPP aptamer sequence, in the stem-loop containing the thiC 

RBS and also in the sequence of one stem-loop located before RBS containing stem (Figure 5A). 

Comparable secondary structures and gene expression control has very recently been described 

for the E. coli thiC TPP riboswitch [70]. P. riograndensis possesses three further putative TPP 

riboswitches, one of which was expressed under the growth conditions of the RNAseq analysis 

presented here (Table 3; Additional File 7: Table S7). Although they share conserved sequences 

and secondary structure predictions (data not shown) it remains to be studied if these putative 

TPP riboswitches are indeed responsive to TPP and if they operate as transcriptional or 

translational riboswitches. 

 

2.2.6. Conclusions  

 

 The examination of the whole transcriptome of P. riograndensis SBR5 gives valuable 

contribution to the transcriptome studies on SBR5. Moreover, our data validated the uncovering 

of novel transcripts and the presence of hundreds of operons and revealed a functional TPP 

riboswitch in gene regulation of SBR5. Finally, the data generated in this study should be 

valuable for future development of genetic tools for this poorly characterized species as much as 

for the genus Paenibacillus. Finally, our RNAseq analysis could provide new insight into the 

P. riograndensis SBR5 transcriptome at the systems level and will be a valuable basis for 

differential RNAseq analysis of this bacterium. 
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Availability data and material 

 

The data sets supporting the results of this article are available in the NCBI Gene Expression 

Omnibus database; under the accession number GSE98766. 
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2.3.1. Abstract 

 

 Members of the genus Paenibacillus are widespread facultative anaerobic, endospore-

forming bacteria. Some species such as P. riograndensis or P. polymyxa fix nitrogen and may 

play an important role in agriculture to reduce mineral nitrogen fertilization in particular for non-

legume plants. The genetic manipulation of Paenibacillus is an imperative for the functional 

characterization e.g. of its plant growth promoting activities and metabolism. This study showed 

that P. riograndensis and P. polymyxa can be readily transformed using physical permeation by 

magnesium aminoclays. By the means of the fluorescent reporter genes gfpUV, mcherry and 

crimson, a two-plasmid system consisting of a theta-replicating plasmid and a rolling circle-

replicating plasmid was shown to operate in both species. Xylose-inducible and mannitol-

inducible fluorescent reporter gene expression was demonstrated in the compatible two-plasmid 

system by fluorescence activated cell scanning. As a metabolic engineering application, the biotin 

requiring P. riograndensis was converted to a biotin prototrophic strain based on mannitol-

inducible expression of the biotin biosynthesis operon bioWAFDBI from Bacillus subtilis.  

 

2.3.2. Introduction 

 

The genus Paenibacillus includes several diazothrophic species broadly distributed in the 

environment, for example in different types of soil, the rhizosphere and plant tissues [1] They 

may play an important role in the agriculture since the use of diazothrophic bacteria inoculants 

can reduce the mineral nitrogen fertilization that represents a significant cost in non-legume 

cultures. The diazothroph Paenibacillus riograndensis SBR5 is a Gram-positive, rod-shaped, 

endospore forming rhizobacterium that was isolated from the rhizosphere of Triticum aestivum in 
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southern Brazil (Rio Grande do Sul) [2]. The genome of P. riograndensis SBR5 was sequenced 

and fully annotated, and consists of a single chromosome of 7,893,056 base pairs containing 

6,705 protein coding, 87 tRNA and 27 rRNA genes [3]. Simple mineral salts media support the 

growth of SBR5. Since SBR5 is auxotrophic for biotin, it is necessary to add this vitamin to the 

minimal medium [3]. Previous studies have shown that this bacterium exhibits nitrogen fixation 

activity [4] and other plant growth promoting characteristics such as indol-3-acetic acid and 

siderophore production have been described [2,5]. 

Despite its potential as a plant growth promoting rhizobacterium (PGPR), some of the 

PGPR and metabolic activities of P. riograndensis SBR5 still remain to be studied (e.g. its 

function in the soil phosphorus cycle). Since the genetic tools are not well developed for this 

species, functional genomics analyses are very difficult to perform. For this reason an efficient 

method for transformation of P. riograndensis SBR5 would be beneficial to further study its 

PGPR activities and metabolism. 

Some transformation methods for related Paenibacillus species have been reported 

previously, most of them based on electroporation. For example, a transformation efficiency of 

1.9 10
5
 transformants per µg of plasmid DNA have been achieved for P. larvae [6]. An 

electroporation method was shown to function efficiently for the plant growth promoting 

P. polymyxa, but much less efficiently for the related P. azotofixans [7]. For P. larvae, a 

polyethylene glycol-based protoplast transformation method was also reported [8].  

A simple, inexpensive and efficient bacterial transformation method based on physical 

permeation using magnesium aminoclays was recently shown to be functional for both the Gram-

positive Streptococcus mutans and the Gram-negative Escherichia coli [9] as well as for the 

microalga Chlamydomonas reinhardtii [10]. Unlike chemical transformation, electro-

transformation, biolistic transformation or sonic transformation, this method is based on the 

Yoshida effect [11]. Sliding friction applied to a colloidal solution with a nanosized acicular 

material and bacterial cells increases the frictional coefficient rapidly, and the resulting complex 

increases in size and penetrates the bacterial cells, which results in the uptake of exogenous DNA 

[12]. Transformation of Paenibacillus based on physical permeation using magnesium 

aminoclays has not yet been reported. In the present work, the magnesium aminoclay-based 

transformation method was adapted to P. riograndensis. The heterologous gfpUV, mcherry and 

crimson reporter genes were functionally expressed in P. riograndensis SBR5 under the control 

of constitutive or inducible promoters from either theta-replicating or rolling circle-replicating 
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plasmids. As an example of a biotechnological application, P. riograndensis was rendered biotin 

prototrophic by inducible expression of the bioWAFDBI operon from B. subtilis. Moreover, the 

transformation method and the plasmids developed for P. riograndensis were shown to be 

transferable to P. polymyxa DSM-365.   

 

2.3.3. Materials and Methods 

 

Strains, plasmid DNA and primers 

 

P. riograndensis SBR5, P. polymyxa DSM-365 and Bacillus methanolicus MGA3 were 

used as hosts for heterologous fluorescence genes expression. SBR5 was kindly provided by the 

strain collection of the Genetics Department in Universidade Federal do Rio Grande do Sul 

(UFRGS, Brazil), DSM-365 purchased from DSMZ and B. methanolicus MGA3 obtained from 

SINTEF in Trondheim, Norway (Table 1). Information about the plasmids used as empty vectors 

in this work is available in Table 1, they were: two rolling circle-replicating plasmids conferring 

chloramphenicol resistance and containing a methanol inducible promoter from B. methanolicus, 

named pNW33Nmp and pTH1mp (pRE); and third theta-replicating plasmid pHCMC04 here 

named pTE containing the xylose inducible promoter PxylA and the gene encoding the xylose 

regulator XylR amplified from the genome of Bacillus megaterium [13]. All the empty vectors 

were obtained from SINTEF, Trondheim. Sequences for origin of replication of E. coli and 

B. subtilis are present in all the shuttle vectors. The primers used for strain construction are 

presented in Table S1.  

 

Table1. Bacterial strains and plasmids used in this study. 

 

Bacteria Characteristics  Reference or source 

B. methanolicus  MGA3 SINTEF 

P. polymyxa  DSM-365 DSMZ 

B. subtilis  168 BGSC 

E. coli  DH5α [14] 

P. riograndensis  SBR5; biotin auxotrophic UFRGS 

Plasmid Characteristics  Reference or source 

pRE CmR; pTH1mp: rolling circle-replicating vector with 

methanol inducible promoter of methanol 

dehydrogenase (Pmdh) derived from Bacillus 

methanolicus; contains origin of replication (ORI) 

sequences from Bacillus subtilis and E. coli  

[15] 

pR-gfpUV CmR; pRE with gfpUV cloned downstream the Pmdh [15] 

pTE CmR, AmpR; pHCMC04: theta-replicating vector [16] 
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with xylose inducible promoter from B. megaterium; 

contains ORI sequences from Bacillus subtilis and 

E. coli 

pNW33Nmp CmR, KmR; pNW33N derivative in which the Pmdh 

was inserted 

[15] 

pRfc-crimson CmR; protein fusion of Crimson and the CmR from 

pRE: amplification of pRE back bone excluding the 

TAA sequence of cmR including crimson sequence 

instead  

This work 

pRfc-mCherry CmR; protein fusion of mCerry and the CmR from 

pRE: amplification of pRE back bone excluding the 

TAA sequence of cmR including mCerry sequence 

instead 

This work 

pRfc-gfpUV CmR; protein fusion of GfpUV and the CmR from 

pRE: amplification of pRE back bone excluding the 

TAA sequence of cmR including gfpUV sequence 

instead 

This work 

pPpyk-gfpUV CmR; pRE with Pmdh replaced by pyruvate kinase 

promoter (amplified from SBR5 genome) upstream 

gfpUV 

This work 

pPtuf-gfpUV CmR; pRE with Pmdh replaced by the elongation 

factor Tuf promoter (amplified from SBR5 genome) 

upstream gfpUV 

This work 

pPgap-gfpUV CmR; pRE with Pmdh replaced by glyceraldehyde-3-

phosphate dehydrogenase promoter (amplified from 

SBR5 genome) upstream gfpUV 

This work 

pRM1-gfpUV CmR; pRE-gfpUV with Pmdh replaced by mtlA 

mannitol inducible promoter amplified from SBR5 

genome 

This work 

pRM2-gfpUV CmR; pRE-gfpUV with Pmdh replaced by mtlR 

mannitol inducible promoter amplified from MGA3 

genome 

[15] 

pRM3-gfpUV CmR; pRE-gfpUV with Pmdh replaced by mtlA 

mannitol inducible promoter amplified from 168 

genome 

This work 

pRX-gfpUV CmR; pRE derivative for gfpUV expression under 

control of the xylose inducible promoter from B. 

megaterium 

[15] 

pTX-crimson CmR, AmpR; pTE derivative with crimson sequence 

inserted in EcoRV GAT^ATC site 

This work 

pTX-mCherry CmR, AmpR; pTE derivative with mCherry sequence 

inserted in EcoRV GAT^ATC site 

This work 

pEKEx3-bioWAFDBI SpecR; C. glutamicum/E. coli shuttle vector for IPTG 

inducible expression of bioWAFDBI from B. subtilis 

[17] 

pRM2-bioWAFDBI CmR; pRM2-gfpUV in which gfpUV was replaced by 

bioWAFDBI amplified from pEKEx3-bioWAFDBI 

This work 

 

Medium and growth conditions 

 

For the cultivation of Paenibacillus transformants, the cells were routinely grown at 30 °C 

and 120 rpm, in medium Caso broth (medium 220 from DSMZ) containing: peptone from casein 

(15 g L
-1

), peptone from soymeal (5 g L
-1

), yeast extract (3 g L
-1

) and NaCl (5 g L
-1

) with pH 

adjusted to 7.15 with NaOH. Antibiotics were added accordingly to the antibiotic resistance of 

the plasmid in use, 5.5 µg mL
-1

 of chloramphenicol and 10 µg mL
-1 

of ampicillin. E. coli strains 

were routinely cultivated at 37 °C in lysogeny broth supplied with 10 µg mL
-1

 of 
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chloramphenicol and 100 µg mL
-1 

of ampicillin when necessary. The strains of B. methanolicus 

were grown as described before [15].  

To test the inducible systems, the transformant cells of SBR5 with reporter gene under 

control of mannitol inducible system were grown in Caso broth supplemented with gradually 

increasing concentrations of mannitol (0, 20, 40, 80 and 160 mM). The transformant cells of 

SBR5 with reporter gene under control of the xylose inducible system were grown in Caso broth 

supplemented with 0, 25, 50, 100, 200 or 400 mM of xylose, and DSM-365 transformants were 

grown in Caso broth supplemented with 0, 25, 50, or 100 mM xylose. In co-transformation with 

two inducible plasmids, the transformant cells of SBR5 and DSM-365 were grown in Caso broth 

with addition of both mannitol and xylose in concentration of 0, 25 or 50 mM. In the biomass 

formation assay of the P. riograndensis SBR5(pRM2-bioWAFDBI), the recombinant cells were 

grown over night in Caso broth and centrifuged for 15 minutes at 4,000 rpm. After washing the 

pellet for three times with NaCl 0.89% solution, the cells were transferred to the PbMM 

P. riograndensis minimal medium (MVcMY without vitamin complex and yeast extract) [18] 

using 50 mM xylose as carbon source, supplemented or not with 0.1 mg L
-1

 biotin and 160 mM 

inducer (mannitol).  

 

Plasmids construction and preparation of recombinant strains 

 

Molecular cloning was performed as described by Sambrook [19]. Chemically competent 

cells of E. coli DH5α were prepared for cloning [14]. All the information about the polymerase 

chain reactions (PCRs) for plasmid construction in this work is present in Table 1 and the 

oligonucleotide sequences described in Table S1. Genomic DNA of P. riograndensis was 

isolated as described by Eikmanns et al. [20]. B. methanolicus DNA isolation procedure, 

competent cells preparation and transformation method are described in Irla et al. [15]. The 

NucleoSpin® Gel and PCR Clean-up kit (Machery-Nagel, Düren, Germany) was used for PCR 

clean-up and plasmids were isolated using the GeneJET Plasmid Miniprep Kit (Thermo Fisher 

Scientific, Waltham, USA). Plasmid backbones and inserts were amplified using Phusion® DNA 

polymerase (New England Biolabs, Ipswich, England) and the overlapping regions joined by 

Gibson assembly [21]. For colony PCR the Taq polymerase (New England Biolabs) was used. 
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Preparation of the magnesium aminoclays  

 

The preparation of the magnesium aminoclays was done according to [22]. An ethanolic 

solution of 200 mM MgCl2 6H2O was stirred for 20 minutes and 13 mL of 3-aminopropil 

thriethoxysilane (Carl Roth, Karlsruhe, Germany) was added dropwise. The bulk solution was 

stirred at room temperature for 18 hours. After stirring, the milky solution was centrifuged for 10 

minutes at 4,000 rpm and the white pellet washed with ethanol. The pellet was dried at 50 °C for 

24 hours and the white product was grinded and autoclaved inside falcon tubes. 

 

Magnesium aminoclays-based transformation method assay 

 

The bacterial transformation method using magnesium aminoclays was developed and 

optimized by Choi et al. [9]. Here, we performed similar experiments by varying the parameters 

for adaptation of this method for P. riograndensis SBR5. The magnesium aminoclay solution was 

prepared by mixing 10 mg of magnesium aminoclays with 1 mL of deionized sterile water one 

day before the transformation for total dissolution. The plasmid DNA, in amounts of 0.05, 0.1, 

0.3, 0.5 or 1 µg was mixed with 0.05 mL of the aminoclay solution and the volume was 

completed to 0.5 mL with deionized sterile water. The bacterial cells were grown in Caso broth 

medium until reaching the logarithmic phase, when they were centrifuged at 4,000 rpm for 10 

minutes. The pellet was resuspended in pure sterile water (OD600nm adjusted to 1) and 0.5 mL of 

cell suspension was mixed to the aminoclay-plasmid solution. For mixing we fixed the amount of 

plasmid DNA of 0.1 µg and two treatments were applied: vortexing the mixture for 10, 30, 60, 

120 or 180 seconds or short time ultrasonication, using amplitude of 40 % for 5, 10, 20 or 30 

seconds. To test the friction force, Caso broth agar plates were prepared with 1.5 or 3 % of agar, 

and the remaining parameters were: 0.1 µg of DNA and 60 seconds of vortexing. The spreading 

time of the 1.5 % agar varied being 30, 60, 120 or 180 seconds and on the plates with 3% agar the 

spreading time (of 60 seconds) was not varied. After 48 hours incubation at 30 °C, the colony 

forming units were counted. 
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Recombinant P. riograndensis plasmid isolation and retransformation to E. coli 

 

The plasmid isolation procedure used in this work was performed as following: an 

overnight culture (30 mL) of P. riograndensis SBR5 transformed with the plasmid pNW33mp 

was centrifuged for 15 minutes at 4,000 rpm and the pellet was washed and resuspended in 40 µL 

of the TE buffer (0.05 M Tris, pH 8.0, 0.01 M EDTA). The cell suspension was added to 600 µL 

freshly prepared lysis buffer (TE buffer with 4%SDS, pH adjusted to 12.45) filled into an 

Eppendorf tube and the lysis was completed by the incubation of the mixture at 37°C for 60 

minutes. The lysate was neutralized by the addition of 30 µL of 2 M Tris, pH 7.0. For 

precipitation of the chromosomal DNA and proteins, 240 µL of 5 M NaCl was added to the lysate 

and the mixture was incubated in ice for 6 hours. After the incubation, the lysate was centrifuged 

for 10 min at 11,000 rpm the supernatant was transferred to a new tube. For DNA recovery, 10 % 

(v/v) of 3 M sodium acetate, pH 5.2 was added to the aqueous plasmid DNA solution and 

plasmid DNA was precipitated by addition of -20 °C cooled ethanol absolute. After 45 minutes 

centrifugation at 11,000 rpm the DNA pellet was washed twice with ethanol 70 % solution and 

air dried for 10 minutes before resuspension in deionized water. 

E. coli DH5α was transformed with the isolated plasmid DNA via heat shock and the 

resulting transformants were used for a plasmid mini preparation kit (Macherey-Nagel) according 

to the manufacture specifications. The plasmid DNA isolated from SBR5 and the plasmid 

isolated from the E. coli transformed with plasmid DNA isolated from SBR5 were digested with 

the restriction enzyme AcuI (Thermo Fisher Scientific) according to the manufacturer 

specifications and the presence of digested plasmid DNA was confirmed by agarose gel 

electrophoresis. 

 

Fluorescence measurement by fluorescence activated cell scanning  

 

To quantify the fluorescence intensities, transformants of P. riograndensis SBR5, 

P. polymyxa DSM-365 and B. methanolicus MGA3 were analysed by flow cytometry. Routinely, 

the P. riograndensis SBR5, and P. polymyxa DSM-365 cells were grown until reaching the 

logarithmic phase and centrifuged for 10 minutes at 4,000 rpm. The pellets were washed two 

times in NaCl 0.89 % solution and the OD600nm was adjusted to 0.5. The B. methanolicus cells 

were prepared as described before [15]. The fluorescence of the cell suspension was measured 
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using flow cytometer (Beckman Coulter, Brea, US) and the data analyzed in the Beckman 

Coulter Kaluza® Flow Analysis Software. The settings for the emission signal and filters within 

the flow cytometer for detection of GfpUV, Crimson and mCherry fluorescence were 550/525 

bandpass FL9 filter, 710/660 bandpass FL6 filter and 655/620 bandpass FL3 filter, respectively. 

 

2.3.4. Results 

 

Transformation of Paenibacillus using physical permeation by magnesium aminoclays 

 

In order to be able to study the function of the genes with respect to their physiological 

roles in P. riograndensis, a method for transformation of this bacterium using plasmid DNA has 

to be developed. In addition to transformation methods commonly used in bacteria such as heat-

shock or electroporation, a simple and efficient procedure for plasmid transformation by physical 

permeation using magnesium aminoclays has been recently developed [9,12]. In this method, a 

plasmid DNA and magnesium aminoclay supercomplex is formed and used to physically 

permeate the bacterial cell wall using sonication and/or spreading of the cell suspension on agar 

plates. Here, it was assessed whether this method, originally developed for E. coli and 

Streptococcus mutans [9], can be adapted for transformation of Paenibacillus. Two different 

plasmid backbones (pNW33Nmp and pTE) were tested. Transformation efficiency using physical 

permeation by magnesium aminoclays may depend on the concentration of plasmid DNA and 

physical parameters such as sonication, spreading time and the agar concentration. To this end, 

these parameters were varied for transformation of P. riograndenesis SBR5. The cell forming 

units (CFU) in the selective agar plates were counted. For both plasmids the highest 

transformation efficiencies (about 1.1 10
3
 CFU per µg pNW33Nmp DNA and about 1.8 10

3
 CFU 

per µg pTE DNA) were observed when 0.1 μg of plasmid DNA was added to the aminoclay 

solution, vortexed for one minute with the cell suspension and spread for one minute on a 1.5 % 

agar plate (Figure S1). Extended duration of vortexing or spreading did not improve 

transformation efficiency. The use of short ultrasonification treatment to better mix the cell 

suspension with the plasmid-aminoclay solution did not result in higher transformation efficiency 

compared to the treatment using vortexing (Figure S1).  

To verify transformation, plasmid DNA from P. riograndensis transformed with 

pNW33Nmp was isolated using a classical plasmid DNA isolation method and subsequently used 
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to transform E. coli via heat shock. The plasmid DNA isolated from the transformed E. coli cells 

was compared to that of transformed P. riograndensis cells by restriction enzyme digestion with 

the restriction enzyme AcuI. The agarose gel electrophoresis of cut plasmid DNA revealed the 

expected two identical DNA patterns (1530 and 3776 base pairs), thus, indicating that intact 

DNA of plasmid pNW33Nmp could be isolated from P. riograndensis transformants and used for 

transformation into E. coli (Figure S2).  

Next, we tested if heterologous fluorescent reporter proteins can be produced in 

P. riograndensis transformants. For this reason genes coding for fusion proteins were constructed 

by removing the stop codon of the chloramphenicol resistance cassette (Cm
R
) from vector pRE 

and introduction of the genes coding for fluorescent reporter proteins (GfpUV, mCherry or 

Crimson) downstream and in frame of this sequence. The resulting vectors were named pRfc-

gfpUV, pRfc-mCherry and pRfc-crimson and used to transform P. riograndensis SBR5. The 

fluorescence of the transformants was quantified by flow cytometry analysis of populations with 

20,000 transformed cells (Figure 1). The chloramphenicol resistant P. riograndensis 

transformants expressed the reporter gene fusions since increased fluorescence was observed for 

Crimson (8.5 times higher than the empty vector carrying control), mCherry (5 times higher) and 

for GfpUV (5 times higher; Figure 1). Thus, P. riograndensis could successfully be transformed 

by physical permeation using the magnesium aminoclay method and genes for fusion proteins of 

the chloramphenicol resistance marker protein with the fluorescent proteins Crimson, GfpUV and 

mCherry, respectively, could be functionally expressed. 

 

 

 

Figure 1. Fluorescence analysis of P. riograndensis SBR5 cells carrying plasmids encoding protein fusions of the 

chloramphenicol resistance protein and either Crimson (A), mCherry (B) or GfpUV (C). Mean fluorescence intensities of 

populations of 20,000 cells analysed by flow cytometer are shown as means and standard deviation of biological triplicates. 

Transformants carrying the empty vector pRE were analysed for comparison. 
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A rolling circle-replicating plasmid for constitutive expression at different levels 

 

In order to develop plasmids for constitutive gene expression of different promoter 

strengths, three different promoters were cloned upstream of the promoterless gene gfpUV on the 

rolling circle-replicating plasmid pRE: Ptuf, Pgap and Ppyk. Since the orthologous promoters 

were characterized as strong in Corynebacterium glutamicum [23,24], the respective open 

reading frames from C. glutamicum were used as queries for nucleotide BLAST search [25] 

against the genome sequence of P. riograndensis SBR5. The thus identified P. riograndensis 

SBR5 genes PRIO_0184, PRIO_2339 and PRIO_6140 are annotated to encode glyceraldehyde-3-

phosphate dehydrogenase, pyruvate kinase and elongation factor G, respectively. The Bacterial 

Promoter Prediction (BPROM) tool on the SoftBerry platform [26] detected -10 and -35 hexamer 

regions in the 300 base pairs sequence upstream of the start codons of these genes (Table 2).  

 

Table 2. Sequences and positions of the -10 and -35 regions within the 300 base pairs sequences upstream the several 

P. riograndensis SBR5 genes. The promoters were predicted bioinformatically using the Bacterial Promoter Prediction (BPROM) 

tool on SoftBerry platform [26]. 

 

Promoter 

Name 
Gene ID … -35 box … -10 box … 

Start 

Codon 

PgapA PRIO_0184 N238 TTGACA N13 GTCTTGAAT N31 ATG 

Ppyk PRIO_2339 N19 CTCAAT N12 CAGTATACT N254 ATG 

Ptuf PRIO_6140 N166 TCTC CA N30 TAACTT N92 ATG 

 

The plasmids containing Ptuf, Pgap and Ppyk upstream of the promoterless gene gfpUV 

were named pPgap-gfpUV, pPpyk-gfpUV and pPtuf-gfpUV (Table 1) and used to transform 

P. riograndensis. GfpUV fluorescence was measured after growth in Caso broth for 6 hours. 

P. riograndensis transformed with the empty vector showed a background median fluorescence 

intensity (MFI) of approximately 0.1, whereas GfpUV fluorescence of P. riograndensis 

transformed with pPgap-gfpUV, pPpyk-gfpUV or pPtuf-gfpUV was significantly higher (Figure 

2). Promoter strengths differed and the fluorescence intensity of the analyzed strains increased in 

the following pattern: pPgapA-gfpUV (11 fold higher than the empty vector carrying control 

strain), pPtuf-gfpUV (6 fold) and pPpyk-gfpUV (2.9 fold; Figure 2). Thus, three different 

endogenous promoters are available to drive expression of heterologous genes with strengths at 

different levels. 
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Figure 2. Reporter gene expression analysis of vectors with different constitutive promoters. GfpUV fluorescence of 

P. riograndensis SBR5 (blue) and P. polymyxa DM36 (black) cells carrying plasmids with gfpUV gene under control of three 

different constitutive promoters (Ppyk, Pgap and Ptuf), or the empty vector plasmid pRE are given as means and standard 

deviation of biological triplicates measured by flow cytometer of 20,000 cells. 

 

Inducible and gradable expression system using the heterologous XylR system from Bacillus 

megaterium 

 

In order to develop a gene expression system that is inducible and gradable by an external 

trigger, the xylose inducible XylR system from B. megaterium was tested in P. riograndensis. To 

this end, the pRE-based vector pRX-gfpUV was used [15]. The transformants were cultivated in 

Caso broth supplemented with 0, 24, 50, 100 or 200 mM of xylose. GfpUV fluorescence of 

P. riograndensis SBR5(pRX-gfpUV) cells increased with increasing concentrations of the inducer 

xylose (Figure 3A). Induction was about 6 fold higher when 24 mM xylose was added compared 

to the non-induced control and reached close to maximal values (about 12 fold higher in 

comparison to non-induced conditions) in the presence of 50 mM xylose.  
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Figure 3. Reporter gene expression analysis of plasmids with xylose inducible (A) or mannitol inducible (B) promoters. GfpUV 

fluorescence of P. riograndensis SBR5 cells carrying (A) rolling circle-replicating, xylose inducible plasmid pRX-gfpUV gene or 

theta-replicating, xylose inducible plasmid pTX or (B) carrying plasmids with the gfpUV gene under control of mannitol inducible 

promoter from P. riograndensis SBR5 (pRM1-gfpUV) or B. methanolicus MGA3 (pRM2-gfpUV) was analysed by flow 

cytometry  of populations of 20.000 cells. Gene expression was induced by 0, 25, 50, 100 and 200 mM xylose or addition of 0, 10, 

20, 40, 80 and 160 mM mannitol added to the growth medium at inoculation. Means and standard deviations of biological 

triplicates are depicted. 

 

To test the xylose-inducible expression system in a theta-replicating vector, gfpUV was 

cloned into the multiple cloning site of the vector pTE, which also contains the xylose repressor 

gene xylR and xylose inducible promoter. The resulting plasmid was named pTX-gfpUV and used 

to transform P. riograndensis SBR5. The transformants were cultivated in the presence of 0, 24, 

50, 100 or 200 mM xylose. GfpUV fluorescence increased with increasing xylose concentrations 

(Figure 3A). The GfpUV fluorescence levels were lower for the theta-replicating vector pTX-

gfpUV than for rolling circle-replicating vector pRX-gfpUV (Figure 3A). Taken together, theta-

replicating and rolling circle replication plasmids for gradable, xylose inducible gene expression 

were developed and shown to function in P. riograndensis. 
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Mannitol inducible and gradable expression based on endogenous or heterologous promoter and 

activator genes 

 

Genes of mannitol catabolism are typically regulated by the availability of the carbon 

source mannitol as for example shown for Bacillus methanolicus [18] and B. subtilis subsp. 

subtilis str. 168 [27]. Based on microarray and RNAseq [28,29] analysis of mannitol inducible 

genes in this bacterium, a mannitol inducible gene expression system employing the promoter of 

the mtlR gene of B. methanolicus was developed [15]. To identify potentially mannitol inducible 

promoters, a BLAST analysis of the genome of P. riograndensis SBR5 using the upstream region 

of -35 sequence of mtlR gene of B. methanolicus as query was performed and revealed similarity 

to the upstream region of -35 sequences of mtlA from P. riograndensis SBR5. As a first test of 

this promoter, its expression was analysed heterologously in B. methanolicus using plasmid 

pRM1-gfpUV and compared to the mannitol inducible mtlR promoter from B. methanolicus 

(pRM2-gfpUV) and the mannitol inducible mtlA promoter from B. subtilis subsp. subtilis str. 168 

(pRM3-gfpUV). GfpUV fluorescence under non-inducing and inducing conditions was 

determined by flow cytometry. As shown in Table 3, the promoters from B. methanolicus and 

P. riograndensis were active and mannitol inducible in B. methanolicus, whereas the mtlA 

promoter from B. subtilis was not (Table 3). Thus, the mtlA promoter from P. riograndensis 

SBR5 allowed for mannitol inducible gene expression in the heterologous B. methanolicus. 

 

Table 3. GfpUV fluorescence of B. methanolicus MGA3 strains carrying plasmids with gfpUV gene under control of different 

mannitol inducible promoters. The promoterless gfpUV gene was fused to putative mannitol inducible promoters from 

P. riograndensis (pRM1-gfpUV), B. methanolicus (pRM2-gfpUV) or B. subtilis (pRM3-gfpUV). Gene expression was induced by 

addition of 50 mM mannitol to the growth medium. The table shows means and standard deviations of technical triplicates. 

 

Construct 
Mean GfpUV fluorescence intensity 

pRM1-gfpUV pRM2-gfpUV pRM3-gfpUV 

0 mM mannitol 0.1 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 

50 mM mannitol 0.8 ± 0.1 1.1 ± 0.1 0.2 ± 0.0 

 

To test if the mtlA promoter from P. riograndensis SBR5 is mannitol inducible in the 

native host, pRM1-gfpUV was used to transform P. riograndensis SBR5. As control 

P. riograndensis SBR5(pRM2-gfpUV) with the mannitol inducible promoter from 

B. methanolicus MGA3 was constructed. Both strains were analyzed by flow cytometry analysis 
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after cultivation in Caso broth in the presence of 0, 20, 40, 80 or 160 mM of mannitol. This dose 

response analysis revealed increasing GfpUV fluorescence with increasing mannitol 

concentrations and comparable maxima for both, SBR5(pRM1-gfpUV) and SBR5(pRM2-gfpUV) 

(Figure 3B). Thus, the mtlA promoter from P. riograndensis SBR5 was shown to be mannitol 

inducible in the native host. An almost linear correlation between the inducer concentration and 

the mean GfpUV fluorescence intensity was only found for SBR5(pRM2-gfpUV) in the 

concentration range of 40 to 160 mM (Figure 3B). Taken together, mannitol inducible expression 

vectors carrying either an endogenous promoter or a heterologous promoter from B. methanolicus 

can be used for controlled gene expression in P. riograndensis. Mannitol induction of these 

promoters in B. methanolicus as well as in P. riograndensis relies on hitherto unknown trans-

regulatory factors, likely activators, since these are not encoded on the gene expression vectors 

used. 

 

Inducible gene expression using a two vector system  

 

In order to test if the compatible expression vectors pTX (based on theta-replicating 

plasmid pTE, carrying xylose inducible gene expression system) and pRM2 (based on rolling 

circle-replicating plasmid pRE, carrying mannitol inducible promoter) allow for independently 

controllable gene expression in a single cell, P. riograndensis SBR5 was transformed with the 

following pairs of expression vectors: pRE and pTE, pRM2-gfpUV and pTE, pTX-crimson and 

pRE or pRM2-gfpUV and pTX-crimson. The double transformants were cultivated under 

noninducing conditions (in the absence of inducers) and under inducing conditions (in the 

presence of 50 mM xylose and 50 mM mannitol). The double transformants carrying the empty 

vectors showed background GfpUV and Crimson fluorescence of about 0.2 to 0.4 irrespective of 

the presence or absence of the inducers (Figure 4; Table S2). Transformants carrying pTX-

crimson showed increased mean Crimson fluorescence intensities of 1.2 to 2.1 under inducing 

conditions and transformants carrying pRX-gfpUV showed increased mean GfpUV fluorescence 

intensities of about 1.6 to 2.2 when induced (Figure 4; Table S2). Double fluorescent cells 

(increased mean Crimson and GpfUV fluorescence intensities) were observed for transformants 

carrying pTX-crimson and pRX-gfpUV (Figure 4; Table S2). 
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Figure 4. Reporter gene expression analysis of cells carrying two compatible expression vectors. GfpUV and Crimson 

fluorescence was anaylsed by flow cytometry of populations of 20,000 P. riograndensis cells carrying the two compatible 

plasmids pRE and pTE (EE), pRM2-gfpUV and pTE (RE), pTX-crimson and pRE (ET) or pRM2-gfpUV and pTX-crimson (RT), 

respectively. Cells were cultivated in the absence of inducers or in the presence of a mixture of 50 mM xylose and 50 mM 

mannitol.  

 

To test if mannitol and xylose inducible gene expression can be controlled independently, 

P. riograndensis SBR5(pRX-gfpUV)(pTX-crimson) was cultivated either without inducers, with 

50 mM xylose and 50 mannitol, with 50 mM xylose alone, as well as with 50 mM mannitol 

alone. As expected, GfpUV fluorescence-positive, but Crimson fluorescence-negative cells were 

observed with mannitol alone, GfpUV-negative, but Crimson-positive cells with xylose alone, 

and GfpUV and Crimson double-positive cells were only observed in the presence of both 

inducers (Figure S3). 

 

Controlled expression of heterologous bioWAFDBI genes rendered P. riograndensis SBR5 

biotin-prototrophic  

 

P. riograndensis lacks genes coding for biotin biosynthesis enzymes, thus, it requires 

biotin as supplement when grown in minimal media [3]. The plasmid pEKEx3-bioWAFDBI [17] 
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was used to subclone the bioWAFDBI operon from B. subtilis 168 into the expression vector 

pRM2. The resulting vector pRM2-bioWAFDBI was used to transform P. riograndensis SBR5. 

After pre-growth in the biotin-containing medium PbMM, P. riograndensis strains SBR5(pRE) 

and SBR5(pRM2-bioWAFDBI) were transferred repeatedly either to biotin-free or to biotin-

containing medium in the absence of mannitol as inducer (Figure 5). In addition, SBR5(pRM2-

bioWAFDBI) was tested in the presence of 160 mM mannitol as inducer (Figure 5). In biotin-

containing minimal medium, both SBR5(pRE) and SBR5(pRM2-bioWAFDBI) grew to 

comparable biomass concentrations (given as ∆OD600 nm) for 7 serial transfers (Figure 5B). As 

expected, P. riograndensis SBR5(pRE) failed to grow in biotin-free medium after the third 

transfer (Figure 5A). By contrast, SBR5(pRM2-bioWAFDBI) grew for seven serial transfers to 

biotin-free medium when gene expression was induced by mannitol (Figure 5A). Thus, induced 

pRM2-based expression of bioWAFDBI was sufficient to render P. riograndensis biotin 

prototrophic. It has to be noted that some growth of SBR5(pRM2-bioWAFDBI) was observed in 

the absence of the inducer mannitol upon repeated transfer to biotin-free medium (∆OD600 nm of 

0.3 without induction as compared to ∆OD600 nm of 1.0 when induced) indicating possible 

promoter leakage.  

 

 

 

Figure 5. Growth of P. riograndensis SBR5(pRE) and SBR5(pRM2-bioWAFDBI) in PbMM minimal medium lacking biotin (A) 

or containing 0.1 mg L-1 biotin (B). SBR5(pRM2-bioWAFDBI) was cultivated without (grey squares) or with induction with 160 

mM mannitol (black squares). The biomass formed (∆OD600 nm) after growth for at least 24h is shown for repeated transfers to 
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fresh, biotin-free PbMM (A) or fresh biotin-containing PbMM (B). Means and standard deviations of biological triplicates are 

shown.  

 

Transfer of the transformation protocol and gene expression vector systems to P. polymyxa DSM-

365  

 

In order to test if the magnesium aminoclay-based transformation protocol and the 

constructed inducible expression vectors can be applied to another species of the genus 

Paenibacillus, P. polymyxa DSM-365 was transformed with the plasmids pNW33mp and pTE, 

respectively, using the conditions optimized for P. riograndensis. Transformation of both 

plasmids was successful; however, the transformation efficiency of approximately 1.0 10
2
 

transformants per µg of DNA was about 10 fold lower than in P. riograndensis.  

The constitutive expression plasmids pPpyk-gfpUV, pPtuf-gfpUV and pPgap-gfpUV were 

used to transform P. polymyxa DSM-365 and GfpUV fluorescence was quantified by flow 

cytometry (Figure 2). The P. polymyxa transformants showed higher than background GfpUV 

fluorescence intensities (Figure 2). The strengths of promoters Ppyk and Ptuf were comparable in 

P. polymyxa and in P. riograndensis while, the promoter strength of Pgap was almost two fold 

lower in P. polymyxa than in P. riograndensis (Figure 2).  

The theta-replicating expression vector pTX carrying a xylose inducible gene expression 

system was shown to allow for xylose-inducible gene expression in P. polymyxa DSM-365 using 

mCherry as reporter gene. After cultivation in Caso broth without added xylose, a background 

mCherry fluorescence of less than 0.2 was observed (Figure 6A). With 50 mM and 100 mM 

xylose added as inducer, mCherry fluorescence increased about 2 fold and about 4 fold, 

respectively. 
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Figure 6. GfpUV and mCherry fluorescence P. polymyxa transformed with two compatible expression vectors. Populations of 

20,000 cells of P. polymyxa DSM-365 transformed with pRE and pTE (EE), pRM2-gfpUV and pTE (RE), pTX-mcherry and pRE 

(ET) or pRM2-gfpUV and pTX-mcherry (RT) cultivated in the presence of a mixture of 100 mM of xylose and mannitol were 

analysed for GfpUV and mCherry fluorescence by flow cytometry. The figure shows means and standard deviation of biological 

triplicates. 

 

In the next step, P. polymyxa DSM-365 was transformed with the two compatible 

expression vectors pRM2-gfpUV and pTX-mCherry or the respective empty vectors pRE and 

pTE. P. polymyxa strains DSM-365(pRE)(pTE), DSM-365(pRM2-gfpUV)(pTE), DSM-

365(pRE)(pTX-mcherry) and DSM-365(pRM2-gfpUV)(pTX-mcherry) were cultivated in Caso 

broth and fluorescent reporter gene expression was induced with a mixture of 100 mM xylose and 

100 mM mannitol. GfpUV and mCherry fluorescence analysis revealed double fluorescence 

negative cells for DSM-365(pRE)(pTE) and double fluorescence positive cells for DSM-

365(pRM2-gfpUV)(pTX-mcherry; Figure 6B). DSM-365(pRM2-gfpUV)(pTE) only showed 

GfpUV fluorescence, whereas DSM-365(pRE)(pTX-mcherry) only showed mCherry 

fluorescence (Figure 6B). Taken together, the transformation protocol and the gene expression 

tools developed for P. riogradensis were shown to be transferable to at least one other species of 

the genus Paenibacillus.  

 

2.3.5. Discussion 

 

Here, we optimized a simple and functional method using magnesium aminoclays for 

transformation of two Paenibacillus species. Moreover, efficient constitutive and inducible gene 
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expression using compatible theta- and rolling circle-replicating vectors developed here enlarged 

the genetic toolbox for Paenibacillus. Besides characterization of these systems using fluorescent 

reporter genes, biotin-auxotrophic P. riograndensis was rendered prototophic for biotin by 

inducible heterologous expression of the bioWAFDBI operon from B. subtilis. 

Biotin is required as a co-factor for a diverse group of enzymes called “biotin-dependent 

family” enzymes [30]. Biotin is essential for E. coli although it possesses only a single biotin-

containing enzyme, namely acetyl-CoA carboxylase catalyzing the formation of malonyl-CoA as 

essential precursor for fatty acid biosynthesis. The genome of the biotin auxotrophic 

P. riograndensis SBR5 contains genes putatively encoding pyruvate carboxylase (PRIO_6030) 

and acetyl-CoA carboxylase (PRIO_2337). Biotin has to be added to the growth medium of 

auxotrophic P. riograndensis since it lacks genes for biotin biosynthesis. Of the proteins encoded 

in the biotin biosynthesis operon bioWAFDBI from B. subtilis, 6-Carboxyhexanoate CoA ligase 

BioW is not required for de novo biotin synthesis, but to activate pimelic acid to pimeloyl-CoA. 

P. riograndensis may possess a homolog of BioI since the PRIO_5347 encoded P450 enzyme 

shares similarity with BioI of B. subtilis, but does not possess homologs of BioW, BioA, BioF, 

BioD and BioB [3]. As shown for other biotin auxotrophs, e.g. C. glutamicum ATCC 13032 

[17,31], heterologous expression of the complete bioWAFDBI operon from B. subtilis led to 

biotin prototrophy of P. riograndensis. However, it remains to be shown if expression of all bio 

genes is required or if expression of a subset of these genes would be sufficient: bioFI in the case 

of C. glutamicum and possibly bioAFDB in the case of P. riograndensis. It is known that many 

root-associated bacteria are dependent on a supply of previously synthetized growth factors from 

plants. Indeed, biotin is commonly present in the root exudates of higher plants [32]. This may 

suggest that biotin synthesis by P. riograndensis has been lost during evolution.  

The major advantage of the magnesium aminoclay method is its simplicity, whereas other 

methods may be superior with respect to the transformation efficiency. The transformation 

efficiencies obtained for P. riograndensis SBR5 (10
3
 per ug of DNA) and P. polymyxa DSM-365 

(10
2
 per ug of DNA) are comparable to those obtained in E. coli and S. mutans by the magnesium 

aminoclay method [9]. These transformation efficiencies are sufficient for strain construction, but 

are too low to generate gene libraries in these species, e.g. when screening libraries of gene knock 

downs using CRISPR interference [33,34]. Electroporation protocols developed for P. polymyxa 

[7] and P. larvae [6] are 100 to 1000 times more efficient, however, even these transformation 

efficiencies of 10
5
 per µg of DNA are too low to generate large gene libraries, which requires 
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transformation efficiencies in the order of 10
8
 to 10

9
 per µg of DNA as obtained for E. coli [35]. 

Taken together, the low transformation efficiency by the magnesium aminoclay method is 

compensated for by its simplicity, the fact that it does not involve the use of expensive material 

such as electroporation cuvettes or electricity, and the fact that laborious preparation of 

competent cells is not required since the use of an exponentially growing Paenibacillus culture is 

sufficient. 

Biotechnological processes involving recombinant bacteria often face stability problems 

when using rolling circle-replicating plasmids as is seen also for Bacilli [15,36,37]. Besides their 

roles in plant growth promotion and bioremediation, Paenibacilli may find biotechnological 

application in the production of value-added compounds such as (R,R)-2,3-butanediol [38,39] or 

of antimicrobials such as the lipodepsipeptide fusaricidin [40]. Thus, the more stable theta-

replicating plasmids may be valuable for applications using recombinant Paenibacilli. However, 

it has to be noted that due the lower copy numbers of theta-replicating plasmids as compared to 

most rolling circle-replicating plasmids, overexpression of the endogenous or heterologous genes 

in theta-replicating plasmids requires stronger promoters and/or translation efficiency.  

In this study, several constitutive promoters of various strengths as well as graded 

inducible gene expression systems were studied for gene expression in P. riograndensis. Based 

on a bioinformatics analysis of promoter sequences, three promoters expected to be strong and 

constitutive were chosen. As shown in Figure 2, the expression of gfpUV in P. riograndensis was 

three (Ppyk), six (Ptuf) or about ten (PgapA) fold higher than the autofluorescence background 

and a mean fluorescence intensity of about 1.1 was obtained with expression vector pPgap-gfpUV 

(Figure 2). However, in P. polymyxa the gfpUV expression from P. riograndensis promoter 

PgapA only led to mean fluorescence intensity of about 0.5 (Figure 2). This is commensurate 

with the sequence differences between the PgapA promoters from P. riograndensis and 

P. polymyxa, with six mismatches in the -10 box and one mismatch in the -35 box (BLAST 

analysis not shown), thus, high constitutive gene expression in P. polymyxa should be based on 

the endogenous PgapA promoter rather than the one from P. riograndensis.  

When fully induced, gene expression from the mannitol inducible promoter PmtlR and the 

xylose inducible promoter PxylA reached higher levels (mean fluorescence intensities of about 

2.5 for the mannitol inducible gene expression vectors pRM1-gfpUV and pRM2-gfpUV and of 

about 5 for pRX-gfpUV; Figure 3) than obtained with PgapA (mean fluorescence intensity of 

about 1.1; Figure 2). The very high expression levels obtained with fully induced PmtlR and 



Results 

86 

 

PxylA come at a cost, namely the requirement to add ≥100 mM xylose or ≥150 mM mannitol to 

the growth medium. Neither mannitol nor xylose are gratuitous inducers in Paenibacillus since 

they serve as carbon sources for growth [2]. 

The induction patterns with respect to the inducer concentrations deviated from perfect 

linearity which may reflect that inducers were catabolized and their concentrations diminished 

during the growth of the recombinant strains, although they were added to complex Caso broth 

rather than minimal media and, thus, were not required as growth substrates. The observed 

induction patterns may also reflect all-or-none induction and the presence of induced and non-

induced sub-populations. In E. coli, this phenomenon is known for arabinose inducible gene 

expression from expression vectors and deletion of the arabinose utilization genes was required 

for the homogenous gene expression from the plasmid [41], a strategy which may be followed in 

Paenibacillus once gene deletion is possible in this bacterium. Homogenous gene expression may 

require that genes important for inducer uptake are expressed constitutively and independently 

from the inducer itself. In E. coli, for example, transcribing arabinose uptake gene araE from a 

constitutive promoter from Lactococcus lactis instead of its own arabinose inducible promoter 

enabled homogenous graded arabinose induction [42]. 

In general, promoters from different Bacillus or Paenibacillus species are functional in 

other Bacillus or Paenibacillus species, e.g. the promoters PxylA from B. megaterium and PmtlA 

from B. methanolicus could be used in Paenibacillus. On the other hand, B. subtilis PmtlA hardly 

worked in B. methanolicus (Table 3). Likewise, PxylA was xylose inducible in P. polymyxa 

DSM-365; however, induced expression of the fluorescence reporter gene was about tenfold 

lower than in P. riograndensis (Figure 6A). Thus, transferability of the gene expression systems 

is achievable, however, to fully exploit the application potential these systems need to be 

optimized in the respective hosts. 

The genetic toolbox described here forecasts future developments in functional genomics 

of Paenibacilli. Gain-of-function and loss-of-function analyses are important elements of 

functional genomics and they require genetic systems for gene overexpression and gene deletion. 

For instance, controlled gene expression is important in gene deletion using CRISPR/Cas9 

[43,44] or for CRISPRi/dCas9 mediated gene knockdown [33,34]. A prerequisite for the use of 

CRISPR technology as well as for gain-of-function analyses in Paenibacillus has been achieved 

in this study by the two vector system for independent mannitol and/or xylose inducible gene 

expression. 
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2.4.1. Abstract 

 

Due to the importance of phosphorus (P) in agriculture, the crop inoculation with 

phosphate solubilizing bacteria (PSB) is a relevant subject of study. Peanibacillus riograndensis 

SBR5 is a promising candidate for crop inoculation because it is capable of performing nitrogen 

fixation and producing phytopathogen antagonist substances. However, this organism has not 

been studied extensively. Here, we performed a differential gene expression analysis associated 

to phenotypic study aiming to evaluate the process of phosphate solubilization (PS) in this 

organism. SBR5 was cultivated in two distinct P sources: NaH2PO4 (soluble phosphate) and 

hydroxyapatite (insoluble phosphate). Total RNA of SBR5 cultivated in these two conditions was 

isolated and submitted to sequencing. Moreover, organic acids production and PS by SBR5 were 

analyzed and its motility was evaluated by the means of flow cytometry. We discovered that the 

expression of 42 genes was upregulated and 15 genes downregulated in the insoluble phosphate 

condition. Expression of genes involved in glucose metabolism, including those coding for 2-

oxoglutarate dehydrogenase, was downregulated in insoluble phosphate condition. Determination 

of organic acids concentration showed that the production of tricarboxylic acid cycle-derived 

organic acids is reduced in this condition, proving that metabolic channeling of glucose towards 

the tricarboxylic acid cycle is negatively regulated by insoluble phosphates. The cultivation in 

hydroxyapatite caused the reduction in the motility of SBR5 cells as a response to phosphate 

depletion in the beginning of its growth. SBR5 was able to solubilize hydroxyapatite, which 

suggests that this organism is a promising PSB. Our findings are the initial step in the elucidation 

of the PS process in P. riograndensis SBR5, and will be a valuable groundwork for further 

studies of this organism as a plant growth promoting rhizobacterium. 
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2.4.2. Introduction 

 

Phosphorus (P), together with nitrogen and potassium, is an essential macronutrient for 

plant growth. Plant roots are able to absorb P in form of orthophosphates, either H2PO4
-
 or HPO4

-

2
, but the concentrations of those ions in soil are in the micromolar range [1,2]. This is due to the 

complex dynamics of P in the soil; this nutrient has a unique characteristic, which is its high 

fixation in soil. Mineral phosphates can be, for example, found associated with the surface of iron 

or aluminum oxides that are poorly soluble and accessible [3]. These factors lead to the 

overloading of chemical P fertilizers and animal manure to the agricultural land that indeed 

improves soil P fertility and crop production, but causes severe environmental damage in the past 

decades [4]. Therefore, with increasing demand of agricultural production, P is receiving more 

attention as a nonrenewable resource [5]. In this context, the phosphate solubilization (PS) 

performed by organisms in the soil is an interesting target for study. PS ability is well 

characterized for mycorrhizal fungi [6] and phosphate solubilizing bacteria (PSB), mostly 

associated to the plant rhizosphere [7]. There is a substantial number of PSB genera widespread 

in the rhizosphere [8], whereof some are well-established as plant growth promoting 

rhizobacteria (PGPR) e.g. Pseudomonas [9], Bacillus [8], Enterobacter [10] and Azotobacter 

[11]. The use of PSB as inoculants leads to increased P uptake by the plant and crop yield. 

Besides providing soluble P to plants, these organisms promote their growth and development by 

other activities such as nitrogen fixation and production of plant phytohormones [12]. Among the 

mechanisms utilized by PSB for phosphate solubilization, the production of organic acids is well 

recognized and is considered to be most common in rhizobacteria. The organic acids excreted by 

PBS have different modes of action that lead to PS; the mineral ions bound to precipitated 

phosphates can be chelated by these organic acids or P can be dissolved through the decrease of 

the pH [13]. Among the genera considered as PSB, Penibacillus has shown to be promising for 

inoculation purposes. In comparative genomic analysis, it was suggested that a wide group of 

Paenibacillus is able to perform PS by producing the organic acid gluconate [14]. Sixteen 

Paenibacillus species (e. g. Paenibacillus azotofixans, Paenibacillus dendritiformis, 

Paenibacillus elgii, Paenibacillus graminis and Paenibacillus polymyxa) showed high 

conservation of the genes coding for glucose-1-dehydrogenase and gluconate dehydrogenase, 

which are involved in in the synthesis the organic acid gluconate [14]. 
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Paenibacillus riograndensis is a rod-shaped, Gram-positive, motile, nitrogen-fixing 

bacterium [15]. The strain SBR5 was isolated from the rhizosphere of wheat (Triticum aestivum) 

plants cultivated in Rio Grande do Sul, Brazil [16]. In addition to nitrogen fixing, SBR5 

possesses further plant growth promoting activities, such as ability to produce indol-3-acetic acid 

and phytopathogen antagonist substances [17,18]. The complete genome of P. riograndensis 

SBR5 was sequenced and fully annotated and consists of one chromosome with 7.893.056 bps, 

containing 6705 protein coding genes, 87 tRNAs and 27 rRNAs genes [19]. Moreover, molecular 

tools for gene expression in this organism were developed [20]. Hence, P. riograndensis SBR5 is 

a promising target for study and agricultural purposes. SBR5 is poorly characterized and its 

potential as PSB has not been studied. To elucidate the PS process in P. riograndensis SBR5, we 

performed for the first time for this species a differential gene expression analysis under 

supplementation with two phosphate sources: soluble and insoluble. The growth and PS activity 

of SBR5 were investigated and the differences in the global transcriptome profiles in both 

conditions were analyzed by utilizing RNA sequencing (RNAseq) technology.  

 

2.4.3. Materials and Methods 

 

Strains and growth conditions 

 

The PGPR strain P. riograndensis SBR5, which was the object of this study, was 

obtained from the strain collection of the Department of Genetics at Universidade Federeal do 

Rio Grande do Sul, Brazil. Here, we performed cultivations in order to expose SBR5 to two 

distinct phosphate sources. The bacterial cells were grown in petri dishes containing LB agar 

(Lysogeny Broth) and a single colony was picked and transferred to 500 mL shaking flasks 

containing 50 mL of LB medium. One mL of the bacterial suspension was inoculated into 500 

mL shaking flasks containing 50 mL of distinct broth media differing with regard to the P source: 

1) Pikovskaya broth (PVK; prepared as Pikovskaya, [21]) with 5g L
-1

 of Ca5(PO4)3(OH) 

(hydroxyapatite) as P source (PbI); 2) PVK with 1.6 g L
-1

 NaH2PO4 as P source (PbS). To 

maintain neutral pH of both media, 12 g L
-1

 of 3-morpholinopropane-1-sulfonic acid (MOPS) 

were added. The cells grown in each condition were used to re-inoculate the fresh media. During 

the cultivations, the cells were routinely shacked at 120 rpm and temperature of 30°C. For each 

condition tested, six biological replicates were used: three for harvesting of bacterial cells and 
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total RNA isolation, and three for further determination of growth characteristics. The optical 

density at 600 nm (OD600 nm) of the cultivated cells was measured in regular intervals. During 

each measurement of growth, the pH of the culture broth was measured with pH indicator sticks 

(Macherey-Nagel, Düren, Germany). The initial OD600 nm of the main cultivation was 

approximately 0.05. Bacterial cells of 3 replications were harvested in the middle of the 

exponential phase and the harvesting procedure was done according to Irla et al. [22]. 

Supernatants of the bacterial cultures and cell pellets of the other 3 replications were collected by 

centrifugation (4,000 rpm) at the time points of 0, 5 and 20 hours for further phenotypic analysis. 

 

RNA isolation and preparation and sequencing of cDNA libraries 

 

In order to isolate the total RNA from SBR5 cells, bacterial cell pellets previously 

harvested and stored at -80°C were thawed in ice and RNA was extracted individually for each 

cultivation condition. All the procedures regarding RNA isolation and RNA quality control were 

done accordingly to Brito et al. [23]. The three replications of extracted RNA samples of each 

condition were pooled in equal parts and the pool of total RNA was subsequently used for the 

preparation of cDNA libraries. For each condition, a whole transcriptome library was prepared. 

The preparation of this library and the cDNA sequencing were carried out according to Mentz et 

al. [24].   

 

Bioinformatics analysis 

 

The sequence reads obtained in the present study were mapped onto the reference genome of 

P. riograndensis SBR5 [19]. To prepare the reads for mapping, the tool Trimmotatic version 0.33 [25] 

was used to trim the sequences to a minimal length of 35 base pairs. Trimmed reads were mapped to the 

reference genome of SBR5 through the software for short read alignment Bowtie [26]. The visualization 

of mapped reads and the differential gene expression analysis were performed using the software 

ReadXplorer [27], in which the statistical method DEseq was employed to analyze the resultant RNAseq 

data [28]. The cut-off values for designating a gene as differentially expressed included a change in 

expression level (base mean) higher than 30 and an adjusted P-value of equal to or less than 0.05. When 

differentially expressed genes coding for proteins of unknown function were detected, the gene sequences 

were submitted to BLASTx analysis to identify the protein family conservations [29]. 
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Validation of RNAseq data by real-time quantitative reverse transcription-PCR 

 

In order to validate the data obtained by DEseq analysis, real-time quantitative reverse 

transcription-PCR (qRT-PCR) was performed utilizing a LightCycler® system (Roche 

Diagnostics, Penzberg, Germany). The RNA samples utilized to compose the RNA pools for 

cDNA library preparation in this study were also utilized as templates for qRT-PCR. Therefore, 

each sample concentration was adjusted to 50 ng RNA μL
-1

 and 1 μL thereof was pipetted into a 

reaction mix of the SensiFAST™ SYBR® No-ROX Kit (Bioline, Luckenwalde, Germany), 

following manufacturer’s instructions. Differentially expressed genes selected for this assay as 

well as the characteristics of the primers utilized are listed in Table 1. For evaluation of relative 

gene expression, 16S rRNA was used as reference control [30]. The melting-curve data-based 

quantification cycle (Cq) values, from the LightCycler® output files, were used for further 

calculation. For calculation of relative gene expression, the following equation was used: 

ΔΔCq = 2
-(CqPbI - Cq16S)

 / 2
-(CqPbS - Cq16S) 

[31].
 

 

Table 1. Oligonucleotide sequences (5’-3’) used for amplification of gene fragments of P. riograndensis SBR5 in qRT-PCR.  

 

Gene identity Forward  Reverse  

Gene product  

length [bp] 

P.riograndensis_final_1896 GCTGAGCTGATGGGTGAATG TATCCGGGATGCTCTCCTTG 229 

P.riograndensis_final_1897 TCGTCTATGCGCTTGGATCG AAGTGAACGTCCGCTGATCG 179 

P.riograndensis_final_1898 CCGCCAGCAAAGCCTATCTC GCTACATCATCGCCCAGCTC 154 

yusV GCATCAAGGCTGGCTGAAGG AGATAGGTGGTCGGCTCGTC 198 

P.riograndensis_final_1900 AGCGGGTCAAGGCCAGAATC CCGCCACAAGGGTTCTTTGC 243 

odhB TGCCGTGTCTGCCAAGGAAG ATGCCGAGAATGCCGACCTG 231 

odhA GGCACACCGATCCGGTTAAG CGGGTGCGAACACGTTGTAG 208 

P.riograndensis_final_5412 ATCGGATGCCAGCATTGTAG AATGTAGCCGATGGCGTTAG 181 

P.riograndensis_final_5413 GAACTGAACGACAGCAAAGG CCGTCTGCATTCCAATGAAG 242 

P.riograndensis_final_5640 GTGTGGCAAAGTCCCTGAAC CAAACATCCAGTGCGGTGTC 210 

P.riograndensis_final_5641 CCTATTGGATCGGCAAGTGG CCGGTGTCACTGTATTCTGG 198 

opuAA CCGAATATGGCCTTGAAGTG CACTGAAAGCCTCATCCATC 201 

P.riograndensis_final_6162 GCGGTGTATGACACTGCTTC TAGCGCCCTTCAAGGAGATG 214 

P.riograndensis_final_6163 TGCTGCAGTACAGGGAGTTG TCCTTGCACTGCCCGAATTG 157 

P.riograndensis_final_6164 CGAGCAAGCACAACGTAATG TATTTGCACCCGCTGTGATG 245 

Reference control (16S)* CACGTGTAGCGGTGAAATGC ACTTCGGCACCAAGGGTATC 184 

 * Oligonucleotide sequences designed by Sperb et al. [30]. 
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Phenotypic Analysis  

 

For quantification of glucose and organic acids concentration in the supernatants of 

SBR5, high performance liquid chromatography system (HPLC, 1200 series, Agilent 

Technologies Deutschland GmbH, Böblingen, Germany) was used as in Zahoor et al. [32]. 

Quantification was done by calibration with external standards. By this method glucose, 

gluconate, oxoglutarate, acetate, citrate, succinate, oxalate and malate were determined. 2-

Oxoglutarate dehydrogenase activity was measured accordingly to Nguyen et al. [33]. 

Furthermore, the solubilization efficiency of SBR5 cultivated in the different conditions was 

determined through the quantification of orthophosphates present in the supernatants. This assay 

was performed by the means of the molybdenum-blue method, as described by Murphy and Riley 

[34]. Lastly, to analyze the motility of SBR5 cells, the cells were cultivated as described above 

(in PbS, PbI and LB medium) and collected 5 hours after inoculation, then centrifuged for 10 

minutes at 4,000 rpm. The pellets were washed two times in NaCl 0.89 % solution and the 

OD600nm was adjusted to 0.5. The cell suspensions were incubated with 10 µg mL
-1

 of Alexa 

Fluor® 594 dye (Thermo Fisher Scientific, Waltham, USA), prepared accordingly to 

manufacturer’s instructions, for 30 minutes at room temperature then washed two times in NaCl 

0.89 % solution. To quantify the fluorescence intensities in the cell suspensions, they were 

submitted to flow cytometry (Beckman Coulter, Brea, US) and the data analyzed in the Beckman 

Coulter Kaluza® Flow Analysis Software. The settings for the emission signal and filters within 

the flow cytometer for detection of Alexa Fluor® 594 dye fluorescence was 620/525 bandpass 

FL1 filter.  

 

2.4.4. Results and Discussion 

 

Phosphate solubilizing activity by P. riograndensis SBR5 

 

The pH values of the cultivation broth of the SBR5 cultures grown in the two determined 

conditions were lower than the initial pH (Figure 1). However, in PbI medium the pH decreased 

more substantially (from 7 ± 0 to 4 ± 0) in comparison to PbS medium (from 7 ± 0 to 6 ± 0) 

(Figure 1). In many cases, acidification is the main mechanism involved in the phosphate 
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solubilization. Several authors have suggested that a decrease of pH values due to the production 

of organic acids and the release of protons by PSB is a basic principle of their PS activity [8,35]. 

The decrease of pH as a mechanism to perform PS has been reported in fungi [36], and it is 

mostly related to the production of organic acids, as in Aspergillus and Penicillium [37]. 

Furthermore, P. riograndensis SBR5 grew slightly better in PbS, with NaH2PO4 as P source, in 

comparison to PbI, where hydroxyapatite was a P source (Figure 1). This might be due to the fact 

that hydroxyapatite is initially insoluble in the medium, which led to the P deficiency at the 

beginning of the growth. This result is in agreement with studies on other PSB strains, such as 

Pseudomonas aeruginosa and Burkholderia multivorans, which reported that the final cell 

biomass of PSB strains under sufficient phosphate condition is higher than under phosphate 

depletion condition [38,39].  

 

 

 

Figure 1. Growth of SBR cells and pH values in PbI and PbS media. The time point of the cell harvesting for RNA isolation and 

supernatant collection for further analytical steps is depicted with yellow symbols. 

  

In the present study, the P source in PbI was 5 g L
-1

 hydroxyapatite, which was not readily 

available for bacterial growth. In the moment of inoculation, the medium PbI contained about 20 

µg P-PO4
-3

 mL
-1

 of orthophosphates (Figure 2). This is half of the concentration of 

orthophosphates utilized by SBR5 in PbS, which was approximately 40 µg P-PO4
-3

 mL
-1

. The 

initial low concentration of available P contributed to the induction of PS by SBR5 in PbI 

medium. It is a general phenotype of PSB that the PS activity is induced by low levels of 
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exogenous soluble phosphate and inhibited by its high levels [39,40]. Increase of orthophosphate 

concentration during incubation was detected in the PbI medium, containing hydroxyapatite. The 

PS activity of P. riograndensis SBR5 led to a liberation of 300 µg P-PO4
-3

 mL
-1

 of 

orthophosphates in PbI medium (Figure 2). This value is higher than values observed for other 

Paenibacillus species: 80 µg mL
-1

 by P. polymyxa and 130 µg mL
-1

 by 

Paenibacillus mucilaginosus from CaHPO4 and phosphorite after 3 and 5 days of incubation, 

respectively [41,42], showing that P. riograndensis SBR5 is a promising PSB. Moreover, the 

reverse correlation between pH value of the culture (Figure 1) and the released orthophosphate 

concentration (Figure 2) indicates that organic acid production by P. riograndensis SBR5 may 

play a role in the solubilization of insoluble phosphate.   

 

 

 

Figure 2. Concentration of orthophosphates in the supernatant and of P. riograndensis SBR5 cultivated in PVK broth (PbI) in 

comparison to cultivation in PVK broth having NaH2PO4 as P source (PbS). The concentration of orthophosphates in the 

supernatants was determined by the molybdenum-blue method [34]. 

 

The phosphate in PbS was not completely utilized (Figure 2), but supported the growth of 

P. riograndensis SBR5 (Figure 1), indicating that PbS provided sufficient supply of P for SBR5. 

Moreover, the decrease of pH value in the culture grown in PbS medium was lower in 

comparison to that in the PbI medium (Figure 1). It is known that the PS of PSB can be repressed 

by soluble phosphate in the mechanism of a feedback inhibition [39]. Sensitivity to soluble 
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phosphate is a severe limitation to the extensive application of PSB. However, the molecular 

mechanism of soluble phosphate regulation on phosphate-solubilizing activity of PSB remains 

unclear. Hence, the regulation of PS in P. riograndensis SBR5 by different concentrations of 

soluble phosphate is still to be elucidated. 

 

Differential gene expression analysis and validation of expression pattern by qRT-PCR 

   

Gene expression analysis regarding the P metabolism and PS in bacteria was performed 

by the means of microarray [43] and RNAseq technologies [39]. Here, we carried out the 

differential gene expression analysis of P. riograndensis SBR5 cultivated in two distinct P 

conditions: one soluble P source (NaH2PO4, PbS medium) and other insoluble (hydroxyapatite, 

PbI medium). Sequencing of cDNA libraries generated from RNA obtained in those two 

conditions resulted in 2,729,614 reads for PbS sample and 2,773,600 reads for PbI. Of the 

resultant reads, 2,720,143 and 2,685,108 reads of PbS and PbI libraries, respectively, were 

mapped onto the genome of SBR5. The differential gene expression analysis was carried out with 

the statistical method DEseq [28]. Our DESeq analysis revealed the expression of 42 genes was 

upregulated (Table 3) and 15 genes downregulated in the insoluble phosphate condition (Table 

2).  

 

Table 2. List of genes upregulated in P. riograndensis SBR5 cultivated in PbI in comparison to cultivation in PbS. Gene names in 

bold indicates genes chosen for RT-qPCR analysis; gene products in italic represents BLAST analysis results. 

 

Feature Product 

Fold 

change P-value 

P.riograndensis_final_1123 No putative conserved domains 3.97 0.00 

P.riograndensis_final_1182 YhgE/Pip N-terminal domain protein 3.41 0.00 

yugH Putative aminotransferase YugH 4.09 0.00 

P.riograndensis_final_1553 No putative conserved domains 3.19 0.01 

P.riograndensis_final_1679 

Non-ribosomal peptide synthase/amino acid adenylation 

enzyme 3.10 0.01 

P.riograndensis_final_1712 Glutamine--scyllo-inositol transaminase 3.26 0.01 

P.riograndensis_final_1811 S-layer domain-containing protein 4.07 0.00 

P.riograndensis_final_1812 ABC-type multidrug transport system 4.54 0.00 

P.riograndensis_final_1813 ABC transporter 5.15 0.00 

P.riograndensis_final_1896 Periplasmic-binding protein 3.65 0.00 
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P.riograndensis_final_1897 Transport system permease 4.54 0.00 

P.riograndensis_final_1898 Transport system permease 3.31 0.01 

yusV 

Probable siderophore transport system ATP- binding 

protein YusV 4.62 0.00 

P.riograndensis_final_1900 Ferric iron reductase protein FhuF 5.15 0.00 

P.riograndensis_final_2070 Trypsin 3.25 0.01 

P.riograndensis_final_2763 No putative conserved domains 3.65 0.01 

fabG 3-Ketoacyl-ACP reductase 3.20 0.01 

P.riograndensis_final_2959 No putative conserved domains 4.46 0.00 

P.riograndensis_final_3118 Heat induced stress protein YflT 3.03 0.01 

P.riograndensis_final_3123 General stress protein 16O 3.29 0.01 

treA Trehalose-6-phosphate hydrolase 3.42 0.01 

P.riograndensis_final_345 

Periplasmic-binding component of alginate-specific ABC 

uptake system-like 4.94 0.00 

P.riograndensis_final_346 Carbohydrate Binding protein 3.47 0.01 

P.riograndensis_final_3666 PAS domain S-box protein 3.57 0.01 

P.riograndensis_final_3815 No putative conserved domains 4.05 0.00 

P.riograndensis_final_4161 Carbohydrate/starch-binding protein 4.65 0.00 

P.riograndensis_final_4326 No putative conserved domains 3.73 0.00 

P.riograndensis_final_4843 General stress protein YciG 4.80 0.00 

rplU 50S ribosomal protein L21 3.00 0.01 

P.riograndensis_final_5412 Phosphate binding protein 4.71 0.00 

P.riograndensis_final_5413 Copper amine oxidase N-terminal domain 4.10 0.01 

P.riograndensis_final_5808 Transcription cofactor 4.13 0.00 

P.riograndensis_final_5813 No putative conserved domains 3.65 0.00 

P.riograndensis_final_5814 No putative conserved domains 3.55 0.00 

P.riograndensis_final_5825 Uncharacterized membrane protein YtjA 4.09 0.00 

P.riograndensis_final_602 CsbD-like protein 3.84 0.00 

P.riograndensis_final_603 No putative conserved domains 4.02 0.00 

P.riograndensis_final_6178 Putative flagellar system-associated repeat 3.05 0.01 

P.riograndensis_final_6290 Putative effector of murein hydrolase LrgA 3.04 0.01 

ywbG Uncharacterized protein YwbG 4.33 0.00 

yunF UPF0759 protein YunF 3.00 0.01 

P.riograndensis_final_635 Carbohydrate/starch-binding protein 3.08 0.01 
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Table 3. List of genes downregulated in P. riograndensis SBR5 cultivated in PbI in comparison to cultivation in PbS. Gene 

names in bold indicates genes chosen for RT-qPCR analysis; gene products in italic represents BLAST analysis results. 

 

Feature Product 

Fold  

change P-value 

P.riograndensis_final_2300 Transcriptional regulator TenI -5.00 0.00 

P.riograndensis_final_2303 Thiazole biosynthesis protein ThiH -3.11 0.01 

P.riograndensis_final_3056 No conserved domain -4.81 0.00 

odhB 

Dihydrolipoyllysine-residue succinyltransferase component 

of 2-oxoglutarate dehydrogenase complex -3.16 0.01 

odhA 2-Oxoglutarate dehydrogenase E1 component -3.03 0.01 

P.riograndensis_final_5637 No conserved domain -4.56 0.00 

P.riograndensis_final_5640 ABC transporter, substrate-binding protein, QAT family -3.92 0.00 

P.riograndensis_final_5641 Glycine betaine transport system permease protein opuAB -4.59 0.00 

opuAA Glycine betaine transport ATP-binding protein OpuAA -5.04 0.00 

P.riograndensis_final_6139 Cobalt-precorrin-8X methylmutase -4.75 0.00 

P.riograndensis_final_6151 

 

-3.43 0.01 

P.riograndensis_final_6162 Flagellar capping protein -3.95 0.00 

P.riograndensis_final_6163 FlaG protein -5.70 0.00 

P.riograndensis_final_6164 Flagellin -4.00 0.00 

P.riograndensis_final_6184 No conserved domain -3.17 0.01 

 

The results obtained in the RNAseq analysis were confirmed by the analysis of gene 

expression patterns in the two distinct P sources conditions by q-RT-PCR, when 15 genes among 

up/downregulated genes were selected. Seven out of the 15 genes exhibited constant up-

regulation and 8 out of the 15 genes showed constant down-regulation when hydroxyapatite was 

used as P source. The expression patterns of the 15 candidate genes detected by q-RT-PCR were 

in accordance to the gene expression patterns obtained in the RNAseq analysis (Figure 3), which 

demonstrates the reliability of the high throughput RNAseq technology. 
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Figure 3. Relative gene expression levels (mean ΔΔCq expression and standard deviation of biological triplicates) obtained in 

qRT-PCR in comparison to their differential gene expression (fold change) obtained RNAseq analysis of P. riograndensis SBR5 

grown in PVK broth (PbI) in comparison to cultivation in PVK broth with phosphate source replaced by NaH2PO4 (PbS).  

 

 Results of transcriptome analysis showed that in P. riograndensis SBR5 the expression 

two genes related to carbon metabolism was downregulated in SBR5 cultivated in PbI condition, 

the genes forming the odhA and odhB complex that codes for 2-oxoglutarate dehydrogenase (2-

OGDH) (Table 3). Moreover, the genes P.riograndensis_final_346, P.riograndensis_final_635 

and P.riograndensis_final_4161 that code for carbohydrate biding proteins, were upregulated in 

PbI condition (Table 2). In the PGPR B. multivorans, the expression of genes related to carbon 

metabolism, including genes encoding sugar ABC transporters as well as 2-OGDH, was 

upregulated when P was depleted in the medium [39]. The switch of carbon metabolism 

pathways is closely related to the concentration of soluble phosphate [44]. Furthermore, the 

expression of genes involved in stress response (P.riograndensis_final_3118, 

P.riograndensis_final_3123 and P.riograndensis_final_4843) was upregulated in PbI condition 

(Table 2). As discussed before, P was not readily available at the beginning of the cultivation of 

SBR5 in that condition (Figure 2). Similarly, phosphate depletion led to expression of σ
B
-

mediated general stress response genes in Bacillus subtilis [45]. B. subtilis responds to phosphate 

starvation stress by regulating genes encoding the phosphate starvation Pho proteins [46]. The 

pho regulon is controlled by the two-component PhoP-PhoR signal transduction system [47]. 
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Although expression of genes coding for PhoP-PhoR was not up-regulated in SBR5 in P 

depletion condition (PbI), they are present in the genome sequence of P. riograndensis SBR5 

(P.riograndensis_final_2307-2308) (Genbank accession LN831776). Apart from induction of 

stress response, PbI condition seems to influence the synthesis of flagella. The expression of an 

operon comprising genes coding for a flagellar capping protein (P.riograndensis_final_6162), a 

FlaG protein (P.riograndensis_final_6163) and a flagellin protein (P.riograndensis_final_6164) 

was downregulated in this condition (Table 3).  Inorganic phosphate is part of ATP which is a 

fundamental molecule for cell energy storage, and it plays significant role in flagella synthesis 

and movement, which are high energy-consuming processes [48,49]. It might mean that low P 

arability in PbI medium leads to induction of energy saving processes manifested by hindrance of 

flagella synthesis. Moreover, an expression of an operon that includes two genes related to iron 

and siderophore metabolism (yusV-P.riograndensis_final_1900) was upregulated in SBR5 

cultivated in PbI medium (Table 2). P.riograndensis_final_1900 encodes a protein that belongs to 

a ferric reductase protein family and YusV is a siderophore transporter protein. In microbes, 

assimilatory ferric reductases are key enzymes of the iron assimilatory pathway [50]. P 

solubilization mechanisms employed by soil bacteria and fungi also include the production of 

siderophores, due to their chelating proprieties [51]. However, the upregulation of expression of 

siderophore-related genes by SBR5 cultivated in PbI observed in the present study needs to be 

further investigated, because hydroxyapatite is a calcic P source (not an iron phosphate). 

Furthermore, in a previous study it was suggested that SBR5 possesses genes involved in the 

transport of siderophore, but not in its production [30]. Finally, one gene encoding pyrroline-5-

carboxylase reductase and an operon comprising genes related to the transport of glycine betaine 

were downregulated in SBR5 grown in PbI (Table 3). Proline and glycine betaine are among the 

principal compatible solutes accumulated as osmotic response in bacteria [52]. The accumulation 

of the osmoprotectant glycine betaine from exogenous sources provides a high degree of osmotic 

tolerance to B. subtilis [53]. The expression of these genes indicates that PbI medium caused high 

external osmolality leading to the induction of osmoadaptation in P.riograndensis SBR5.  

 

Phenotypic analysis regarding the phosphate solubilization activity by P. riograndensis SBR5  

 

Phenotypic analysis was performed based on the currently available genomic and 

transcriptomic databases [19,23] and on the gene expression analysis performed in the present 
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study. We aimed to relate some of the differentially expressed genes of P. riograndensis SBR5, 

cultivated with two distinct P sources, to the physiological analysis of PS processes. The 

up/downregulation of expression of genes related to carbon metabolism, such as upregulation of 

P.riograndensis_final_346, P.riograndensis_final_635 and P.riograndensis_final_4161, encoding 

carbohydrate biding proteins, and downregulation odhA and odhB, encoding 2-OGDH, was 

observed during growth of SBR5 with 5g L
-1

 hydroxyapatite as P source (Tables 2 and 3). This 

result indicated that P. riograndensis SBR5 changes its carbon metabolism in the presence of 

hydroxyapatite, when P is not readily available. Moreover, the excretion of organic acids by PSB 

is considered a crucial factor in PS [13]. Based on that, we decided to quantify the production of 

organic acids and consumption of glucose in SBR5 in the determined conditions. The production 

of oxalate and malate, which were previously related to PS in Pseudomonas [54], was not 

observed in P. riograndensis SBR5 in P depletion conditions. Nevertheless, an increase of 

approximately 50% of total organic acids was observed when SBR5 was cultivated in PbI (Figure 

4). This is in accordance with our observation regarding the acidification of the growth medium 

in PbI condition (Figure 1). More importantly, the composition of the organic acids produced by 

SBR5 in the determined conditions was different. When cultivated in PbI, the production of 

acetate and gluconate in SBR5 were greatly increased in comparison to growth in PbS (Figure 4). 

Gluconate and acetate are known as agents active in PS. Gluconate is produced by the majority of 

the PSB, being often the most quantitatively produced organic acid for PS means [35,54–56]. The 

production of acetate by PSB isolates to perform PS has also been reported [57].  
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Figure 4. Yield of organic acids in mM mM glucose-1 produced by P. riograndensis SBR5 cultivated in PVK broth (PbI) in 

comparison to cultivation in PVK broth phosphate source replaced by NaH2PO4 (PbS). The quantification of glucose and organic 

acids was determined by HPLC analysis of the supernatants of SBR5 collected at 20 hours of growth.   

 

Genes encoding 2-OGDH, forming a complex odhAB, were downregulated in SBR5 at 5g 

L
-1

 of hydroxyapatite (Table 3). This was confirmed by analysis of enzymatic activity of 2-

OGDH which was significantly lower in cells grown in PbI than in PbS grown cells 

(Supplementary Figure S1). Interestingly, the accumulation of oxoglutarate dropped drastically in 

PbI in comparison to PbS (Figure 4). 2-OGDH is a key enzyme that catalyzes the step in 

tricarboxylic acid (TCA) cycle in which oxoglutarate is converted to succinyl CoA [33]. Thereby, 

it is suggested that the metabolic flux towards the TCA cycle is reduced when SBR5 is cultivated 

PbI medium which leads to general decrease of accumulation of TCA metabolites e.g. 

oxoglutarate and succinate (Figure 5). Low production of oxoglutarate in contrast to high 

production of gluconate was also observed in soil bacterial isolates that perform PS [57]. 

Furthermore, a yield about 0.12 mM mM glucose
-1

 of succinate was detected by HPLC when 

supernatant of SBR5 cultivated in PbS was analyzed, but no succinate was detected in PbI 

(Figure 4). Succinate is a product of of a step in TCA cycle that follows the reaction catalyzed by 

2-OGDH (Figure 5) and it is also one of the major organic acids present in root exudates of plants 

in rhizosphere. Repression of glucose utilization by succinate is termed as succinate-mediated 
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catabolite repression [58]. Patel et al. [59] showed that succinate and malate individually and as 

mixtures repressed gluconate production and PS in P. aeruginosa. It is also a component that 

represses PS phenotype in Klebsiella pneumoniae [60,61]. Based on that and on our findings, the 

reduction of the metabolic flux towards the TCA cycle might be one strategy utilized by SBR5 to 

perform PS. However, more analytical studies must be performed in order to better explain this 

process.   

 

 

 

Figure 5. Scheme of pathways in central carbon metabolism that may be involved in the production of organic acids in 

P. riograndensis SBR5. Highlighted in blue are the compounds accumulated in PbI medium, in red is the enzymatic process 

activated and compounds accumulated in PbS medium. Source:www.genome.jp/kegg/pathway  

 

Furthermore, we have evaluated the motility of SBR5 cultivated in the determined 

conditions. P. riograndensis SBR5 cells cultivated in PbS, PbI or LB (control) medium were 

stained with Alexa Fluor® 594 dye and subsequently analyzed by flow cytometry. Ten thousand 

cells of each treatment were analyzed and PbS- and PbI-cultivated cells presented different 

behavior. The cells grown in PbS showed similar fluorescence to the cells grown in LB medium 

(Figure 6). In contrast, the cells cultivated in PbI presented a negative peak shift in the flow 
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cytometry histogram overlay, evidencing reduced fluorescence intensity (Figure 6). Flagellar 

filaments can be readily stained with amino-specific Alexa Fluor® dye; the cell bodies also were 

labeled, but flagellated cells present higher fluorescence [62]. This result supports the findings in 

the RNAseq/qRT-PCR data in which flagella-related genes were downregulated during PbI 

cultivation. In condition of insufficient P source, flagella-related genes were downregulated in the 

PSB B. multivorans [39]. Here, as mentioned above, P was not readily available to 

P. riograndensis SBR5 in the beginning of its growth (Figure 2). Downregulation of flagella-

related genes at PbI medium might be also due to the depletion of P which may influence ATP 

formation and energy storage processes [63].  

 

 

 

Figure 6. Flow cytometry histograms of 10,000 P. riograndensis SBR5 cells cultivated in PVK broth (PbI) in comparison to 

cultivation in PVK broth phosphate source replaced by NaH2PO4 (PbS). SBR5 cells were cultivated in LB medium as a control 

and all the cells were stained with Alexa Fluor® 594 dye.  

2.4.5. Conclusion 

 

 The differential gene expression results of the present study revealed a highly complex 

transcriptional response of P. riograndensis SBR5 to two distinct P sources, soluble and 

insoluble. We showed two important aspects of PS by SBR5: in one hand, P. riograndensis 

SBR5 changes its carbon metabolism characteristics in presence of insoluble phosphate by the 

reduction of the metabolic flux towards the TCA cycle. On the other hand, it shows signs of 

stress response in presence of insoluble phosphate, by expression stress response genes and 

drastic reduction of its motility for propose of energy saving. We showed that the production of 
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organic acids might be the most important strategy utilized by SBR5 to perform PS. The findings 

of our study will help us to understand the molecular mechanism of insoluble phosphate 

regulation on PSB physiological activities by P.riograndensis SBR5, especially PS, which 

provides the first step in the elucidation of PS process in this organism that could further improve 

the scope of its application as crop inoculant. 
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3. DISCUSSION 

 

3.1. Basis for the characterization of Paenibacillus  riograndensis SBR5: complete 

genome sequence and genome-wide transcriptome analysis  

  

The main goal of this thesis was to expand the knowledge on the plant growth promoting 

rhizobacterium (PGPR) P. riograndensis SBR5. Before the studies presented in this thesis were 

stared, a draft genome sequence of SBR5 was published [1]. This sequence exhibited the 

following features: a chromosome of 7,370,000 base pairs (no plasmid was found), with a G+C 

content of 55.1%, 7,467 detected open reading frames and 16 detected tRNA genes. The draft 

genome sequence of SBR5 was so far used as a reference to elucidate the transcriptional profile 

of nitrogen fixation in P. riograndensis, revealing that this organism has a unique nitrogen 

fixation system which allows it to fix nitrogen under molybdenum absence [2]. However, the 

draft genome sequence of SBR5 was comprised of 2,276 contigs that were not assembled which 

was a severe hindrance to conducting genome-based studies [1]. Based on that, the genome of 

P. riograndensis SBR5 was sequenced and fully annotated in the present thesis (Chapter 2.1). 

This resulted in 198 contigs that were assembled into one single contig comprising a circular 

chromosome of 7,893,056 base pairs. Besides that, the detected G+C content was 50.97%, 6,705 

coding sequences (CDS) were identified and 87 tRNA and 27 rRNA genes were found to be 

organized in 9 putative operons (Chapter 2.1). The major difference between the complete 

genome sequence described in this thesis and the draft genome sequence previously reported [1] 

was in size, with a difference of 523,056 base pairs scattered over the whole genome (Chapter 

2.1).The collection of information through analysis of bacterial genomes has become essential to 

systematize the knowledge on  PGPR applications [3]. Therefore, the number of genome 

sequences of PGPR is growing, e. g. geneomes of Burkholderia phytofirmans [4], Pseudomonas 

sp. [5], Bacillus sp. [6] and Bacillus amyloliquefaciens [7] were sequenced recently. Sequencing 

of PGPR genomes is an important approach to gain insight into PGPR physiology. The 

availability of PGPR genome sequences enabled comparative genomic studies which revealed 

that the presence of plant growth promotion (PGP)-related genes are features present in different 

functional groups of bacteria, such as animal pathogens, phytopathogens, saprophytes, 

endophytes and symbionts, with a number of detected PGP genes increasing along this lineup [8]. 

Genome-based analysis and its physiological confirmation were performed to demonstrate a high 
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genetic conservation of PGP features in Paenibacillus species, such as indole-3-acetic acid (IAA) 

production, phosphate solubilization (PS) and metabolism, and nitrogen fixation [9]. The 

association between genome sequence and physiological properties contributed to the discovery 

of production of biocontrol-related cyclic lipopeptides in the PGPR Pseudomonas fluorescens 

[10]. Here, besides improving the current genomic information, the complete genome sequence 

of P. riograndensis SBR5 served as basis for the detection of ara genes related to its arabinose 

metabolism and two genes encoding its erythromycin and kanamycin resistances (Chapter 2.1). 

Moreover, the genome-based evidence for a biotin autotrophy of SBR5 was achieved because 

homologues to the bioWAFDBI operon coding for biotin biosynthesis pathway of 

Bacillus subtilis [11] were not detected in the genome of P. riograndensis (Chapter 2.1). To 

complement the dataset obtained in the complete genome sequence of SBR5, a genome-wide 

transcriptome analysis (also called transcriptome landscape analysis) was performed in the 

present thesis, revealing the transcriptomic profile of this organism. In Chapter 2.2, many features 

of the transcriptome of SBR5 were characterized, such as transcriptional abundances of genes, 

operon structures, presence of cis-regulatory elements, presence of novel transcripts as well as 

transcription start sites (TSS), promoter motifs and ribosome biding site (RBS) of thousands of 

annotated genes in the genome of P. riograndensis SBR5. This kind of analysis was previously 

performed for bacteria with industrial relevance, like Corynebacterium glutamicum and Bacillus 

methanolicus [12,13] and the use of transcriptome data is highly valuable, for example, in the 

development of genetic tools for bacteria [14]. Here, the complete genome sequence and 

transcriptomic landscape analysis of P. riograndensis SBR5 were essential groundwork for the 

development of gene expression tools, vitamin-related physiological analysis and differential 

gene expression analysis of PS in this organism.  

 

3.2. Transformation method and the use of genomic data to develop genetic tools 

for P. riograndensis SBR5  

 

The first step in the development of molecular biology tools for microorganisms is 

establishment of method for vector transformation into bacterial cell. The most common 

transformation methods are based on several physical or biological processes such as heat shock, 

electroporation, use of protoplasts or conjugation [15,16]. However, those examples do not 

exhaust all possibilities. One of the alternatives is for example Yoshida effect. It occurs when a 
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colloidal solution consisting of nano-sized needle-shaped material and bacterial cells is contacted 

by sliding friction, this complex grows larger and penetrates bacterial cells due to the driving 

force derived from the sliding friction [17]. This effect is named after its author and is the base of 

the bacterial transformation method applied on Paenibacillus in the present thesis. The Yoshida 

effect has been applied for the transformation of Escherichia coli DH5α before [18]. However, 

the referred transformation effect employs the use of chrysotile asbestos fibers, which have 

carcinogenic properties [19]. For this reason, the use of aminoclays appears as an alternative. The 

aminoclays were synthetized for the first time in 1997 [20] and consist of aminopropyl-

functionalized magnesium phyllosilicates that can be used to construct composites with 

biomolecules such as DNA [21], which makes them applicable for transformation based on the 

Yoshida effect. Aminoclays are considered non-toxic; they are used in medicine because they are 

capable of interacting with negatively charged drug molecules to produce a drug-clay complex 

that improves the absorption of poorly absorbable drugs after oral administration [22]. Besides 

being a non-toxic material, the aminoclay protects DNA biomolecules from digestion by 

nucleases and acts not only as a vehicle for plasmid DNA penetration into the cells but also as a 

shield for the plasmid DNA against various biological or physical-chemical stresses, such as 

enzymatic cleavage [23–25]. The transformation method mediated by aminoclay was first applied 

in bacteria by Choi et al. [26] in E. coli and Streptococcus mutans, when the aminoclay wrapping 

of the DNA molecule was shown to be more efficient than that of the Yoshida effect [26]. 

Moreover, the use of aminoclays enabled a nuclear transformation of DNA into the eukaryotic 

microalgae Chlamydomonas reinhardtii [27]. In Chapter 2.3, this recently developed 

transformation method was established for P. riograndensis SBR5. Strain SBR5 is a recalcitrant 

organism, and was previously transformed by the means of electroporation resulting in 

approximately 10
4
 transformants μg

-1
 of plasmid DNA [28]. However, although lesser 

transformation efficiency was obtained in the present study (10
3
 transformants μg

-1
 of plasmid 

DNA), the aminoclay-mediated method is less laborious and less expensive in comparison to the 

electroporation [26]. Moreover, the aminoclay-mediated bacterial transformation method 

established here for P. riograndensis enabled the further development of gene expression tools 

for this organism. Finally, this method was also established in other Paenibacillus species 

(Paenibacillus polymyxa DSM-365), yielding 10
2
 transformants μg

-1
 of plasmid DNA (Chapter 

2.3).  
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Until now, no expression system was available for P. riograndensis SBR5. Nevertheless, 

once P. riograndensis SBR5 was transformable, the tools for gene expression could be 

developed. A set of plasmid vectors for other bacilli strains was previously established, one 

rolling circle replicating and one theta replicating plasmid, pRE and pTE, respectively [14,29]. 

As described in Chapter 2.3, the complete genome sequence of SBR5 was used to identify 

sequences of three constitutive promoter sequences, which were cloned into the rolling circle 

replicating plasmid pRE. These promoters belong to the genes gapA, pyk, and tuf1, coding for 

glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase, and elongation factor Tu, 

respectively. Furthermore, two inducible systems were developed for P. riograndensis SBR5 in 

the present thesis. The first one utilized a theta replicating plasmid pTE harboring a xylose 

inducible promoter of a xylA gene and a xylR regulator, both derived from Bacillus megaterium 

[30]. The use of this xylose inducible promoter is well established, being functional in 

Staphylococcus aureus [31] and in different bacilli: B. megaterium [30], B. subtilis [32], 

Brevibacillus choshinensis [33], and B. methanolicus [12]. The second inducible system utilized 

the pRE plasmid to carry a mannitol inducible promoter. BLAST analysis [34] on the complete 

genome sequence of SBR5 led to the identification a promoter of the mannitol PTS system mtlA 

gene (P.riograndensis_final_1805). However, the best mannitol promoter utilized in this thesis 

originated from the methylotrophic bacterium B. methanolicus and belongs to a mtlR gene that 

encodes the transcriptional regulator MtlR [35,36]. The transcriptional regulator mtlR gene 

transcripts are more abundant during growth of B. methanolicus on mannitol in comparison to 

growth on its commonly used carbon source, methanol [35,37]. This mannitol inducible rolling 

circle replicating plasmid was previously developed based on the information available on the 

transcriptomic landscape of B. methanolicus, which was used for identification of its TSS and -10 

and -35 hexamers location [12,36].  

Altogether, a theta replicating xylose inducible system and a rolling circle replicating 

mannitol inducible system were used to control the expression of crimson and gfpUV reporter 

genes, respectively, in P. riograndensis SBR5, resulting in the first dual inducible vector system 

for this organism (Chapter 2.3). Irla et al. [14] used transcriptome landscape analysis of 

B. methanolicus [12] to develop a mannitol (mtlR) inducible gene expression system, and that 

system could be transferred to P. riograndensis SBR5 in this thesis (Chapter 2.3). Similarly, the 

transcriptome landscape analysis presented in Chapter 2.2 can also be utilized to further identify 

more inducible systems and to develop expression tools for other bacteria. Despite the fact that 
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the use of gapA, pyk, and tuf1 constitutive promoters identified in this thesis led to the increase in 

the expression of gfpUV reporter gene in SBR5 (in comparison to promoterless control), the 

selection of those promoters was based on their strength in C. glutamicum [38] and their -10 and -

35 hexamers were predicted with the Bacterial Promoter Prediction (BPROM) tool on the 

SoftBerry platform [39] (Chapter 2.3). The the data on highly expressed genes generated in the 

transcriptome landscape analysis show that transcripts of tuf1, gapA and pyk, have abundancies of 

3,154, 1,106 and 484, respectively, which places them as 78
th

, 256
th

, 575
th

 most abundant 

transcripts of P. riograndensis SBR5 (Chapter 2.2). Hence, it would be interesting to test putative 

strong constitutive promoters predicted on the basis of the transcriptome landscape data. For 

instance, the gene P.riograndensis_final_1999 coding for PTS maltose transporter subunit IIBC is 

an interesting target for further investigation, because it was among the most abundantly 

transcribed genes under the growth conditions used in Chapter 2.2. Since a database of gene 

transcriptional abundancies of SBR5 is available (NCBI Gene Expression Omnibus, accession 

GSE98766) and TSS belonging to more than one thousand annotated genes of SBR5 were 

identified in the present thesis, this knowledge can be used to identify more constitutive 

promoters, not only for P. riograndensis SBR5, but for other PGPR species. Similar approach 

was used before for example by Luo et al. [40] where the analysis of the expression levels of 

almost 6,000 genes of Streptomyces albus in different growth conditions and at different time 

points allowed the identification of 32 genes with most abundant transcripts. The characterization 

of their promoters showed that their strengths ranged from 200 to 1300% of the before commonly 

used promoter of the erythromycin resistance gene ermE [40]. Similarly, this approach was 

applied for B. amyloliquefaciens [41], Bacillus thuringiensis [42] and Lactococcus lactis [43].  

Furthermore, regulatory elements other than promoters can be predicted based on the 

transcriptomic data obtained in the scope of this thesis (Chapter 2.2). The promoter of the gene 

pyk was used to characterize a thiamine pyrophosphate (TPP) riboswitch functionality in strain 

SBR5. In this case, the detection of the native TSS of the pyk gene based on the transcriptomic 

data allowed the exchange the native 5’ untranslated region (5’ UTR) of the respective promoter 

by the 5’ UTR containing the TPP riboswitch (see below 3.3.2). Furthermore, the prediction of 

the putative TPP riboswitch in the genome of P. riograndensis SBR5 was based on the presence 

of a 5’UTR of the gene thiC (P.riograndensis_final_150) which is 240 base pairs longer than a 

mean 5’UTR in the transcriptome of P. riograndesis SBR5. The identification and confirmation 

of biological activity of TPP riboswitch represents not only a value for understanding basic 
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physiology of P. riograndesis but can be used in the future for construction of advanced 

regulatory tools useful e. g. as regulatory circuits [44].  

Gene knockout methodology has been developed for Paenibacillus species [45]. In the 

characterization of a given gene, the most straightforward approach is to create a knockout strain 

and to characterize the phenotype of the mutant; e. g. gene deletion was used to characterize the 

nif cluster in Paenibacillus sp [46] and also an antagonistic activity against Fusarium 

graminearum in P. polymyxa [47]. However, one important limitation of the characterization of 

P. riograndensis SBR5 is the lack of a method to perform modifications in its chromosome. In 

P. polymyxa, homologous recombination was used for gene deletion [45]. This strategy is based 

on the replacement of a chromosomal sequence with selectable antibiotic resistance gene that is 

flanked with suitable homology regions to the genome. This is accomplished by Red-mediated 

recombination in these homology regions [48]. Moreover, gene knockout mutants of 

Paenibacillus alvei were constructed by retrotransposition utilizing the commercially available 

bacterial mobile group II intron Ll.LtrB of Lactococcus lactis [49]. Another interesting approach, 

never performed in Paenibacillus species so far, is the gene knockout or knockdown mediated by 

CRISPR-Cas9 or CRISPRi-dCas9 systems, respectively [50–52]. The progress in development of 

different genome modification strategies in Paenibacillus species indicates that soon one of the 

newly created methods could be successfully applied for SBR5. This is possible because all the 

genome modification strategies mentioned above are enabled by the development of the gene 

expression toolbox as well as the availability of the complete genome sequence and genome-wide 

transcriptome obtained in the present thesis. It is noteworthy that the dual inducible system 

developed for P. riograndesis SBR5 could be transferred to P. polymyxa DSM-365 (Chapter 2.3). 

Hence, the gene expression toolbox developed in the present thesis opens doors for the 

development of genome modification also for other members of Paenibacillus. 

   

3.3 Application of the omics and gene expression toolbox in P. riograndensis 

SBR5: analysis of two B-group vitamins 

 

Water-soluble B-group vitamins are among many types of molecules that facilitate 

interactions of PGPR with plants. They can act synergistically with other biologically active 

substances in the stimulation of growth of plants and soil microorganisms [53,54]. Bacterial 

vitamin production can be one of several factors affecting microbial competition for root 
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colonization [55], contributing also to rhizobial plant colonization [56]. The B-group of vitamins 

consists of thiamine, riboflavin, niacin, pantothenic acid, pyridoxine, biotin, folic acid and 

cobalamin, and the production of B-group vitamins has been observed in the plant beneficial 

P. fluorescens [56], Azospirillum spp. [57] and mycorrhizal fungi [58]. Revillas et al. [59] 

proposed that, because exogenous applications of B-group vitamins affects plant cellular 

functions, the production of these vitamins by PGPR, such as Azotobacter spp., is a mechanism 

that explains positive effects of these bacteria on plants and their interactions with other 

microorganisms in the rhizosphere. PGP was also related to secretion of B-group vitamins by 

P. fluorescens [60]. In Chapter 3.1 the importance of genome-based findings for the analysis of 

PGPR are pointed out. However, many of these predictions are not tested so far and the 

association between genome sequence and biological function of the predicted metabolite is 

lacking. Hence, the database generated in this thesis and gene expression tools for 

P. riograndensis SBR5 were used to characterize the features related to two members of the B-

group of vitamins in SBR5: biotin (B7) and thiamine (B1).   

 

3.3.1 Characterization of biotin auxotrophy in P. riograndensis SBR5 

 

 Biotin plays a major role in plant and bacterial survival. For some bacteria, which belong 

to the PGPR group, the biotin production can be observed and is seen as a factor in the 

stimulation of plant growth and rhizosphere microbiota improvement, e. g. for P. fluorescens, 

Azospirillum spp. and Azospirillum brasilense [56,57,61]. Biotin biosynthesis genes have been 

detected in various bacterial species. For instance, in Lysinibacillus sphaericus, bio genes are 

organized in two operons bioDAYB and bioXWF located at different positions in the chromosome 

[62]. Nevertheless, the most known models of this process were described for E. coli and 

B. subtilis [63] and a general biotin biosynthesis pathway for these organisms is presented in 

Chapter 1.  

Incomplete biotin pathways occur in soil bacteria. In the symbiotic nitrogen fixing 

Sinorhizobium meliloti, several of the key biotin synthesis genes are either missing or only 

function at very low rates. The bio genes are found at two different locations of its chromosome. 

The gene bioF is transcribed separately and the bioB gene is co-transcribed with two genes linked 

to biotin recycling or transport [64]. Although a bioH gene is probably present in the genome of 

this microbe, no genetic locus has been assigned to it yet [64]. In the Gram-positive bacterium 
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C. glutamicum, three functional bio genes (bioAD, bioB) are found in two regions within the 

chromosome, but no functional bioC, bioH or bioF homologues have been reported [65–67]. 

Here, the complete genome sequence of P. riograndensis SBR5 revealed the absence of most 

genes belonging to the biotin biosynthesis pathway. Only a gene with sequence 34% identical to 

the bioI gene of B. subtilis, which codes for the cytochrome P450 (P.riograndensis_final_5347) 

was found in the genome of SBR5 (Chapter 2.1). The transcriptome data analysis of 

P. riograndensis SBR5 shows that this homologue may be not active because it was transcribed 

at relatively low level. The transcriptional abundance of P.riograndensis_final_5347 (measured in 

Reads Per Kilobase per Million mapped reads- RPKM value) was 86.96, which means that it is 

part of the transcripts considered to belong to low transcribed genes (Chapter 2.2). Moreover, the 

growth of P. riograndensis SBR5 is enabled by the addition of biotin to the minimal medium, but 

inhibited when biotin is not present (Chapter 2.3), similarly to what was observed for S. meliloti 

[68] and C. glutamicum [67]. Those findings indicate that SBR5 is, like the above mentioned 

organisms, a biotin auxotrophic bacterium. It can be expected that, in natural environments, 

biotin is not freely available and the possession of biotin biosynthesis genes might be a selective 

advantage [69]. However, the loss of the biotin biosynthesis ability by bacteria inhabiting the 

rhizospheric portion of soil might occur due to the provision of biotin from the plant root 

exudation [70,71]. The presence of biotin among other vitamins in root exudates has been 

detected by both an indirect method (i.e. by measuring the growth of auxotrophic bacteria) [68] 

or by direct analysis of rooting media under sterile conditions [53,72]. The release of vitamins 

(including biotin) by plant roots promotes the growth of rhizosphere bacteria [55,70,72]. 

Furthermore, the biotin biosynthesis genes of C. glutamicum were analyzed by 

complementation studies, the heterologous expression of bioF from E. coli enabled the 

production of biotin from pimelic acid and the expression of the whole operon bioWAFDBI from 

B. subtilis rendered a biotin prototrophy in C. glutamicum [67]. To overcome the biotin 

auxotrophy limitation in plant colonization, the S. meliloti strains were constructed by 

conjugating the E. coli biotin synthesis genes into the genome of this symbiotic nitrogen fixing 

bacterium, which led to establishment of biotin production in that strain [68]. The 

complementation analysis of the biotin synthesis genes, as in the above mentioned bacteria, was 

also performed for P. riograndensis SBR5 in the present thesis to confirm its biotin auxotrophy. 

The heterologous expression of biotin synthesis genes in SBR5 was enabled by the gene 

expression tools developed in this thesis. A rolling-circle plasmid was used to express the 
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bioWAFDBI operon from B. subtilis, driven by the mannitol inducible promoter from 

B. methanolicus, in order to enable the growth of a recombinant P. riograndensis in minimal 

medium without biotin supplementation (Chapter 2.3). The complete genome sequence and the 

heterologous expression of bioWAFDBI operon in P. riograndensis SBR5 were used to establish 

a biotin prototrophic P. riograndensis strain (Chapter 2.3). This way a novel gene expression tool 

was tested for expression of a relevant pathway in the PGPR P. riograndensis, which shows the 

usability of molecular biology tools for physiological studies. Furthermore, new insight into the 

physiology of P. riograndesis regarding its biotin metabolism was gained, and confirmed by both 

genomic analysis and functional studies. 

 

3.3.2. A functional thiamine pyrophosphate riboswitch present in P. riograndensis SBR5 

 

Riboswitches are RNA elements which are mostly present in the 5’ UTR of bacterial 

mRNA that sense and bind to a specific small metabolites. Upon metabolite binding to a specific 

mRNA structure, the aptamer, substantial structural changes occur and result in an “on”- or “off”-

switch of the gene expression. These regulatory elements are some of the means of controlling 

cellular processes in response to environmental conditions [73]. In biotechnology, thiamine 

pyrophosphate (TPP) riboswitches are interesting and attractive target structures for developing 

antibacterial compounds. They form the most extensive riboswitch class with representatives 

found in bacteria, fungi and plants [74–76]. In Chapter 2.2 cis-regulatory elements, found in the 

transcriptome of P. riogransensis are described. These RNA aptamers can be used in synthetic 

biology to control gene expression and are an interesting target for development of genetic tools 

[77]. Therefore, the existence of an available database of cis-regulatory elements found in the 

transcriptome of P. riograndensis SBR5 is important for further gene expression studies. A TPP 

riboswitch of SBR5 was detected and characterized (Chapter 2.2). This riboswitch belongs to the 

5’ UTR of the thiC gene that encodes a putative phosphomethylpyrimidine synthase 

(P.riograndensis_final_150) with identities up to 70% to the respective E. coli enzyme. The exact 

function of ThiC in SBR5 is still to be investigated, but the E. coli enzyme participates in 

thiamine synthesis by converting aminoimidazole ribotide to hydroxymethylpyrimidine 

phosphate, which is subsequently phosphorylated by the bifunctional hydroxymethylpyrimidine 

phosphate kinase ThiD to yield hydroxymethyl-pyrimidine pyrophosphate [78]. When cloned 

into the plasmid pPyk-gfpUV (Chapter 2.3) as a replacement of the 5’ UTR of pyk promoter, the 
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putative TPP riboswitch caused an off-switch of gfpUV expression when thiamine was added in 

the culture medium, showing that this riboswitch is indeed functional in this organism (Chapter 

2.2). This finding can be used to develop one more gene expression control mean for 

P. riograndensis SBR5.  

Thiamine is indispensable for the activity of the carbohydrate and branched-chain amino 

acid metabolic enzymes [79]. TPP is the active form of this vitamin and functions as a co-factor 

of a number of important enzymes in carbohydrate and amino acid metabolism [80]. The 

production of thiamine is observed in several groups of PGPR, including Azotobacter, 

Pseudomonas and Azospirillum [81] and its importance in PGPR is described in Chapter 3.3. 

Thiamine acts as cofactor of 2-oxoglutarate dehydrogenase (2-OGDH) in the tricarboxylic acid 

(TCA) cycle [79]. The differential gene expression analysis showed that the gene encoding (2-

OGDH) was upregulated in P. riograndensis SBR5 at sufficient phosphate supplementation in 

PbS medium (Chapter 2.4). In the same condition, the gene P.riograndensis_final_2303 coding 

for the ThiH protein was upregulated as well (Table 1); in E. coli, it is part of the thiamine 

synthesis chain of reactions in which hydroxyethyl-thiazole phosphate is formed [78] (Chapter 1: 

Figure 6). These findings suggest that thiamine might be important in the phosphate metabolism 

of P. riograndensis SBR5. Moreover, although the production of thiamine by SBR5 was not 

measured, the analyzed data on the transcript abundance revealed a RPKM value of 1,961 for the 

transcripts of the thiC gene, which is associated with high expression (Table 1); only 216 genes in 

the genome of SBR5 were part of this group (Chapter 2.2), showing one more time the 

importance of thiamine in the metabolism of SBR5. Although only thiH gene was differentially 

expressed in PbI condition (Chapter 2.4), genes putatively involved in thiamine biosynthesis by 

P. riograndensis SBR5 are present in its genome sequence and also were transcribed in both 

landscape and differential transcriptome analysis (Table 1). In Chapter 1, thiamine biosynthesis 

in E.coli is described. Some thiamine biosynthesis genes in E. coli are comprised in the operons 

thiCEFSGH and thiMD, and the genes thiL and thiI are transcribed monocistronically [82]. 

Homologues of the genes belonging to the E. coli operon thiMD, involved in thiamine salvage 

[83], were also co-transcribed in SBR5 (Chapter 2.2: Additional file 8). However, the rest of the 

transcribed thiamine-related genes detected here are not part of operon structures, those are 

homologues of the E. coli genes thiC, thiD, thiG, thiH and thiL (P.riograndensis_final_3765) 

(Table 1). Moreover, the gene iscS that may play a role in the sulfur transfer chemistry in 

thiamine and 4-thiouridine biosynthetic pathways [84] is also transcribed by SBR5 (Table 1). The 
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genes thiF and thiS that participate in the formation of the TPP precursor hydroxyethyl-thiazole 

phosphate in E. coli [78] have no detected homologues in SBR5 genome. The description of the 

genes possibly involved in thiamine biosynthesis in SBR5 is lacking. However, first steps in this 

direction have been made in this thesis. 

 

Table 1. Gene transcription abundancies (RPKM) of genes probably involved in thiamine biosynthesis by SBR5 in the cultivation 

conditions of the transcriptome landscape analysis (TLA; Chapter 2.2), PbI or PbS conditions (Chapter 2.4). Transcript abundance 

is considered low for transcripts with RPKM values < 100, intermediate with RPKM between 100 and 1,000 and high for 

transcripts with RPKM between 1,000 and 10,000. 

 

      RPKM 

Locus 
Gene 

ID 
Product TLA PbI PbS 

P.riograndensis_final_150 thiC Phosphomethyl-pyrimidine synthase 1961 54 289 

P.riograndensis_final_2302 thiG Thiazole synthase 162 26 226 

P.riograndensis_final_2303* thiH Thiazole biosynthesis protein ThiH 151 23 225 

P.riograndensis_final_2996 thiE Thiamine-phosphate synthase 75 10 68 

P.riograndensis_final_2997 thiD Hydroxymethyl-pyrimidine kinase 101 14 107 

P.riograndensis_final_2998 thiM Hydroxyethyl-thiazole kinase 110 13 67 

P.riograndensis_final_3765 - Thiamine pyrophosphokinase 782 43 70 

P.riograndensis_final_5101 thiI Probable sulfurtransferase 55 66 53 

P.riograndensis_final_5210 iscS Cysteine desulfurase 58 71 99 

Gene significantly upregulated* in PsI condition accordingly to DESeq analysis (Chapter 2.4). 

 

Contrary to the biotin biosynthesis pathway, the characterization of thiamine production 

in SBR5 is not complete. However, the availability of novel gene expression tools described in 

Chapter cc will facilitate the elucidation of this pathway in the future. Understanding of the 

vitamin biosynthesis pathways and their regulation in PGPR is extremely important because it 

can help to evaluate the usability of potential PGP species. The characterization of biotin 

auxotrophy and regulation of thiamine biosynthesis performed for P. riograndensis will be of a 

high value once other PGPR are characterized.  

 

3.4. First insights on the phosphate solubilizat ion process in P. riograndensis 

SBR5  

 

The importance of P in agriculture, its environmental impact and the contribution of PSB 

to the development of sustainable agriculture were described in Chapter 1. Taking this into 

consideration, the PS activity by P. riograndensis SBR5 is a crucial PGP feature to be studied. 
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However, prior to this thesis, no scientific effort to characterize this process in SBR5 was done. 

Here, it was shown that P. riograndensis SBR5 is part of a group of bacteria capable of 

solubilizing phosphates. Paenibacillus members that present PS activity has been isolated from 

the rhizosphere of a variety of crops [85–87]. In some Paenibacillus species like Paenibacillus 

mucilaginosus [86], Paenibacilus elgii [88], Paenibacillus kribbensis [89], P. polymyxa, 

Paenibacillus macerans [90] and Paenibacillus xylanilyticus [91], the PS ability has been 

confirmed. The PS activity of P. macerans and P. polymyxa led to liberation of approximately 80 

µg mL
-1

 of solubilized phosphate after 3 days of incubation in liquid medium from Ca3(PO4)2 and 

CaHPO4, respectively, where those insoluble phosphates were a sole phosphorus (P) sources [90]. 

Moreover, P. mucilaginosus was able to liberate 130 µg mL
-1

 of solubilized P from phosphorite 

rocks as sole P source after 5 days of incubation in liquid medium [86]. P. riograndensis SBR5 

was shown to perform PS in the present study, when it was able to solubilize approximately 300 

µg mL
-1 

of phosphate from hydroxyapatite in liquid medium after 20 hours of incubation 

(Chapter 2.4). 

In the past decades, enzymatic processes have been characterized to be responsible for PS 

in bacteria. PS promoted by acid phosphatase was observed in Pseudomonas sp. [92], 

Burkholderia cepacia [93], Enterobacter aerogenes, Enterobacter cloacae, Citrobacter freundi, 

Proteus mirabalis and Serratia marcenscens [94]. Moreover, phytase activity was observed in 

Pseudomonas putida and Pseudomonas mendocina [95] and phosphonatase activity was detected 

in Klebsiella aerogenes [96] and P. fluorescens [97]. However, although P. riograndensis SBR5 

possesses some of those PS-related enzymes an upregulation of none of their coding gene 

transcripts was observed in the differential gene expression analysis under PS conditions 

(Chapter 2.4). However, the complete genome sequence of SBR5 allowed the detection of some 

candidate genes coding for enzymes that promote PS and enzymes related to P metabolism, e. g. 

an alkaline phosphatase (P.riograndensis_final_731). The Pst phosphate-specific transport system 

is a major phosphate transport system characterized in B. subtilis. The pst operon of B. subtilis is 

composed of pstS, pstC, pstA, pstB1 and pstB2. PstS is a binding protein, PstC and PstA are two 

integral inner membrane proteins and PstB1 and PstB2 are ATP binding proteins [98,99]. Those 

genes were found in the genome of P. riograndensis SBR5 (P.riograndensis_final_3645-3648), 

and were expressed in both landscape and differential gene expression analysis, but at low levels 

(Table 2). Moreover, PhoP-PhoR is a two-component signal-transduction system that directly 

regulates the pho regulon-related alkaline phosphatase genes (Shi and Hulett, 1999). The 
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complete genome sequence of P. riograndensis SBR5 revealed the presence of genes coding for 

PhoP-PhoR system (P.riograndensis_final_2307-2308), but as in pst genes, their transcription 

abundancies in the transcriptome landscape analysis was low (Table 2). The genes for 

phosphonate uptake and degradation in E. coli were shown to be organized in an operon of 

seventeen genes named, in alphabetical order, phnA to phnQ [100]. Out of those genes, only the 

alkalylphosphonate utilization protein-coding gene phnA (P.riograndensis_final_6464) was found 

in the genome sequence of SBR5, showing that this organism may be not able to metabolize 

phosphonates. Moreover, no phytase coding gene was found in the genome of SBR5. Hence, 

P. riograndensis SBR5 may utilize other mechanism to solubilize phosphate in organic soils.  

Furthermore, the documented PS by PGPR has been frequently related to the releasing of 

organic acids. The production of organic acids by PSB has been well documented and is regarded 

a major mechanism utilized by bacteria to solubilize phosphates. Various studies have identified 

production of organic acids such as: malate and gluconate by Enterobacter sp. [101]; gluconate, 

succinate, citrate and malate by Pseudomonas poae [102]; and citrate, lactate and propionate by 

B. megaterium [103] in presence of insoluble phosphate. Here, P. riograndensis SBR5 presents 

PS activity when cultivated in PbI (insoluble hydroxyapatite as sole P source), and increase two 

and three times of the production of gluconate and acetate, respectively, in this condition 

compared to PbS (Chapter 2.4, Figure 4). The gene encoding the enzyme glucose dehydrogenase 

is present in the genome of P. riograndensis SBR5 (P.riograndensis_final_6601). Glucose 

dehydrogenase oxidizes glucose to convert it to gluconate [104]. There is a high conservation of 

this gene in Paenibacillus species [9]. Although gluconate was highly produced in PbI condition, 

P.riograndensis_final_6601 was lowly transcribed in both landscape and differential 

transcriptome analysis (Table 2). Phosphotransacetylase and acetate kinase are enzymes involved 

in the reversible interconversion of acetyl-CoA to acetate (Chapter dd: Figure 5; [105]). The 

genes P.riograndensis_final_3937 and P.riograndensis_final_4369 (coding for 

phosphotransacetylase and acetate, respectively) were not differentially expressed, but their 

transcription abundancies were intermediate to high (Table 2). In S. meliloti, the genes encoding 

phosphotransacetylase and acetate kinase are induced by phosphate deficiency and are controlled 

by the pho regulon (Summers et al. 1999). Moreover, 2-OGDH genes (odhAB) were 

downregulated in PbI condition while genes coding for carbohydrate-binding proteins 

(P.riograndensis_final_346, P.riograndensis_final_635, P.riograndensis_final_4161) were 

upregulated, reinforcing the statement that bacteria change their metabolic channeling of glucose 
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to perform PS [106]. In the case of P. riograndensis SBR5, it is suggested that the metabolic flux 

towards the TCA cycle is reduced in PbI condition (Chapter 2.4, Figures 4 and 5).  

An operon comprising motility-related genes was downregulated under PS conditions 

(PbI; P.riograndensis_final_6162-6164) similarly to Burkholderia multivorans [106], and the loss 

of motility could be confirmed in vivo (Chapter 2.4). This can be due to the fact that P is not 

readily available for utilization by SBR5 in the first hours of growth (Chapter 2.4) and this 

element is essential in bacterial motility. Inorganic phosphate is part of the nucleoside adenosine 

triphosphate (ATP) which is referred to the chemical energy transfer highly demanded in motility 

factors [107]. For instance, the energetic cost of flagellar synthesis is particularly high in 

B. subtilis [108]. In P. riograndensis SBR5, the gene P.riograndensis_final_6164 code for a 

flagellin protein, which in B. subtilis is the protein monomer composing the flagellar filament 

[109]. The assembly of the flagellum is an energy-expensive process primarily because of the 

estimated thousands of flagellin subunits that are required to assemble a single filament [110]. To 

support the high structural demand, flagellin genes were expressed from strong promoters and 

flagellin proteins are translated from near-consensus RBS [111,112], which is confirmed in 

SBR5, where the RBS sequence 5’GGGGAGG assigned to P.riograndensis_final_6164 is similar 

to the consensus RBS sequence 5’aGGaGg (Chapter 2.2). Lastly, the function of a gene 

P.riograndensis_final_5412 which was upregulated under PbI condition still needs to be 

investigated, this phosphate-binding protein coding gene was upregulated in PbI condition, but 

not expressed in the transcriptome landscape analysis (Table 2).  

 

Table 2. Gene transcription abundancies (RPKM) of genes probably related to PS process in SBR5 in the cultivation conditions 

of the transcriptome landscape analysis (TLA; Chapter 2.2), PbI or PbS conditions (Chapter 2.4). Transcript abundance is 

considered low for transcripts with RPKM values < 100, intermediate with RPKM between 100 and 1,000 and high for transcripts 

with RPKM between 1,000 and 10,000. 

 

   
RPKM 

Locus 
Gene 

ID 
Product TLA PbI PbS 

P.riograndensis_final_2307 phoR Signal transduction histidine kinase 25 25 23 

P.riograndensis_final_2308 phoP 
Alkaline phosphatase synthesis transcriptional 

regulatory protein PhoP 
42 87 74 

P.riograndensis_final_3645 pstB2 Phosphate import ATP-binding protein PstB 2 2 17 6 

P.riograndensis_final_3646 yqgI Probable ABC transporter permease protein YqgI 7 8 3 

P.riograndensis_final_3647 yqgH Probable ABC transporter permease protein YqgH 2 11 1 

P.riograndensis_final_3648 pstS Phosphate-binding protein PstS 13 53 8 

P.riograndensis_final_3937 - Putative phosphotransacetylase 429 959 1,242 

P.riograndensis_final_4369 ackA Acetate kinase 536 324 407 
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P.riograndensis_final_6464 - Alkylphosphonate utilization operon protein PhnA 407 7 58 

P.riograndensis_final_6601 - Glucose dehydrogenase 14 16 22 

P.riograndensis_final_731 - Alkaline phosphatase-like protein 16 75 52 

P.riograndensis_final_635* - Carbohydrate/starch-binding protein 41 235 32 

P.riograndensis_final_346*  Carbohydrate Binding protein 11 13 1 

P.riograndensis_final_4161* - Carbohydrate/starch-binding protein 1,075 11,718 539 

P.riograndensis_final_6162† - Flagellar capping protein 28 6 111 

P.riograndensis_final_6163† - FlaG protein 50 1 83 

P.riograndensis_final_6164† - Flagellin 99 147 2,725 

P.riograndensis_final_5412* - Phosphate binding protein 0 32 1 

P.riograndensis_final_476† odhA 2-Oxoglutarate dehydrogenase E1 component 245 199 1,377 

P.riograndensis_final_475† odhB 

Dihydrolipoyllysine-residue succinyltransferase 

component of 2-oxoglutarate dehydrogenase 

complex 

158 247 1,766 

Genes significantly upregulated* or downregulated† in PsI condition accordingly to DESeq analysis (Chapter 2.4). 

 

Altogether, the results in Chapter dd indicate that P. riograndensis SBR5 is indeed a 

promising PSB candidate among Paenibacillus species. However, the full PS performance by 

SBR5 should be tested in terms of P contribution to plants, in either greenhouse or field 

conditions. However, the genetic and physiological basis of the PS process in SBR5 should be 

further investigated. The results obtained in this research are preliminary but important first step 

on the full exploration of the PS potential of SBR5. The extensive material on genome and 

genome-wide transcriptome data, tools for inducible gene expression and data on gene expression 

under PS conditions established here enables future work on P. riograndensis SBR5 

characterization not only concerning PS, but also to other important aspects of plant growth 

promotion.  

 

3.5. Final Remarks  

 

 P. riograndensis SBR5 is a facultatively aerobic and endospore forming bacterium which 

exhibits plant growth promoting characteristics [2,113,114]. Here, the complete genome 

sequence and a genome-wide transcriptome analysis of this organism were presented for the first 

time. The database generated in the present thesis was valuable for the development of gene 

expression tools for P. riograndensis SBR5 and P. polymyxa DSM-365. The genetic toolbox 

developed in the present thesis was used to characterize the functionality of the TPP riboswitch of 

P. riograndensis SBR5 and to establish a biotin prototrophic strain. The presence of cis-

regulatory elements predicted in the genome SBR5 on the basis of the available databases was 
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confirmed by the transcriptional analysis. This finding is the first step in the investigation on 

regulatory elements in this organism.  

 My thesis leaves a solid background for future exploration of agriculturally relevant 

features of P. riograndensis SBR5 and other Paenibacillus species. The two plasmid inducible 

system opens doors for the development of a knockout/knockdown system that greatly facilitates 

the characterization studies. For example, the CRISPRi-dCas9 system developed by Cleto et al. 

[51] requires the use of two plasmids [51].  

 The effort done in the present thesis serves as groundwork for the characterization of 

plant growth promoting features of P. riograndensis. However, a further investigation is 

necessary. The PS process for instance still needs to be studied in depth; my findings showed that 

SBR5 possibly changes its metabolic channeling of glucose to perform PS. Finally, thanks to the 

progress in the study of plant growth promoting features and PS activity of SBR5, 

characterization of the genome and transcriptome, and development of gene expression tools, it is 

reinforced that SBR5 is a promising candidate as a crop inoculant. 
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4. APPENDIX 

 

Supplementary material to “Magnesium-aminoclay-based transformation of Paenibacillus 

riograndensis and Paenibacillus polymyxa and development of tools for inducible gene 

expression”. 

 

Table S1. Sequence of oligonucleotides used in this study. 

 

Oligonucleotides Sequence (5’ – 3’) 

Protein fusion plasmids 

bbpREcmRfw taaaagccagtcattaggcctatc 

bbpREcmRrv tatgagataatgccgactgtac 

gfcmRfw aaagtacagtcggcattatctcatattatttgtagagctcatccatgc 

gfcmRrv gataggcctaatgactggcttttaatgagtaaaggagaagaacttttcac 

cricmRfw aaagtacagtcggcattatctcatactactggaacaggtggtggc 

cricmRrv gataggcctaatgactggcttttaatggatagcactgagaacgtcatcaag 

mChcmRfw aaagtacagtcggcattatctcatattaagcaccggtggagtgacgacc 

mChcmRrv gataggcctaatgactggcttttaatggcgagtagcgaagacgttatcaaag 

Constitutive expression plasmids 

bbpREfw gcagccaagcttggcgtaatcatg 

bbpRErv gatccatatggtacccgccatagg 

pgapfw catgattacgccaagcttggctgccgaatcgttcggctattattttaac 

pgaprv tgaatagttcctcctagatttcg 

gfpgapfw aacgaaatctaggaggaactattcaatgagtaaaggagaagaacttttc 

ppykfw catgattacgccaagcttggctgcaagtgcacagcgtcgactaaagac 

ppykrv taggttttcctccgttttttcgttc 

gfpykfw gaacg aaaaaacgga ggaaaacctaatgagtaaaggagaagaacttttc 

ptuffw catgattacgccaagcttggctgcactcaaagcagccaaagacaag 

ptufrv gaacagttcctccttaatgt 

gfptuffw accccacattaaggaggaactgttcatgagtaaaggagaagaacttttc 

gfpRErv cctatggcgggtaccatatggatcttatttgtagagctcatccatg 

Inducible expression plasmids 

Mannitol inducible  

bbpRE-gfpUVfw atgattgaacaagaggtaccggtagaa 

bbpRE-gfpUVrv ctgcagccaagcttggcgtaatcatggtcatagctg 

M1fw  tacgccaagcttggctgcaggggggcgcggcggatcggaaaagtatg 

M1rv  ggtacctcttgttcaatcatttaaaatgcccccttatgttagtgaatgg 

M3fw  tacgccaagcttggctgcagaaccaggagcctttttatt 

M3rv  ggtacctcttgttcaatcatatataaaccctccctgtttt 

bbpRM2-gfpUVfw ggatccatatggtacccgccatagg 

bbpRM2-gfpUVrv atgtactacctcctaaggaatttaaaaaaaaac 
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bioWAFDBIpEKEX3fw gtttttttttaaattccttaggaggtagtacatatgcaagaagaaactttttatagtg 

bioWAFDBIpEKEX3rv cctatggcgggtaccatatggatccttattcaaaagtcaccggcagctcc 

Xylose inducible 

bbEcoRVpTEfw atctaaaaatcaaagggggaaatgg 

bbEcoRVpTErv atcactagtttggaccatttgtcatttccc 

cripTEfw atgacaaatggtccaaactagtgatatggatagcactgagaacgtcatcaag 

cripTErv cccatttccccctttgatttttagatctactggaacaggtggtggc 

mChpTEfw atgacaaatggtccaaactagtgatttaagcaccggtggagtgacgacc 

mChpTErv cccatttccccctttgatttttagatatggcgagtagcgaagacgttatcaaag 

Overlaps in bold. 

 

Table S2. GfpUV and Crimson fluorescence of P. riograndensis cells co-expressing pRE with pTE (EE), pRM2-gfpUV with pTE 

(RE), pRE with pTX-crimson (ET) or pRM2-gfpUV withpTX-crimson (RT) cultivated with the addition of 0, 25 or 50 mM of 

xylose and mannitol to the growth medium. The table shows means and standard deviations of biological triplicates. 

 

Strain 

Mean fluorescence intensity 

EE RE ET RT 

plasmids pRE, pTE 

pRM2-gfpUV, 

pTE 

pRE, 

pTX-crimson  

pRM2-gfpUV, 

pTX-crimson 

 

GfpUV fluorescence 

0 mM inducer 0.23 ± 0.09 0.60 ± 0.11 0.33 ± 0.10 0.42 ± 0.07 

25 mM inducer 0.24 ± 0.04 0.62 ± 0.32 0.40 ± 0.19 0.60 ± 0.13 

50 mM inducer 0.22 ± 0.05 2.22 ± 0.05 0.43 ± 0.13 1.60 ± 0.17 

 

Crimson fluorescence 

0 mM inducer 0.40 ± 0.29 0.21 ± 0.09 0.34 ± 0.05 0.28 ± 0.23 

25 mM inducer 0.32 ± 0.20 0.20 ± 0.10 0.44 ± 0.17 0.32 ± 0.28 

50 mM inducer 0.28 ± 0.16 0.20 ± 0.13 2.09 ± 0.15 1.19 ± 0.21 
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Figure S1. Transformation efficiency (CFU µg DNA-1) of P. riograndensis using the magnesium aminoclay method at different parameters. The amount of DNA of plasmids pNW33Nmp or pTE 

(A), mixing time of the cells with magnesium aminoclay and plasmids by vortexing (B) or ultrasonication (C), and the friction force by varying agar concentration (D) or spreading time (E) on the 

plate were analyzed. Means and standard deviations of triplicates are shown. 
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Figure S2. Electrophoresis gel image of plasmid pNW33Nmp restricted with the enzyme AcuI. The plasmid DNA was derived 

either from P. riograndensis SBR5(pNW33Nmp) (1) or from E. coli transformed with plasmid DNA isolated from the 

P. riograndensis SBR5(pNW33Nmp) (2). M-molecular weight marker. 

 

 

 

Figure S3. Reporter gene expression analysis of P. riograndensis cells carrying two compatible expression vectors. GfpUV and 

Crimson fluorescence was anaylsed by FACS scanning of populations of 3,000 P. riograndensis cells carrying the two compatible 

plasmids pRM2-gfpUV and pTX-crimson. Cells were cultivated in the absence of inducers (C), in the presence of 50 mM xylose 

(A), 50 mM mannitol (D) a mixture of 50 mM xylose and 50 mM mannitol (B). 
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Supplementary material to “Differential gene expression of phosphate solubilizing-bacterium 

Paenibacillus riograndensis SBR5 cultivated in two distinct phosphate sources”. 

 

 

 

Figure S1. 2-Oxoglutarate dehydrogenase (2-OGDH) specific activities (mU 2OGDH mg-1) in crude extracts of P. riograndensis 

SBR5 cultivated in PVK broth (PbI) in comparison to cultivation in PVK broth having NaH2PO4 as P source (PbS). The activity 

of 2-oxoglutarate dehydrogenase was measured dependently oft he concentration of  CoA (mg mL-1) 
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