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Abstract  25 

The development of RNA-based drugs is highly pursued due to the possibility of creating 26 

viable and effective therapies. However, their translation to clinical practice strongly 27 

depends on efficient technologies to produce substantial levels of these biomolecules, 28 

with high purity and high quality. RNAs are commonly produced by chemical or 29 

enzymatic methods, displaying these limitations. In this sense, recombinant production 30 

arises as a promising, cost-effective method, allowing large-scale production of RNA. 31 

Rhodovulum sulfidophilum (R. sulfidophilum), a marine purple bacterium, offers the 32 

advantage of RNA secretion into the extracellular medium, which contains low levels of 33 

RNases and other impurities. Therefore, RNA recovery can be simplified compared to 34 

standard extraction protocols involving cell lysis, resulting in a more clarified sample and 35 

an improved downstream process. In this work, R. sulfidophilum was transformed with a 36 

plasmid DNA encoding pre-miR-29b-1, which is known to be involved in the Alzheimer’s 37 

disease pathway. After production, the pre-miR-29b-1 was recovered through different 38 

extraction methods to verify the most advantageous one. A protocol for extracellular RNA 39 

recovery was then established, revealing to be a simpler and less time-consuming 40 

method, reducing around 16 h in execution time and the quantity of reagents needed 41 

when compared to other established methods. The new strategy brings the additional 42 

advantage of eliminating the toxic organic compounds routinely used in intracellular RNA 43 

extractions. Overall, the optimized process described here, using isopropanol as the 44 

precipitation agent, offers a greener, safer, and faster alternative for recombinant RNA 45 

recovery and concentration, with an extracellular RNA recovery of 7 µg/mL and target 46 

pre-miRNA-29b-1 recovery of 0.7 µg/L of medium. 47 

Keywords: RNA, Rhodovulum sulfidophilum, Extracellular RNA recovery, 48 

Clarification, Green process. 49 
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1. Introduction 51 

Ribonucleic acids (RNA) are gaining increased relevance as biopharmaceuticals due to 52 

significant advances in the discovery of their respective biological roles. For example, 53 

RNA methylation can play a critical role in epigenetic regulatory roles from plants to 54 

animals, controlling growth and development [1]. RNA interference technology is also a 55 

novel tool used to regulate gene expression in eukaryotic cells, showing high potential 56 

as a therapeutic approach for genetic diseases. This technology is mainly supported by 57 

the use of noncoding RNAs, such as microRNAs (miRNAs), small interfering RNAs, piwi-58 

interacting RNAs, and long non-coding RNAs [2]. Indeed, there are plenty of 59 

opportunities to exploit the RNA potential. Still, for a better understanding of their role in 60 

cellular mechanisms and to perform biochemical and biophysical studies, an efficient 61 

RNA production process is needed [3]. The main objectives are related to producing 62 

substantial levels of these biomolecules in a cost and time-effective manner, while also 63 

ensuring a green and safe option [4, 5]. Techniques suitable for molecular biology can 64 

be used, but preparing RNAs for therapeutic purposes imposes additional challenges, 65 

and the procedures must be adapted to ensure a high-quality product.  66 

Most RNAs are obtained through chemical, enzymatic, or recombinant production [4], 67 

but the first two present some limitations mainly related to low production yields and 68 

considerably higher costs [3, 6]. Given this, recombinant production emerges as a 69 

promising method for large-scale production, being the most cost-effective process. 70 

Moreover, recombinant techniques using in vivo agents are more capable of producing 71 

RNAs that can retain the structure, function, and safety properties of natural RNAs [2, 4].  72 

Recombinant RNA expression has been mostly achieved using Escherichia coli (E. coli) 73 

as the host organism [7-9], and the RNA extraction relies on cell lysis through the acid 74 

guanidinium thiocyanate-phenol-chloroform method [10], which results in a sample with 75 

cellular components as the major impurities  [4, 11]. As an alternative, Rhodovulum 76 

sulfidophilum (R. sulfidophilum), a marine gram-negative non-sulfur phototrophic 77 

bacterium, is known to naturally secrete nucleic acids in soluble form in the culture media 78 

[12-14], while not secreting RNases, contributing to increased stability of the produced 79 

RNA [7, 12]. With this host, Kikuchi and co-workers produced recombinant artificial RNAs 80 

[5], while our group produced recombinant human pre-miR-29b extracellularly [8]. After 81 

production, the extracellular RNA can be directly recovered from the culture medium by 82 

alcoholic precipitation, avoiding cell lysis and release of the main bacterial-associated 83 

impurities, resulting in an RNA product that might be non-immunogenic [5, 8, 11, 12]. 84 

Isopropanol is more effective at precipitating nucleic acids, particularly for smaller 85 

fragments or low concentrations, and requires less volume and shorter incubation time 86 
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when compared to ethanol [15]. Accordingly, this work describes a low-cost, sustainable, 87 

simple, and fast method for recovering extracellular nucleic acids from R. sulfidophilum 88 

culture medium, using isopropanol as the precipitation agent. Moreover, the optimized 89 

method is expected to yield a high quantity of specific RNAs, contributing to a simplified 90 

downstream processing. 91 

 92 

2. Materials and methods 93 

2.1 Materials 94 

All chemicals and reagents used were of analytical grade. Isopropanol, ethanol (purity 95 

99.99%) and acetic acid (99-100%) were purchased from Thermo Fisher Scientific Inc. 96 

(Massachusetts, USA). Sodium acetate and tris(hydroxymethyl)aminomethane (Tris) 97 

were acquired from Merck (Darmstadt, Germany). Sephacryl SF-1000 was purchased 98 

from GE Healthcare (Chicago, EUA). Ethylene-diamine tetra acetic acid (EDTA) and 99 

sodium chloride were acquired from Panreac Química S.L.U. (Barcelona, Spain). All 100 

solutions were prepared with ultra-pure grade water, purified with a Milli-Q system from 101 

Merck Millipore (Darmstadt, Germany) treated with 0.01% of diethyl pyrocarbonate 102 

(DEPC) from Sigma-Aldrich (St. Louis, Missouri, USA). Green-Safe and agarose were 103 

purchased from Grisp (Porto, Portugal). The phototrophic marine alphaproteobacterium 104 

R. sulfidophilum DSM 1374 (Number 35886, Taxonomy ID1188256) was purchased 105 

from ATCC (Virginia, USA). pNZY28-pre-miR-29b-1 used to transform the host bacteria 106 

was bought from NZYTech (Lisbon, Portugal). For quantitative polymerase chain 107 

reaction (qPCR), the Maxima SYBR Green/Fluorescein qPCR Master Mix (2X) 108 

purchased from Thermo Fisher Scientific Inc. (Massachusetts, USA), Xpert cDNA 109 

Synthesis Kit from Grisp (Porto, Portugal), and specific primers for pre-miRNA-29b-1 110 

amplification synthesized by STAB VIDA (Caparica, Portugal) were acquired. NZY 111 

DNase I was obtained from NZYtech (Lisbon, Portugal) and MEGAclear Transcription 112 

Clean-Up Kit was from Thermo Fisher Scientific Inc. (Massachusetts, USA). 113 

2.2. Methods 114 

2.2.1 Plasmid Design and Bacterial Growth 115 

For the pNZY28-pre-miR-29b-1 plasmid design, the pNZY28 commercial vector 116 

purchased from NZYtech (Lisbon, Portugal) was used with some modifications. The 117 

ampicillin-resistance sequence was removed and replaced by the kanamycin-resistance 118 

gene because wild-type (WT) R. sulfidophilum is naturally resistant to ampicillin. Then, 119 
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the T7 promoter was removed by GenScript (New Jersey, USA), and a DNA fragment 120 

containing the rrn promoter, the pre-miR-29b-1 sequence, flanked by ribozyme 121 

sequences, and puf terminator region was cloned into the plasmid, as a service 122 

purchased to NZYtech. Previously, our research group demonstrated that this DNA 123 

fragment has the key elements for its amplification and transcription in R. sulfidophilum 124 

[8]. The hsa-pre-miR-29b sequence was obtained through miRBase information 125 

(https://www.mirbase.org accessed in January 2023). The final plasmid, with around 5 126 

kb, was sequenced by GenScript to confirm the identity and orientation of the DNA 127 

fragment in the recombinant plasmid.  128 

For the heat shock transformation procedure, 100 µL of competent R. sulfidophilum cells 129 

were incubated with 25 ng of plasmid at 35 ºC for 1 min, as described in a previous work 130 

[8]. The culture was then plated on agar plates with the specific medium supplemented 131 

with kanamycin and incubated at 30 ºC for 3 days. To confirm the transformation of cells, 132 

several colonies were screened by PCR for the presence of the pNZY28-pre-miR-29b-1 133 

plasmid containing the pre-miR-29b-1 sequence, using the primers previously designed 134 

[8]. From a positively transformed colony, a bacterial culture was grown, and the plasmid 135 

was isolated and purified using the NZYMiniprep Kit (NZYtech, Lisbon, Portugal) and 136 

validated again by PCR to confirm the identity of the designed vector. The R. 137 

sulfidophilum WT and the transformed strain (T) were cultivated in a semi-defined 138 

medium, as previously described [8].  139 

2.2.3 Extracellular Nucleic Acids Recovery  140 

For extracellular nucleic acids recovery [14], 10 mL of R. sulfidophilum DSM 1374 culture 141 

medium was centrifuged at 4304 rpm, for 10 min at 4 ºC. The supernatant was then 142 

transferred to a tube and centrifuged a second time at 6600 rpm, for 10 min at 4 ºC to 143 

remove residual cells. To precipitate the nucleic acids from the medium, 1 volume of ice-144 

cold isopropanol was added to the supernatant and an incubation for 10 min on ice was 145 

performed. Then, the sample was centrifuged at 6600 rpm, for 10 min, at 4 ºC, and the 146 

nucleic acids pellet was air-dried for 10 min at room temperature (RT) and solubilized in 147 

1 mL 0.01% of DEPC-treated water. The sample was stored at -80 ºC and after defrosting 148 

it was centrifuged at 6600 rpm, for 1 min at RT, to remove the salt that precipitates during 149 

storage. After nucleic acids solubilization, the samples were purified by size exclusion 150 

chromatography. For this, a column packed with 5 mL of Sephacryl SF-1000 was used 151 

to separate RNA and DNA. The column was equilibrated with 20 mL of buffer (10 mM 152 

Tris-EDTA, 150 mM NaCl pH 7), and 500 μL of sample was added. The elution was 153 

carried out by adding 20 mL of the same buffer. Fractions of 1 mL were collected for 154 
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further evaluation. For each sample, this procedure was repeated two times to purify the 155 

nucleic acids sample resulting from precipitation protocols (1 mL). At the end of each 156 

assay, columns were washed with DEPC-treated water. The RNA fractions were 157 

desalted and concentrated with concentrators Vivaspin 10000 Da (Vivascience).  158 

The nucleic acids precipitation with Ethanol Overnight Protocol (EOP) was based on 159 

previous work from our research group with some adjustments [8]. In this case, 10 mL 160 

of R. sulfidophilum DSM 1374 culture medium was centrifuged at 4304 rpm, for 10 min 161 

at 4 ºC. The supernatant was then transferred to a new tube and centrifuged a second 162 

time at 6600 rpm, for 10 min at 4 ºC to remove residual cells. After incubation overnight 163 

at -20 ºC, the supernatant was transferred to a clean tube to separate the salt pellet 164 

precipitated overnight. The sample was stored at -80 ºC and after defrosting, it was 165 

centrifuged at 6600 rpm, for 1 min at RT, to remove the additional salt that had 166 

precipitated. As described above, after nucleic acids solubilization the samples were 167 

purified by size exclusion chromatography. The RNA fractions were desalted and 168 

concentrated with concentrators Vivaspin 10000 Da (Vivascience). Figure 1 shows a 169 

schematic representation of the described methods. 170 

 171 

 172 

Figure 1: Schematic representation of extracellular nucleic acid recovery by isopropanol (IP) or ethanol overnight 173 
(EOP) precipitation. 10 mL of R. sulfidophilum DSM 1374 culture was recovered at 36 h and 72 h and after 174 
centrifugation to separate the medium from cells, the nucleic acids were precipitated from the medium by ethanol 175 
or isopropanol protocol. The resulting sample was then purified by size exclusion chromatography and concentrated 176 
to obtain RNA. 177 

2.2.4 Intracellular Nucleic Acids Extraction  178 

RNA extraction was performed by the method of acid guanidinium thiocyanate-phenol-179 

chloroform, as described in the literature [16, 17]. After cell lysis and separation of cell 180 

debris from nucleic acids by biphasic extraction, the upper phase enriched in RNA was 181 

carefully transferred to new tubes, avoiding DNA contamination from the bottom phase. 182 

The resultant pellets were washed several times with isopropanol and ethanol and air-183 

dried. RNA pellets were dissolved in DEPC-treated water and stored at -80 °C. 184 

For extraction of all nucleic acids from R. sulfidophilum cells, the protocol was initiated 185 

with chemical lysis as previously described [18]. The recovered nucleic acid pellets were 186 

Jo
urn

al 
Pre-

pro
of



7 
 

resuspended in DEPC-treated water and incubated in a 60 °C water bath for 10 min, and 187 

finally centrifuged, recovering the supernatant. The samples were stored at - 80 °C.  A 188 

schematic representation of these procedures is shown in Figure 2. 189 

 190 

Figure 2: Schematic representation of the phenol-chloroform extraction protocol and total nucleic acids extraction. 191 
10 mL of R. sulfidophilum DSM 1374 culture was recovered at 36 h and 72 h. Then the cells were lysed, and the nucleic 192 
acids were extracted by acid guanidinium thiocyanate or by phenol-chloroform protocol, resulting in a total nucleic 193 
acid sample or RNA sample, respectively. 194 

 2.2.5 Analysis of the Recovered Nucleic Acids 195 

Recovered nucleic acids by each protocol were analyzed in terms of integrity and relative 196 

purity by agarose gel electrophoresis in 1 % agarose gel. Nucleic acids were stained in 197 

the gel with Green Safe (0.012 μL/mL), and electrophoresis was run at 120 V for 30 min 198 

in TAE buffer (40 mM Tris base, 20 mM acetic acid, and 1 mM EDTA, pH 8.0). The gels 199 

were visualized under ultraviolet (UV) light exposure with a UV chamber (UVITEC 200 

Cambridge, Cambridge, United Kingdom). Sample concentration was measured in the 201 

Nano Photometer (IMPLEN, United Kingdom) at 260 nm. 202 

2.2.6 pre-miR-29b-1 Analysis by Quantitative Polymerase Chain Reaction  203 

pre-miR-29b-1 production was assessed by qPCR as described in a previous work [19]. 204 

cDNA synthesis was performed using Xpert cDNA Synthesis Kit (Grisp, Portugal), 205 

according to the manufacturer’s instructions. About 26 ng of RNA sample was used to 206 

initiate cDNA synthesis, with a 20 pmol gene-specific primer described in [19]. Then, 207 

PCR reactions were carried out, in a 20 µL reaction containing 10 µL of Maxima SYBR 208 

Green/Fluorescein qPCR Master Mix (2X) and 0.3 µM of each specific primer. Specific 209 

primers for cDNA and qPCR were reconstituted in nuclease-free water to a final 210 

concentration of 100 µM and designed based on previous work [19]. DNase I (2U/µL) 211 

was used to treat extracellular RNA samples, to remove any remaining DNA, and 212 

MEGAclear Transcription Clean-Up Kit was used to clean the samples from DNase I. 213 

 214 

215 
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3. Results and Discussion 216 

3.1 pNZY28-pre-miR-29b-1 vector construction 217 

 Several modifications were made to the pNZY28 commercial vector to construct the 218 

pNZY28-pre-miR-29b-1 plasmid. The kanamycin-resistance sequence and the DNA 219 

fragment containing the rrn promoter, the pre-miR-29b-1 sequence, flanked by ribozyme 220 

sequences, and puf terminator region were cloned in the vector backbone. To confirm 221 

the identity and orientation of DNA sequences, the plasmid was tested experimentally 222 

and sequenced (Supporting Information). Figure S1 shows the electrophoresis 223 

corresponding to the plasmid digestion by NcoI, an enzyme that recognizes the 224 

sequence 5’- CCATGG – 3’ present in the plasmid. The expected molecular weight of 225 

the plasmid is around 5 kb after linearization, which was confirmed in the agarose gel 226 

(Figure S1). The analysis of sequencing data revealed that the plasmid presents all the 227 

intended sequences, kanamycin-resistance gene, rrn promoter, pre-miR-29b-1 gene, 228 

ribozymes and puf terminator (data not shown). The reference sequences for the 229 

ribozymes can be accessed in the RNAcentral database (https://rnacentral.org/). Part of 230 

the sequence of the pNZY28-pre-miR-29b-1, demonstrates the presence of the intended 231 

pre-miR-29b-1 sequence, flanked by ribozyme sequences (Figure S2).  232 

3.2 Bacterial Growth and Nucleic Acids Production  233 

After the design and construction of the vector and transformation of the bacteria, a 234 

comparison of the growth profile of both transformed (T) and non-transformed (WT) R. 235 

sulfidophilum was performed. The optical density (OD) was measured every 12 h along 236 

72 h of culture, with the resulting growth curves being shown in Figure 3. The growth 237 

curve corresponding to the WT R. sulfidophilum strain reveals that the OD reaches 238 

approximately 5 during the culture time, in accordance with previous studies [5, 8]. The 239 

growth curve of the strain transformed with the plasmid pNZY28-pre-miR-29b-1, 240 

designed for the recombinant production of the pre-miR-29b-1, is also shown in Figure 241 

3. The growth of the transformed strain is significantly lower than that of the WT strain 242 

(OD of 1 versus 4.5 at 72 h of growth). This suggests that the transformation induces 243 

alterations in cell metabolism, leading to a significant decrease in the growth rate, which 244 

can directly affect the nucleic acids produced and secreted to the extracellular medium. 245 

However, not only the incorporation of the plasmid can explain the decreased bacterial 246 

growth. The incorporation of the kanamycin antibiotic in the culture medium can also 247 

restrain the growth of non-transformed bacteria, thus resulting in a lower cell density, 248 

corresponding to the selective growth of the transformed bacteria. Despite this, the 249 
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growth of T R. sulfidophilum can be improved by developing perfusion cultures to 250 

increase viable cell density [20]. 251 

 252 

Figure 3: Growth curves profile of R. sulfidophilum DSM 1374 cultivated in a semi-defined medium, at 30 °C, 250 253 
rpm, under dark aerobic conditions. WT- Wild type R. sulfidophilum DSM 1374; T - R. sulfidophilum DSM 1374 254 
transformed with plasmid pNZY28-MR-pre-miR-29b-1. 255 

Based on the obtained results, it is important to confirm if the decrease in the bacteria 256 

growth had any impact on nucleic acids production. Different protocols described in 257 

Materials and Methods were used for the extraction and recovery of nucleic acids from 258 

the WT and T R. sulfidophilum. The concentration of total nucleic acids obtained with 259 

these methods using 10 mL of culture is displayed in Figure 4A. For the IP (Isopropanol 260 

Protocol) and LP (Lysate Protocol), the quantity of extracted nucleic acids was 261 

approximately the same in both WT and T strains. On the contrary, this is not observed 262 

when the EOP (Ethanol Overnight Protocol) is performed. In this case, the content of 263 

nucleic acids recovered from the extracellular medium was considerably higher in the 264 

WT than in the T bacteria. However, considering the difference in the growth of both 265 

strains, a normalization with the OD was performed. The assessment of the recovery 266 

considering the number of cells would give more information regarding the nucleic acids 267 

yield in both WT and T strains, similar to a comparison between the specific versus the 268 

volumetric productivities. The results from the normalization with the OD600nm 269 

corresponding to each time point and strain are shown in Figure 4B. The levels of nucleic 270 

acids are higher for the T strain compared to the WT, except for the EOP protocol. These 271 

results suggest that the optimized protocol based on the IP can be more advantageous 272 

for the recovery of total nucleic acids from the extracellular medium than the method 273 

previously reported by Sousa and co-workers [8]. It should be noted that all the 274 

quantifications from here on are represented with the OD600nm normalization. 275 
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 276 

Figure 4: Extra- and intracellular nucleic acid levels, recovered at 36 and 72 hour of bacteria cultivation, for IP, EOP, 277 
and LP. WT- Wild type R. sulfidophilum DSM 1374; T - R. sulfidophilum DSM 1374 transformed with plasmid pNZY28-278 
MR-pre-miR-29b-1. A: Nucleic acids concentration; B: Nucleic acids concentration after normalization with the 279 
OD600nm; Data shown are mean ± SD from three repeats of triplicate cultivations.  280 

 281 

Besides measuring sample concentration, it is also important to identify the different 282 

nucleic acid species that are present. The agarose gels presented in Figures 5A and 5B 283 

show the results from the extracted samples from WT and T strains, respectively. 284 

Analyzing each extracellular extraction protocol allows to show that the IP sample from 285 

the T strain contains a higher quantity of RNA compared to the WT one which contains 286 

ribosomal RNA. Regarding EOP samples, a faint DNA band is observed, and the RNA 287 

quantity is almost negligible when compared to the IP strategy, which once again 288 

validates that the IP extraction protocol is more efficient for RNA recovery. Concerning 289 

the intracellular extraction (LP), the concentration of nucleic acids is considerably higher 290 

than that of the extracellular samples, which is expected since the nucleic acids present 291 

in the medium always have a high dilution factor. Despite this, a precipitation protocol for 292 

the extracellular medium is much simpler and faster than an intracellular extraction, 293 

resulting in a more clarified sample as it avoids cell lysis. Given the aim of this work, 294 

which is to produce RNA for pharmaceutical purposes, the IP resulting sample seems to 295 

be the most beneficial, given the considerable amount of RNA recovered, with low DNA 296 

contamination. 297 
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 298 

Figure 5: Characterization of extra- and intracellular nucleic acids at 36 and 72 hour cultivation for IP, EOP, and LP 299 
strategies. rRNA – ribosomal RNA; sRNA – small weight RNA; WT- Wild type R. sulfidophilum DSM 1374; T - R. 300 
sulfidophilum DSM 1374 transformed with plasmid pNZY28-MR-pre-miR-29b-1. A - 1% agarose gel electrophoresis of 301 
recovered extra and intracellular nucleic acids from wild-type R. sulfidophilum DSM 1374 by IP, EOP, and LP at 36- and 302 
72-hour cultivation times. B – 1% agarose gel electrophoresis of extra and intracellular nucleic acids recovered from 303 
R. sulfidophilum DSM 1374 transformed with plasmid pNZY28-MR-pre-miR-29b-1 by IP, EOP, and LP at 36- and 72-304 
hour cultivation times. 305 

 306 

3.3 Extracellular RNA Recovery Optimization   307 

The comparison of extracellular recovery processes (IP and EOP) is analyzed in Figures 308 

6A and 6C. As observed, both DNA and RNA are recovered from the extracellular 309 

medium, which is expected since it is proven that R. sulfidophilum can secrete both RNA 310 

and DNA into the culture medium due to some cells that may suffer disruption, leading 311 

to host DNA release  [7, 13]. Nevertheless, from the results shown in Figures 6B and 6D, 312 

there is an increased amount of RNA, with apparently no DNA contamination upon the 313 

RNA purification/concentration step. In general, the transformed R. sulfidophilum 314 

secreted higher levels of RNAs than WT when the nucleic acids were recovered by IP. 315 

By contrast, only a faint RNA band was detected when the EOP protocol was used. 316 

Overall, the IP protocol allows a better RNA recovery from T R. sulfidophilum medium 317 

than EOP, revealing an increased relevance when the extraction of recombinant species 318 

is aimed. This is in agreement with previous reports [15] revealing that precipitating 319 

nucleic acids with ethanol requires a larger volume (2 to 3 volumes of sample), while it 320 

can be achieved with isopropanol using a lower volume (0.7 to 1 volume of sample). 321 

Moreover, isopropanol is recommended when nucleic acids concentration is low, which 322 

is the case in this study due to the high dilution factor of the culture medium [15, 21]. The 323 

yield in nucleic acids recovery is highly dependent on the composition and environment 324 

of the solvent in which they are present; therefore, in this particular case with R. 325 
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sulfidophilum, our data converge to prove that isopropanol is more efficient in the 326 

recovery of the target biomolecule.  327 

 328 

Figure 6: Extracellular nucleic acids recovered by IP and EOP, after 36- and 72-hour cultivation times, before and 329 
after purification. WT- Wild type R. sulfidophilum DSM 1374; T - R. sulfidophilum DSM 1374 transformed with plasmid 330 
pNZY28-MR-pre-miR-29b-1. A - 1% agarose gel electrophoresis of recovered nucleic acids from WT and T R. 331 
sulfidophilum extracellular medium by IP, before purification. B – 1% agarose gel electrophoresis of recovered nucleic 332 
acids from WT and T R. sulfidophilum extracellular medium by IP, after purification. C - 1% agarose gel electrophoresis 333 
of recovered nucleic acids from WT and T R. sulfidophilum extracellular medium by EOP, before purification. D – 1% 334 
agarose gel electrophoresis of recovered nucleic acids from WT and T R. sulfidophilum extracellular medium by EOP, 335 
after purification. 336 

The RNA quantification (Figure 7), before and after purification, reveals similar values, 337 

meaning that the purification step did not interfere with the extracellular RNA recovery. 338 

Regarding the RNA levels, it is verified that from the WT R. sulfidophilum, the recovered 339 

RNA is similar for 36 and 72 h of culture, reaching a level of about 1 µg/mL of medium 340 

with both recovery methods. From the transformed strain, it is possible to recover a 341 

slightly higher RNA quantity at 36 h of growth (approximately 7 µg/mL) than at 72 h 342 

(approximately 5 µg/mL), when the RNA is recovered with IP. The RNA recovery by EOP 343 
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results in RNA levels close to 0.5 µg/mL for both time points, showing a worse 344 

performance on RNA recovery when compared to the IP.  345 

 346 
Figure 7: Extracellular nucleic acids levels, at 36- and 72-hour cultivation times, for IP and EOP recovery, before and 347 
after purification. WT- Wild type R. sulfidophilum DSM 1374; T - R. sulfidophilum DSM 1374 transformed with plasmid 348 
pNZY28-MR-pre-miR-29b-1. A - Before purification. B- After purification. Data shown are mean ± SD from three repeats 349 
of triplicate cultivations. 350 

Once again, IP has shown to be more reliable for RNA recovery (Table1), being a more 351 

straightforward protocol and less time-consuming. Actually, the IP protocol reduced the 352 

global execution time by nearly 16 h compared to the overnight incubation required for 353 

the EOP method, thus allowing its completion in one day. The IP protocol also has a 354 

lower reagent requirement, only using 1 volume of isopropanol versus 3 volumes of 355 

ethanol plus two more reagents used in the EOP protocol. In the end,  a clearer and 356 

more concentrated sample was obtained, with a recovery of 7 µg/mL of medium, 357 

compared to 0.5 µg/mL obtained with the EOP protocol, in the best production conditions. 358 

For these reasons, in this work, the IP was chosen as the extracellular recovery method 359 

to analyze and compare pre-miRNA-29b-1 production. 360 

Table 1: Summary of isopropanol (IP) and ethanol overnight (EOP) protocols. Comparison of execution time, reagents 361 
used, and yield obtained for both extracellular RNA recovery protocols under study.  362 

Method 
Execution 
Time (h) 

Precipitation Reagents 

Yield (µg/mL of medium) 

WT T 

36 h 72 h 36 h 72 h 

IP ≈ 4 1 volume isopropanol ≈ 1 ≈ 1 ≈ 7 ≈ 5 

EOP ≈ 20 

3 volumes ethanol; 
1:20 volumes sodium 

acetate; 
1.5 mL of ethanol-DEPC 

≈ 1 ≈ 1 ≈ 0.5 ≈ 0.5 

 363 

 364 

3.4 Extracellular RNA Recovery vs Intracellular RNA Extraction  365 
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Since this work aims at developing and optimizing the RNA recovery from the 366 

extracellular medium, it is imperative to compare this process with the Phenol-367 

Chloroform Protocol (PCP), the standard RNA intracellular extraction method Figure 8 368 

presents the concentration of nucleic acids obtained through extracellular IP and EOP 369 

and intracellular PCP. A clear difference can be observed between the IP and PCP 370 

samples from the T R. sulfidophilum, with a higher RNA recovery from the extracellular 371 

environment (approximately 7 µg/mL) compared with the intracellular extract (2 µg/mL).  372 

 373 

Figure 8: Extra- and intracellular nucleic acids levels, at 36- and 72-hour cultivation times, for IP, EOP, and PCP. WT- 374 
Wild type R. sulfidophilum DSM 1374; T - R. sulfidophilum DSM 1374 transformed with plasmid pNZY28-MR-pre-miR-375 
29b-1.   Data shown are mean ± SD from three repeats of triplicate cultivations. 376 

Despite the high dilution factor of nucleic acids in the extracellular medium, the 377 

developed protocol is more efficient and allows a higher recovery of RNA from 10 mL of 378 

the extracellular medium (around 7 µg/mL of medium), than from the lysis of the 379 

corresponding cells (about 2 µg/mL), as summarized in Table 2. In addition, with the IP 380 

method, there is no requirement for toxic and hazardous reagents, resulting in a relevant 381 

contribution to enhance sustainability when using the developed process.  382 

Table 2: Summary of isopropanol (IP) and phenol-chloroform (PCP) protocols. Comparison of execution time, 383 
reagents used, and yield obtained for both RNA recovery protocols under study.  384 

Method 
Execution 
Time (h) 

Reagents 

Yield (µg/mL of medium) 

WT T 

36 h 72 h 36 h 72 h 

IP ≈ 4 Isopropanol ≈ 1 ≈ 1 ≈ 7 ≈ 5 

PCP ≈ 4.2 

Solution D ([16, 17]); 
Sodium acetate; 

Phenol; 
Chloroform/isoamyl alcohol; 

Isopropanol; 
Ethanol-DEPC 

≈ 1 ≈ 3 ≈ 2 ≈ 1 
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A comparison between the IP and PCP samples was examined by agarose gel 385 

electrophoresis, confirming that RNA maintains its integrity in both processes (Figure 9). 386 

This result also validates the IP as a feasible and suitable method to replace the standard 387 

PCP when using this bacterium that secretes nucleic acids to the extracellular medium.  388 

 389 

Figure 9: Intracellular nucleic acids, at 36- and 72-hour cultivation times, for IP after purification and PCP. WT- Wild 390 
type R. sulfidophilum DSM 1374; T - R. sulfidophilum DSM 1374 transformed with plasmid pNZY28-MR-pre-miR-29b-391 
1. A - 1% agarose gel electrophoresis of recovered extracellular nucleic acids from wild-type R. sulfidophilum DSM 392 
1374 by IP and PCP at 36- and 72-hour cultivation times. B – 1% agarose gel electrophoresis of extracellular nucleic 393 
acids recovered from R. sulfidophilum DSM 1374 transformed with plasmid pNZY28-MR-pre-miR-29b-1 by IP and PCP 394 
at 36- and 72-hour cultivation times.  395 

 396 

3.5 Recombinant pre-miR-29b-1 quantification 397 

miRNA-29 family has been shown to have an important role in several pathological 398 

disorders, being considered a potential therapeutic agent [2]. In this work, the 399 

recombinant hsa-pre-miR-29b-1 was produced instead of the mature miRNA since the 400 

processing in the cell is more efficient, and its structural characteristics, specifically the 401 

long hairpin structure, will improve stability and sample manipulation [22]. After RNA 402 

recovery and intracellular RNA extraction, the samples were analyzed by qPCR for pre-403 

miR-29b-1 production evaluation. In Figure 10 it can be seen that WT R. sulfidophilum 404 

shows some non-specific amplification in the qPCR. Since WT R. sulfidophilum is known 405 

not to produce hsa-pre-miR-29b-1, this result suggests that a similar sequence was 406 

amplified in that sample. To guarantee that the pre-miRNA-29b-1 production was 407 

evaluated with certainty, the values obtained were statistically compared between WT 408 

and T R. sulfidophilum. According to the results (Figure 10), pre-miR-29b-1 was not 409 

accumulated intracellularly by the T R. sulfidophilum, suggesting that most of it could be 410 

secreted in the culture medium. When the extracellular medium samples of T R. 411 

sulfidophilum treated by IP were analyzed, a pre-miR-29b-1 concentration of 0.7 µg/L 412 
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was detected for 36 h of growth. At 72 h, no pre-miR-29b-1 was detected in the samples 413 

from T R. sulfidophilum, which was confirmed by the lack of statistical significance 414 

compared to WT samples. Those data suggest that pre-miR-29b-1 production by T R. 415 

sulfidophilum had a peak of production at 36 h and then reduced at 72 h. This can be 416 

due to the unprotected pre-miR-29b-1 degradation after a long period in culture, as 417 

described in the literature [23]. Here, it is demonstrated that a growth period of 36 h may 418 

be enough for extracellular pre-miR-29b-1 production. The levels described in this work 419 

are comparable to or higher than other published works for other types of extracellular 420 

recombinant RNA production in R. sulfidophilum, which showed productions between 421 

0.045-0.2 µg/L [5, 24, 25]. Overall, our data demonstrate the suitability and higher 422 

efficiency of the IP method for the global recovery of nucleic acids from the extracellular 423 

medium, including the target pre-miRNA with a maximum recovery of 0.7 µg/L of 424 

medium. 425 

  426 

Figure 10: Extra-and intracellular pre-miR-29b-1 levels, at 36- and 72-hour cultivation times, for IP, and PCP. WT- 427 
Wild type R. sulfidophilum DSM 1374; T - R. sulfidophilum DSM 1374 transformed with plasmid pNZY28-MR-pre-miR-428 
29b-1. Statistics were analyzed in GraphPad Prims 9 by ordinary one-way ANOVA with Tukey test to compare different 429 
groups, where a value of p < 0.0001 was considered statistically significant. Data are shown as the mean ± SD of 3 430 
separate experiments.  431 

4. Conclusion 432 

In this work, different protocols of extracellular RNA recovery were developed and 433 

characterized. Isopropanol-based protocol had a high potential for rapid and easy RNA 434 

recovery, with better and more consistent results, enabling the recovery of 7 µg/mL of 435 

RNA from the extracellular medium, which is higher that the recovery achieved with the 436 

use of ethanol precipitation overnight and the phenol-chloroform protocol. Furthermore, 437 

extracellular samples were proven to have less DNA than intracellular samples, and a 438 
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higher ratio of target RNA/total RNA. When comparing intracellular pre-miRNA-29b-1 439 

levels with the extracellular samples, it was demonstrated that extracellular recombinant 440 

pre-miRNA-29b-1 recovery is more advantageous, resulting in 0.7 µg/L of medium. 441 

Additionally, it was shown that the designed vector can be used to produce pre-miR-29b-442 

1 in the R. sulfidophilum, and it can be accumulated and recovered from the extracellular 443 

environment with only 36 h of bacterial growth. The isopropanol protocol established in 444 

this work can be more prone to recovering extracellular recombinant RNA from R. 445 

sulfidophilum, with the advantages of being free from toxic organic compounds, simpler, 446 

and less time-consuming compared to the routinely used intracellular RNA extraction 447 

procedures. From a future perspective, it might be of interest to scale up the production 448 

of pre-miR-29b-1, which can be achieved by implementing perfusion bioreactors to 449 

improve cell growth. 450 

  451 
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Highlights 

- R. sulfidophilum secretes nucleic acids to the extracellular medium.  

- Different methods for nucleic acids recovery are evaluated. 

- Recombinant pre-miR-29b-1 is successfully recovered from the extracellular 

medium. 

- A greener, faster, and easier process for RNA recovery is established. 
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