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Abstract: The residual content of the only carbon source increases at the end of the exponential 

growth phase when P. putida BS3701 cells are cultured under nitrogen deficiency. Moreover, the 

mRNA quantity of some genes involved in carbon catabolism decreases. There are no available data 

on regulators capable of stimulating the target mRNA degradation in pseudomonads under 

nitrogen deficiency in the literature. We have applied both comparative genomics methods and a 

number of biomolecular ones to identify new small P. putida BS3701 RNAs. This is due to the fact 

that the formation of ncRNA-mRNA duplexes, recognized by RNases, is one of the main 

mechanisms for reducing the number of transcripts in a cell. We have used the following selection 

criteria: 1) the presence of the interest gene of the NtrC binding site and a sigma54-dependent 

promoter in the upstream area, 2) the conservative location of the interest gene in the P. putida and 

P. aeruginosa genomes, 3) increase in the product quantity of the interest gene in a cell under nitrogen 

deficiency on two different carbon sources (succinate and naphthalene), 4) the product detection of 

the interest gene in a fraction enriched with small RNAs. The expression of two new small RNAs 

has increased twice or more times under nitrogen deficiency on both succinate and naphthalene: 

expression of ng171 and ng379. ng379 contains narK RNA motif. 

Keywords: small RNA; Pseudomonas; nitrogen; NtrC; gene expression; RT-qPCR; nitrogen 

metabolism; carbon/nitrogen homeostasis 

 

1. Introduction 

Comparative sequence analysis allows to predict cis- and trans-regulators that are common for 

the taxa of the genus, family, order and even phylum levels (for example, [1]). Thus, data on such a 

well-studied regulon as NtrC-regulon [2] has been supplemented. Transcription factor NtrC 

regulates nitrogen metabolism in cells of Escherichia coli[3], Klebsiella pneumonlae [4], Salmonella 

typhimurium [5], Rhizobium meliloti [6], Stutzerimonas stutzeri [7], Pseudomonas aeruginosa [8], 

Pseudomonas fluorescens [9] and Pseudomonas putida [10]. The decrease in nitrogen content causes the 

NtrC protein phosphorylation by the NtrB kinase, which leads to the activation of sigma54-

dependent genes, for example, the glnA glutamine synthetase gene [11]. The NtrC-regulon of 

Stutzerimonas stutzeri A1501 (formerly Pseudomonas stutzeri) includes small RNAs NFIs and NfiR, 

which are involved in regulating the expression of nitrogen fixation genes [12–14]. |The Pseudomonas 

aeruginosa PAO1 regulon includes small RNA NrsZ, which is involved in stimulating the translation 

of rhlA rhamnosyltransferase gene and in the manifestation of swarming motility [2]. However, not 

only gene expression is stimulated in microorganisms of the genus Pseudomonas under nitrogen 
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deficiency. According to transcriptomic analysis conducted by Hervás and co-authors in 2008, the 

mRNAs quantity of carbon catabolism genes decreased in P. putida KT2440 cells [15]. Pozdnyakova-

Filatova and co-authors observed a decrease in the intensity of carbon metabolism in the P. putida 

BS3701 strain under nitrogen deficiency in their article in 2020 [16]. A mechanism for reducing gene 

expression under a lack of macronutrients has been described for pseudomonas. Thus, PrrF ncRNAs 

are synthesized in Pseudomonas aeruginosa PAO1 with iron deficiency, which leads to a quantity 

decrease of iron-cofactored superoxide dismutase sodB, heme-cofactored katalase katA, 

succinatedehydrogenase sdh and TF antR gene transcripts [17,18]. There are no data on Pseudomonas 

spp small RNAs capable of stimulating the degradation of target mRNAs under nitrogen deficiency 

in the literature. 

We have used the following selection criteria to identify new small RNAs of P. putida BS3701 

that may be involved in inhibiting the expression of carbon catabolism genes: 1) the presence of the 

interest gene of the NtrC binding site and a sigma54-dependent promoter in the upstream area, 2) 

the conservative location of the interest gene in the P. putida and P. aeruginosa genomes, 3) increase in 

the product quantity of the interest gene in a cell under nitrogen deficiency on two different carbon 

sources (succinate and naphthalene), 4) the product detection of the interest gene in a fraction 

enriched with small RNAs. The expression of two new small RNAs has increased twice or more times 

under nitrogen deficiency on both succinate and naphthalene: expression of ng171 and ng379. ng379 

contains narK RNA motif [1]. 

2. Results 

2.1. Bioinformatic search for NtrC- and sigma54-dependent ncRNAs 

400 small RNA genes were predicted in the Pseudomonas putida BS3701 genome (RefSeq 

NZ_CP059052.1): the prokka program predicted 12 genes by homology (version 1.14.6, Table S1), and 

the PresRAT program [19] predicted 388 genes de novo (Table S1). The NtrC binding site and a 

sigma54-dependent promoter were predicted in the upstream area of 7 genes (nrsZ, rsmZ, ng11, 

ng127, ng171, ng279, ng379). The genes have a conservative arrangement for putida and aeruginosa 

species. 

2.1.1. Prokka prediction. nrsZ 

Nicolas Winner and co-authors found non-coding NrsZ RNA in Pseudomonas aeruginosa PAO1 

in 2014 [2]. The RNA has a length of 227 nucleotides in Pseudomonas aeruginosa PAO1, and its 

orthologue in Pseudomonas putida BS3701 has a length of 179 nucleotides. The downstream of operon 

ntrBC is located, which encodes the transcriptional regulator NtrC and its kinase NtrB. The NtrC 

binding site (cgcaccctattggtgcg) is predicted using the SigmoID program at a distance of 5658 bp 

upstream the assumed +1 point of the nrsZ gene. The iPro54-PseKNC program has predicted a sigma 

54-dependent promoter upstream the nrsZ gene 

(tggtttattcaccggtgagtaaatgtgtccgcggaaataccttgcaagctccatcgcttgCtcgcctggctgaacccgcta, the predicted 

iPro54-PseKNC +1 point is capitalized). 
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Figure 1. Alignment of the nrsZ gene in Pseudomonas aeruginosa PAO1 and Pseudomonas putida 

BS3701. 

 

Figure 2. The locus where the nrsZ gene (green arrow) is located. Orthologous genes are indicated by 

arrows that have the same color. 

2.1.2. Prokka prediction. rsmZ 

Christophe Dubuis and co-authors detected non-coding RsmZ RNA in Pseudomonas fluorescens 

CHA0 [20] in 2006 and they identified it in Pseudomonas aeruginosa PAO1 [21] in the same year. The 

RsmZ orthologue has a length of 134 nucleotides in the P. putida BS3701 strain, and its gene is located 

downstream towards the rpoS gene, which encodes the sigma S RNAP subunit. The NtrC binding 

site (cgcaccacggtggtgtc) is predicted at a distance of 1983 bp upstream the assumed +1 point of the 

rsmZ gene. A sigma 54-dependent promoter has been predicted upstream the rsmZ gene 

(tggtttattcaccggtgagtaaatgtgtccgcggaaataccttgcaagctccatcgcttgCtcgcctggctgaacccgcta, the predicted 

iPro54-PseKNC +1 point is capitalized). 

 

Figure 3. Alignment of rsmZ gene in Pseudomonas aeruginosa PAO1 and Pseudomonas putida BS3701. 

 

Figure 4. The locus where the rsmZ gene (green arrow) is located. Orthologous genes are indicated 

by arrows that have the same color. 

2.1.3. PresRAT prediction. ng11 

ng11 small RNA is predicted for the first time. ncRNA has a length of 56 nucleotides, and its 

gene is located between the genes that encode HDOD domain-containing protein and folate-binding 

protein YgfZ. The NtrC binding site (tgcaccttgctggtgct) is predicted at a distance of 3076 bp upstream 

the assumed +1 point of the gene. A sigma54-dependent promoter is predicted upstream the gene 

(gcagggttggcaggaccaggtcatccttttcgatggcgtcgagcaattgtgcttgaaccaActcggccagcttgttcatgg, the predicted 

iPro54-PseKNC +1 point is capitalized). 
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Figure 5. Alignment of the ng11 gene in Pseudomonas aeruginosa PAO1 and Pseudomonas putida 

BS3701. 

 

Figure 6. The locus where the ng11 gene (green arrow) is located. Orthologous genes are indicated by 

arrows that have the same color. 

2.1.4. PresRAT prediction. ng127 

ng127 small RNA gene is predicted for the first time. ncRNA has a length of 141 nucleotides, 

and its gene is located between the genes that encode porin and nitric oxide-sensing protein NosP 

[25]. The NtrC binding site (ggcgccataacgatgcc) is predicted at a distance of 3316 bp upstream the 

assumed +1 point of the gene. A sigma54-dependent promoter is predicted upstream the gene 

(ctgagcggccaaccgtgcgtcggtagcctgcgacatggcactgaccacaccgtcgttatgAgcctgctgcatcgtggtctc, the 

predicted iPro54-PseKNC +1 point is capitalized). 

 

Figure 7. Alignment of the ng127 gene in Pseudomonas aeruginosa PAO1 and Pseudomonas putida 

BS3701. 

 

Figure 8. The locus where the ng127 gene (green arrow) is located. Orthologous genes are indicated 

by arrows that have the same color. 

2.1.5. PresRAT prediction. ng171 

ng171 small RNA gene is predicted for the first time. ncRNA has a length of 59 nucleotides, and 

its gene is located between the genes that encode metal ABC transporter ATPase and aldo/keto 

reductase. The NntrC binding site (ggcaccgtgaaggtgct) is predicted at a distance of 1117 bp upstream 

the assumed +1 point of the gene. A sigma54-dependent promoter is predicted upstream the gene 

(taaatcaagccttcgggcgtggcctcgacatgcagtggcagtgtcttgaagttgctcgggTtcttgcggatcagcgttcgc, the predicted 

iPro54-PseKNC +1 point is capitalized). 
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Figure 9. Alignment of the ng171 gene in Pseudomonas aeruginosa PAO1 and Pseudomonas putida 

BS3701. 

 

Figure 10. The locus where the ng171 gene (green arrow) is located. Orthologous genes are indicated 

by arrows that have the same color. 

2.1.6. PresRAT prediction. ng279 

ng279 small RNA gene is predicted for the first time. ncRNA has a length of 186 nucleotides, 

and its gene is located downstream the gene that encodes inorganic triphosphatase. The NtrC binding 

site (tgcgccgcgatggcgac) is predicted at a distance of 2199 bp upstream the assumed +1 point of the 

gene. A sigma54-dependent promoter is predicted upstream the gene 

(ctggcaccgggccgaggtaattgcacagaaactgcgtaacctggtgtgtgtgggtgaggtGagcctgaccaacttgcagcg, the 

predicted iPro54-PseKNC +1 point is capitalized). 

 

Figure 11. Alignment of the ng279 gene in Pseudomonas aeruginosa PAO1 and Pseudomonas putida 

BS3701. 

 

Figure 12. The locus where the ng279 gene (green arrow) is located. Orthologous genes are indicated 

by arrows that have the same color. 
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2.1.7. PresRAT prediction. ng379 

ng379 small RNA gene is predicted for the first time. There is narK-motif in its sequence, 

predicted bioinformatically in 2017, as a conservative cis-regulatory element in beta and gamma 

proteobacteria [1]. ng379 has a length of 185 nucleotides, and its gene is located upstream the nasA 

gene that encodes the nitrate transporter. The NtrC binding site (tgcaccagcatggcgca) has been 

predicted at a distance of 1382 bp upstream the assumed +1 point of the gene. A sigma54-dependent 

promoter is predicted upstream the gene 

(caccctgatgcgtcgccaggccatgagccggcagcagaagctgatccaggtggccgaacaGatcattgccatgcatgagat, the 

predicted iPro54-PseKNC +1 point is capitalized). 

 

Figure 13. Alignment of the ng379 gene in Pseudomonas aeruginosa PAO1 and Pseudomonas putida 

BS3701. 

 

Figure 14. The locus where the ng379 gene is located. Orthologous genes are indicated by arrows that 

have the same color. 

2.2. Modeling of nitrogen deficiency in Pseudomonas putida BS3701 cells 

Nitrogen-limited conditions are often modeled by replacing ammonium with another nitrogen 

source [2,10,15,22]. This activates regulatory networks associated not only with the adaptation of the 

cell to a deficiency of ammonium ions, but also with adaptation to another nitrogen source. We have 

reduced the concentration of ammonium ions in the M9 mineral medium without another nitrogen 

source to observe changes related only to adaptation to the deficiency of them. The ammonium 

concentration in the normal M9 mineral medium is 18.6 mM. We have compared the growth pattern 

of P.putida BS3701 both on a standard medium and on media with a concentration of ammonium ions 

5, 2.5, 1, 0.25, 0.1, 0.05, 0.01 Mm. The pattern of the growth curve is comparable to that on the normal 

M9 medium at the concentration of ammonium ions in the culture medium of 5, 2.5, 1 and 0.25 mM. 

However, less biomass is accumulated in the stationary phase of growth at the concentration of 

ammonium ions of 0.25mM. We have observed a significant elongation of the lag phase and a 

decrease in the growth rate at concentrations of 0.1, 0.05 and 0.01 mM (data are not given). A modified 

M9 medium with an ammonium ion concentration of 0.25 mM is chosen as the nitrogen-limited 

conditions (Figures 15 and 16). 
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Figure 15. Growth curves of P.putida BS3701 grown on M9 medium with different concentrations of 

NH4Cl (0.25 and 18.6 mM) and the addition of succinate as the only carbon source. A grey circle 

marks the collection points of biomass to measure the amount of RNA in the cell. 

 

Figure 16. Growth curves of P.putida BS3701 grown on M9 medium with different concentrations of 

NH4Cl (0.25 and 18.6 mM) and the addition of naphthalene as the only carbon source. A grey circle 

marks the collection points of biomass to measure the amount of RNA in the cell. 

BS3701 strain cells were grown on M9 medium with the addition of succinate as the only carbon 

source until the middle of the exponential growth phase, total RNA was isolated and the activity of 

the glnA glutamine synthetase gene was measured using RT-qPCR and specific primers. It was 

previously shown that an increase in the expression of the glutamine synthetase gene under 

conditions of nitrogen deficiency is characteristic of both E.coli [22] and P.putida [15]. The amount of 

mRNA of the glutamine synthetase gene of BS3701 strain increased by ~45 times with a decrease in 

the concentration of ammonium ions in the culture medium (Figure 17). We also evaluated the 

activity of the glutamine synthetase gene when cultivating the BS3701 strain on an alternative carbon 

source, naphthalene (Figure 17).  
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Figure 17. The change in the amount of glutamine synthetase glnA mRNA during the cultivation of 

BS3701 strain cells in nitrogen-excess and nitrogen-limited conditions. The experiments were 

performed in 4 biological repeats. * - p-value < 0.05, *** - p-value < 0.001. 

glnA expression decreased 5-fold when the strain grew on naphthalene in nitrogen-limited 

conditions, while glnA expression increased significantly when growing on succinate (Figure 17). It 

may indicate a different functioning of the NtrC-regulon when the cell uses polyaromatic 

hydrocarbons. 

The regulating mechanisms of PAH transformation genes, which lead to a decrease in the 

catabolism efficiency in conditions of nitrogen deficiency, have not been studied to date. We have 

used both cells grown on succinate, for which the pattern of changes in the mRNA quantity of the 

glutamine synthetase gene is comparable with the literature data, and cells grown on naphthalene, 

discover new small RNAs. 

2.3. Evaluation of differential expression and the ncRNA presence in the fraction enriched with small RNAs 

Specific primers were developed for the nrsZ, rsmZ, ng127, ng171, ng279 and ng379 genes (but 

not for ng11), which made it possible to estimate the change in the ncRNA quantity in the cell.  

When cells were cultured on succinate in nitrogen-limited conditions, the number of products 

of the ng379 genes increased 50 times, ng279 - 8.5 times, ng171 - 2 times, nrsZ - 2 times (Figures 18 

and 19). 

When cells were cultured on naphthalene in nitrogen-limited conditions, the number of gene 

products increased: ng379 - 40 times, ng279 - 8.5 times, ng127 - 3 times, and ng171 - 2 times (Figures 

18 and 19). 
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Figure 18. The change in the mRNAs quantity of ncRNA genes predicted by the Prokka homology 

program during the cultivation of BS3701 strain cells in nitrogen-excess and nitrogen-limited 

conditions. The experiments were performed in 4 biological repeats. ** - p-value below 0.01. 

 

Figure 19. The change in the mRNAs quantity of ncRNA genes predicted by the PresRAT program 

during the cultivation of BS3701 strain cells in nitrogen-excess (orange fill) and nitrogen-limited 

conditions (blue fill). The experiments were performed in 4 biological repeats. * - p-value below 0.05, 

** - p-value below 0.01, ***- p-value below 0.001, ****- p-value below 0.0001. 

RNA preparations enriched with small RNAs were isolated from BS3701 strain cells grown in 

nitrogen-limited conditions and in the presence of succinate. To determine the limit size of the RNA 

detected in the resulting enriched fraction, we identified the presence not only of the studied ncRNAs, 

but also of the mRNA genes of the nucleoid mvaT10 proteins (gene size 378bp) and dps (gene size 

474bp), as well as the gene encoding the sigma54 RNAP subunit RpoN (gene size 1470bp). The 

resulting fraction is guaranteed to have no RNAs of ~ 474b in size (Table 1). 

Small RNAs NrsZ, RsmZ, ng379 and ng171 were identified in the enriched fraction (Table 1). 

We observed a decrease in the absolute amount of ncRNA when receiving the enriched fraction. The 
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absence of ng127 may be due not to the fact that the predicted ncRNA gene is actually part of the 

upstream mRNA gene, but because the ncRNA itself is poorly represented in the cell. 

Table 1. The presence of some small RNAs of P.putida BS3701 in the RNA fraction enriched with small 

RNAs. «avg Cp» - average Cp from RT-qPCR experiment with sample «M9(0.25mM_NH4Cl) plus 

naphthalene». «+» - detected, «ND» - not detected. 

gene  length, bp 

 

total RNA avg Cp 

small RNA 

fractions from 

total RNAs 

avg Cp 

ng171 59 + 25.3 + 26.1 

rsmZ  134  + 17.1 + 21.7 

ng127 141 + 33.0 ND ND 

nrsZ 179 + 26.3 + 28.1 

ng379  185  + 24.4 + 26 

ng279 186 + 28.2 ND ND 

mvaT10  

(RNA size control) 
378  + 21.5 + 22.6 

dps  

(RNA size control) 
474  + 22.6 ND ND 

rpoN 

(RNA size control) 
1470 + 24.7 ND ND 

3. Discussion 

In 2020, we showed [16] that the residual content of the only carbon source at the end of the 

exponential growth phase increased and the mRNA quantity of some genes involved in naphthalene 

and salicylate catabolism decreased when P. putida BS3701 cells were cultured under conditions of 

nitrogen deficiency. Data on regulators capable of stimulating the degradation of target mRNA in 

pseudomonads under conditions of nitrogen deficiency are not available in the literature. In 2022, a 

small GlnZ RNA was detected in Enterobacteriaceae, which was generated from the 3'UTR of the GS-

encoding glnA mRNA and which inhibited the expression of the sucA gene, E1o component of 2-

oxoglutarate dehydrogenase at the post-transcriptional level [23]. However, the expression of glnA 

P. putida BS3701, an orthologue of glnA Enterobacteriaceae, was not increased under conditions of 

nitrogen deficiency when growing on naphthalene. We suggest a different mechanism for inhibiting 

the expression of catabolic genes. Moreover, we observed no change in the expression of the NtrC-

dependent small RNA NrsZ gene, growing on naphthalene, its orthologue was characterized in 

Pseudomonas aeruginosa as stimulating swarming motility and the synthesis of rhamnolipids. All this 

may indicate the presence of additional regulatory factors that affect the functioning of the NtrC-

regulon during cell growth on different carbon sources. 

In this study, we identified 2 new small RNAs whose expression increased in conditions of 

nitrogen deficiency by 2 or more times on both succinate and naphthalene ng171 and ng379.  

Weinberg and co-authors was predicted narK RNA motif as a conservative motif of 

proteobacteria [1] using bioinformatic tools in 2017. The authors have suggested that the motif is part 

of a cis-regulatory factor, but there are still no experimental data confirming its existence. Small RNA 

ng379 contains narK RNA motif 

The ng379 is located at loci associated with nitrogen metabolism. The ng379 small RNA gene is 

located upstream the gene whose orthologue encodes the NasA nitrate transporter [24] and is co-

directed with it.  

Currently, small RNAs capable of regulating carbon/nitrogen homeostasis in conditions of 

nitrogen deficiency are unknown for pseudomonads. The small RNAs, that we have selected, are 

promising objects for studying the adaptation process of pseudomonads to the lack of macronutrients 
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Authors should discuss the results and how they can be interpreted from the perspective of 

previous studies and of the working hypotheses. The findings and their implications should be 

discussed in the broadest context possible. Future research directions may also be highlighted. 

4. Materials and Methods 

4.1. NCBI GenBank accession number 

Pseudomonas putida BS3701 genome have been deposited in GenBank under accession no. 

NZ_CP059052.1, Pseudomonas putida KT2440 genome - NC_002947.4 

4.2. Search for small RNA genes in the P.putida BS3701 genome 

Small RNA genes whose homologues were previously described for other microorganisms were 

predicted using the prokka server (version 1.14.6). Using the PresRAT server, small RNA genes were 

predicted de novo. 

4.3. Search for the sigma-54 promoter, NtrC binding site and small RNA genomic context analysis  

The Sigma54-dependent promoter was predicted using the iPro54-PseKNC server (http://lin-

group.cn/server/iPro54-PseKNC , [27]). 

The SigmoID v2 program [28] and aligned prospective NtrC binding sites of Pseudomonas 

putida BS3701 strain were used to search for the binding site of the transcriptional activator NtrC 

(Table S2).  

The Syntax server [29] was used to assess the conservativeness of loci containing the genes of 

sigma54- and NtrC-dependent small RNAs 

4.4. Cultivation environments and conditions 

The strain Pseudomonas putida BS3701 was used in the work. The cells were cultured at a 

temperature of 28 °C on M9 mineral medium (8.5g/l Na2NPO4, 3g/l KH2PO4, 0.7 g/l NaCl, 0.5g/l 

MgSO4, 0.01g/l CaCl2, 1g/l NH4Cl) with the addition of sodium succinate (1 g/l) or naphthalene (2 g/l) 

as the only carbon sources.  

A daily culture grown on M9 medium with ammonium chloride at a concentration of 1g/l and 

the addition of succinate (1 g/l) was used as an inoculum. The resulting suspension of cells was 

precipitated for 10 minutes at 4 ° C at 8000 rpm, the biomass precipitate was resuspended in M9 

medium containing an appropriate amount of ammonium chloride. The final concentration of cells 

after resuspending was ~ 3×108 CFU/ml. 1 ml of inoculate per 100 ml of medium was added. The 

experiments were carried out in 750 ml rocking flasks containing 100 ml of mineral medium and 

substrate. 

4.5. RT-qPCR 

Specific primers have been developed using the Primer‐BLAST tool 
(www.ncbi.nlm.nih.gov/tools/primerblast) (Table 2). A set containing SYBR Green (catalog number 

R-402, Syntol, Russia) was used for qPCR. Amplification program: (1) 95 °C 3 min, (2) 95 °C 10 sec, 

(3) 60 °C 20 sec, (4) 72 ° C 5 sec, stages (2)-(4) 40 cycles. The efficiency of amplification was determined 

for each pair of primers by the method of serial DNA dilutions. The specificity of the reaction was 

evaluated by electrophoresis in agarose gel.  
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Table 2. List of primers used in this study. 

gene  primer sequence, 5’-3’ 
amplicon size 

(bp) 

PCR  

efficiency 
R2 

potential reference genes 

gyrB 

gyrB(BS3701)RT1585f  

atctatattgcccagccgcc 

gyrB(BS3701)RT1798r  

acaggcgcttgagagtcttc  

214 2.05 0.988 

rpoN 

rpoN(BS3701)RT1147f 

aagccgttggtactgcatga 

rpoN(BS3701)RT1240r  

gcggggtgtgcatgtatttc  

94 1.98 0.995 

mvaT10 

mvaT10(BS3701)RT280f  

gtgatcgaaaccaaaggcgg 

mvaT10(BS3701)RT362r  

gcccagctttcaaccacatc  

83 2.00 0.995 

hupA 

hupA(BS3701)RT76f  

aacgcgattctcgacagcat 

hupA(BS3701)RT241r  

caggcttgaaggccacagta  

166 1.97 0.990 

ihfA 

ihfA(BS3701)RT29f  

ccgaaaggctgtacgaggag 

ihfA(BS3701)RT126r gttctcttcaagtgcgtgcc  

98 2.07 0.993 

dps 

dps(BS3701)RT262f  

tcgtcgatcaaggaggagga 

dps(BS3701)RT384r  

actgaccttgtccaccacag  

123 1.97 0.998 

nitrogen status marker 

glnA 

glnA(BS3701)RT56f  

gtttcacggacaccaaaggc 

glnA(BS3701)RT255r cagggttggttcttcggtga 

200 2.04 0.996 

small RNA genes 

nrsZ 

nrsZ(BS3701)RT1f  

atctccagtttcgggggc 

nrsZ(BS3701)RT132r 

cccaaaaggggtactgcgtat 

132 1.86 0.981 

prrB_rsmZ 

 

PrrB_RsmZ(BS3701)RT12f  

acatgcacaggctttcagga 

PrrB_RsmZ(BS3701)RT94r 

agtccctgcttgtcccaaac 

83 1.98 0.987 

ng11 specific primers not found    

ng127 

ncRNA127(BS3701)RT10f  

tggtgggtgacgaatgctac 

ncRNA127(BS3701)RT101r 

acacggtcttttacgcccat 

141 1.87 0.978 

ng171 

ncRNA171(BS3701)RT10f 

gggtcagtctccagtccctg 

ncRNA171(BS3701)RT49r 

gttacctcaggctcccgatt 

40 1.94 0.989 

ng279 

 

ncRNA279(BS3701)RT104f  

gcagcaaaatcccgaaacct 
78 1.80 0.974 
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ncRNA279(BS3701)RT181r 

cctgatcgggtagtgctgat 

ng379  

narK(BS3701)RT17f  

aacaaatctcaccggtagcca 

narK(BS3701)RT66r  

tgtcgggattcaagtggggt 

50 2.05 0.997 

10 ml of 5% alcohol solution of phenol was added to 100 ml of cell culture before collecting 

biomass. Trizol reagent (Sigma-Aldrich, USA) was used to isolate total RNA. A kit for isolating total 

RNA and microRNA from the Lira reagent (cells, tissues) (LRU-100-50) (Biolabmix, Russia) was used 

to extract the fraction enriched with small RNAs. The RevertAid RT Reverse Transcription Kit 

(Thermo, USA) was used in accordance with the manufacturer's protocol to carry out the reverse 

transcription reaction. 100 ng of total RNA and random hexamer primers were taken into the reaction. 

Genomic DNA (gDNA) contamination was quantified (1/E^(Cp«-RT»-Cp«+RT»)) and did not exceed 

3%. A reference gene was selected among gyrB, rpoN, mvaT10, hupA, ihfA, dps to validate the RT-

qPCR method. The hupA gene (SD 0.38; CV 1.65%) was the most stable (according to the BestKeeper 

program). The relative number of transcripts was calculated according to the Pfaffl formula, taking 

into account the efficiency of amplification.  

E = E gene_of_interest ^ (Cp gene_of_interest.control - Cp gene_of_interest.experimental) / E reference_gene ^ (Cp 

reference_gene.control - Cp reference_gene.experimental) 

All experiments were carried out in 4 biological repeats. The data were processed using RStudio 

Desktop 2023.09.0+463. The normality of the distribution was evaluated using the Shapiro–Wilk test, 

and an unpaid t-test was used to evaluate the differential expression of genes. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Table S1: Small RNA analysis; Table S2: Probable NtrC-dependent genes。. 
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