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Abstract
Background  High quality RNA is required for the molecular study. Sample preparation of the spore-forming, Gram-positive 
bacteria like Bacillus sp., remains challenging although several methods have been proposed. Those techniques were simply 
developed using cell samples at certain growth stages despite some molecular studies like transcriptomic analyses require 
RNA samples from different physiological stages.
Methods and results  We developed the rapid, simple yet effective cell-lysis technique with limit use of harsh reagents by 
modifying the kit-based protocols. Appropriate lysozyme loading (20 mg/mL), incubation time (30 min), and temperature 
(37 °C) enabled cell lysis and enhanced RNA extraction from both vegetative cells and endospores of Bacillus subtilis 
TL7-3. High RNA Integrity Numbers and ratios of A260/A280 and A260/A230 of all RNA products collected during the batch 
cultivation confirmed that invert mixing with absolute ethanol prevented RNA damage during protein denaturation. With 
the process modification of the major steps in cell lysis and RNA extraction compared with the kit-based protocols that are 
typically used in laboratory work, interestingly, our modified protocol, simple-yet-effective, yielded higher concentration, 
purity, and integrity of RNA products from all cell samples collected at different physiological stages. While the kit-based 
protocols either failed to provide high RNA concentration or RNA purity and integrity for all cell samples particularly dur-
ing the late-log, stationary, or sporulation.
Conclusions  Therefore, we can claim the significance of this modified protocol to be applicable for RNA extraction to those 
spore-forming Gram-positive bacteria not limited to B. subtilis growing at varied physiological stages.

Keywords  Bacillus subtilis · RNA extraction methods · Lysozyme activity · Physiological changes · RNA quality

Introduction

Bacillus sp., the spore-forming Gram-positive bacteria, are 
typically used as the model organism for many molecular 
biology applications. Sample preparation process to acquire 
the high-quality nucleic acids (DNA, RNA) of Bacillus sp. 
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remains challenging toward the integration of full analyti-
cal steps in the downstream applications although several 
methods have been proposed including conventional or kit-
based protocols. Those protocols were mainly developed 
for certain point of the cultivation stages. However, some 
downstream applications in systems biology and synthetic 
biology like transcriptome analysis require nucleic acid 
samples gathered under different physiological stages of 
growth and process conditions. During growth and propaga-
tion, bacteria regulate macromolecular synthesis to replicate 
precisely. Growth stages and process perturbation stimulate 
metabolic responses resulting in differences in osmotic sta-
bility and cell morphology including cell wall architecture 
to develop the robustness [1]. This phenomenon becomes 
more profound for Bacillus sp. since in bacterial popula-
tion, sporulation does not occur homogeneously throughout 
the growth stages, but rather occurs in subpopulation [2]. 
Sporulation involves an asymmetric septation to produce 
a mother cell and the forespore. Engulfment of the smaller 
forespore by the larger mother cell leaves the forespore sur-
rounded by two membrane where the spore peptidoglycan 
is synthesized within this intermembrane space. This spore 
peptidoglycan plays role in the attainment of spore core 
dehydration; therefore, becomes environmentally resistant 
[3]. Therefore, the extraction workflow in the manufactur-
ing kits seems not applicable for all samples collected from 
different physiological growth stages or those obtained from 
different process perturbation.

Cell wall disruption was reported to be the most tedi-
ous step as the integrity and rigidity depended on the struc-
tural unit of peptidoglycan [4]. Peptidoglycan is composed 
of alternating units of N-acetylglucosamine (NAG) and 
N-acetylmuramic acid (NAM), linked by β-(1,4) bonds 
[5]. The mechanical cell wall disruption such as bead mill-
ing and ultrasonic methods require specialized laboratory 
equipment; however, they are simpler and more efficient 
than the enzyme-based technique [6]. Lysozyme and its 
disruptive effect on bacterial cell wall have been reported 
in several literatures. High quality of nucleic acids can be 
acquired with lysozyme pretreatment during cell-lysis par-
ticularly in Gram-positive bacteria. Lysozyme assists cell 
wall disruption in combination with the lysis buffer [7–9]. 
We observed the effect of lysozyme on cell wall disruption 
in Bacillus subtilis TL7-3. The cell samples collected during 
the batch cultivation were subjected to different cell-lysis 
procedures and the RNA yield obtained from the conven-
tional cell-lysis was compared with those obtained from the 
modified kit-based techniques in combination with lysozyme 
pretreatment. Lysozyme loading, incubation time, and tem-
perature were also varied for improved RNA recovery yield. 
Contamination by proteins, buffers, chemicals, detergents, 
enzymes, salts, and solvents in the nucleic acid samples are 
strictly prohibited in the application in molecular diagnosis 

that requires PCR amplification [6, 10]. Highly purified yet 
intact nucleic acid samples are therefore mandatory. Ethanol 
was reported for nucleic acid precipitation and washing [11]. 
Several factors including pH, ionic strength, water purity, 
and working protocols, are claimed to be responsible for the 
obtained nucleic acid purity and integrity.

As aforementioned, the kit-based protocols were typi-
cally developed for the certain endpoint samples. The fail-
ure to obtain the intact nucleic acid of all samples collected 
from different physiological growth stages or different pro-
cess conditions are often observed when using the extrac-
tion workflow in the manufacturing kits. In this study, we 
attempted to determine the RNA extraction workflow that 
could be applicable for the spore forming Gram-positive 
bacteria like Bacillus sp. By modifying the kit-based tech-
niques, we successfully developed the rapid procedure for 
purification of intact RNA from both the vegetative cells and 
spores of B. subtilis TL7-3. Our detailed procedure in com-
parison with the conventional and the 2 kit-based methods 
were elucidated and reported in this work.

Materials and methods

Bacterial strain and culture conditions

The bacterial isolate TL7-3 screened from local Thai fer-
mented food soybean by Professor Somboon Tanasupawat 
was used as a model spore producing bacterium for RNA 
extraction in this study. It was later identified by 16S rRNA 
gene sequencing as B. subtilis TL7-3. The nucleotide 
sequence (16S rRNA gene sequence) of this isolate was 
deposited in NCBI GenBank and could be accessed through 
the accession number MW820294.

B. subtilis TL7-3 was subcultured onto GYP agar slants 
and incubated at 37 °C for 24 h. GYP (Glucose Yeast extract 
and Peptone) agar medium contained (per liter) 10 g glu-
cose, 5 g yeast extract, 5 g peptone, 0.25 g KH2PO4, 0.25 g 
K2HPO4, 20 g agar, and 10 mL salt solution. Salt solution 
contained (per liter) 40 g MgSO4⋅7H2O, 2 g MnSO4⋅5H2O, 
2 g FeSO4⋅7H2O, 2 g NaCl. The pH of GYP medium was 
adjusted to 6.8. After 24 h, the cells were harvested and 
mixed with sterile 0.85% NaCl solution. The optical den-
sity of the cell suspension was measured at 600 nm and it 
was adjusted to 25 by sterile NaCl solution to be used as an 
inoculum later.

B. subtilis TL7-3 was cultivated in GY medium contain-
ing (per liter) 60 g glucose, 3 g yeast extract, 4 g NH4Cl, 
0.25 g KH2PO4, 0.25 g K2HPO4, 5 g CaCO3, and 10 mL salt 
solution. The cultivation was started by transferring 0.5 mL 
inoculum into 49.5 mL GY medium. The culture was incu-
bated at 37 °C, 200 rpm until the growth approached the 
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stationary phase. Culture broth samples were collected every 
3 h for analyses.

RNA extraction and purification

Culture broth sample was centrifuged at 10,000 g, 4 °C for 
10 min and the supernatant was discarded. Cell pellet was 
stored at − 80 °C until use. The cell pellet (approximately 
107 CFU/mL) was washed in sterile deionized water for 3 
times before use in RNA extraction process. The washed 
cell pellet was subjected to cell-lysis, the first step in RNA 
extraction process. Four different cell-lysis methods were 
conducted, and the RNA recovery was investigated (Fig. 1). 
Lysozyme pretreatment was claimed to be responsible in 
cell-lysis in several previous publications. In this study, 
we investigated this crucial step in cell-lysis by conducting 
lysis process with and without lysozyme pretreatment and 
the RNA extraction yield was compared. In Method 1 RNA 
extraction was performed without lysozyme pretreatment 
while in the other methods, lysozyme was introduced to the 
suspension of the cell pellet before adding the lysis buffer 
to allow cell breakage. Without lysozyme, cell pellets were 

subjected to cell wall denaturation using 350 μL lysis buffer 
containing β-mercaptoethanol provided in RNeasy® mini 
kit; Qiagen, Germany. The suspension was vortexed until 
lysis. After that the suspension was centrifuged at 10,000 g 
for 2 min to remove the cell debris. The supernatant was 
then mixed with 600 μL 70% ethanol. The solution was then 
inverted until well mixed before RNA purification in the 
RNeasy® mini spin column.

To improve RNA recovery yield, peptidoglycans and 
other glycol polymers were hydrolyzed by lysozyme at the 
first step. Lysozyme loading and incubation time were var-
ied. In Method 2 following the protocol developed by Inv-
itrogen (PureLink RNA® mini kit; Invitrogen, USA), we 
used the lysozyme solution containing 10 mM Tris–HCl 
(pH 8.0), 0.1 mM EDTA, 0.5 μL 10% SDS, and 10 mg/
mL lysozyme. While in Method 3, we followed the proto-
col developed by Qiagen (RNeasy® mini kit; Qiagen, Ger-
many). The lysozyme solution contained 30 mM Tris–HCl 
(pH 8.0), 1 mM EDTA, and 15 mg/mL lysozyme. Method 
4, our modified procedure, the lysozyme solution contain-
ing 20 mM Tris–HCl (pH 8.0), 2 mM EDTA, 1.2% Tri-
ton X-100, and 20 mg/mL lysozyme was introduced in the 

Fig. 1   Process modification during cell-lysis steps in RNA extraction. 
In Method 1, the protocols provided by rapid RNA extraction of RNe-
asy® mini kit was conducted. In Method 2, the modified Invitrogen 

protocol was conducted for cell-lysis. Cell-lysis in Method 3 was con-
ducted using bacterial RNA extraction protocol of RNeasy® mini kit. 
Method 4 was the lysis protocol developed in this study
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first step in cell-lysis. Then, ice-cold absolute ethanol was 
added into the mixture before gentle inversion for nucleic 
acid precipitation. All cell-lysis experiments were conducted 
in triplicate.

After cell-lysis, RNA was recovered and purified by load-
ing the sample to RNeasy® mini kit (Qiagen, Germany) by 
following the manufactural protocol. The RNeasy mini spin 
column was loaded with 350 μL washing buffer I (RW1). 
DNA denaturation was performed to eliminate the bound 
DNA on a silica-based membrane by treating with DNase 
I for 15 min at room temperature. Then, another 350 μL 
RW1 was loaded, and the mini spin column was centrifuged 
at 10,000 g, 15 s. After DNA denaturation, washing step 
was further performed by loading 500 μL washing buffer 
II (RPE) into the column and the column was centrifuged 
at 10,000 g, 15 s. This step was repeated by adding another 
500 μL RPE into the column and centrifugation was carried 
out at 10,000 g for 2 min. The collecting tube was replaced 
by a new one before eluting the purified RNA by 30 μL 
RNase-free water. The column was centrifuged at 10,000 g, 
1 min to collect the RNA sample. The collected RNA sample 
was then used for detection in term of recovery yield and 
RNA product purity.

Qualitative and quantitative RNA analysis

Both concentration and purity of extracted RNA were 
described from the ratios of the absorbency at 260 nm and 
280 nm, and at 260 nm and 230 nm using Nanodrop Spectro-
photometer (DS-11FX+ , DeNovix®, USA). Additionally, 
isolation of intact RNA is essential for many techniques used 
in gene expression analysis. Those require RNA of extremely 
high integrity. We determined RNA integrity of the sample 

by evaluating from the 23S and 16S rRNA bands using Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, 
USA) and RNA Integrity Number (RIN) was calculated.

Statistical analysis

Statistical analysis was performed using 3 experimental 
datasets. Mann–Whitney test was run using SPSS software 
(IBM® SPSS® statistics version 22, USA) to determine the 
p-value between pairs of the factors (sampling time and lysis 
method) and independent variables (RNA concentration, 
ratio of A260/A280, and ratio of A260/A230). The p-value less 
than 0.05 was identified as significant.

Results

Growth and viability of B. subtilis TL7‑3

Figure 2A shows the growth profile of B. subtilis TL7-3 
cultivated in GY medium during batch cultivation. The lag 
phase was not evident. In the first 3 h, B. subtilis TL7-3 
grew at a slow rate as observed from a slowly increasing 
cell density (OD600) in this early log stage. Later, the culture 
entered the mid log where the apparent growth rate was the 
highest. After 12 h, the culture approached the late log stage 
before entering to the stationary stage at 15 h. The fermenta-
tion was carried out until 24 h without the evidence of the 
death stage. Spores were slowly formed since the beginning 
of fermentation. After 6 h, sporulation became noticeable. 
At 15 h, the total spore counts equaled the vegetative cell 
counts. Later, it was observed that the total number of spores 
were more than those of vegetative cells. The appearance of 

Fig. 2   Growth kinetics of B. subtilis TL7-3 grown in GY medium at 
37 °C (A). Shown are the optical density of the fermentation broth at 
600  nm and colony counting of intact cells. Error bars indicate the 
standard deviation (SD) of the mean value (n = 3). Cell morphology 

of B. subtilis TL7-3 under different physiological stages (B). The 
endospores (appeared in green) were stained by Malachite Green 
while Safranin O was used as a counterstain to dye the vegetative 
cells (appeared in red). (Color figure online)
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these metabolically dormant cells implied that the subpopu-
lations entered sporulation in response to the metabolic reg-
ulation that relied on a series of feedback and feed-forward 
loops in the cell cycle development program. As the results, 
they could survive under unfavorable physical and chemical 
conditions [2, 3].

It should be noted that similar profiles of cell density and 
total viable cell counts in term of CFU/mL clearly stated that 
the samples used in RNA extraction and purification were 
from the intact cells.

Action of lysozyme influenced RNA extraction

Gram-positive bacteria have a single lipid membrane sur-
rounded by a cell wall incorporated a thick layer of pep-
tidoglycan [12]. Lysozyme is an enzyme that cleaves 
peptidoglycan in bacterial cell walls by catalyzing the 
hydrolysis of β-(1,4) linkages between N-acetylglucosamine 
and N-acetylmuramic acid. Therefore, lysozyme promotes 
the enabling denaturation of lysis buffer at the plasma mem-
brane [7, 8].

The action of lysozyme on B. subtilis TL7-3 cell wall 
disruption was clearly observed from the increasing RNA 
recovery yield (Table 1). As expected, the lowest RNA yield 
was obtained from the RNA extraction process without 
lysozyme pretreatment. This indicated that the multiple coat 
layers comprising of peptidoglycan and other glycopolymers 
in the cell wall of B. subtilis TL7-3 hindered the transport 
of the lysis buffer; therefore, cell membrane denaturation 
process was incomplete, and eventually resulting in diffi-
culties in transport of the cellular components throughout 
cytoplasmic membrane and cell wall [9].

Increasing lysozyme loading [from 10 mg/mL (in Method 
2) to 15 mg/mL (in Method 3) and 20 mg/mL (in Method 4)] 
and incubation time [from 5 min (in Method 2) to 10 min 
(in Method 3) and 30 min (in Method 4)] enhanced RNA 
recovery (Table 1). RNA recovery yield obtained from 
Method 4 was significantly higher than other methods 

(p-value < 0.05). While Method 1 without lysozyme pre-
treatment, the significantly lowest RNA concentration was 
obtained (p-value < 0.05). By this, the action of lysozyme in 
breaking down the cell wall structure was clearly elucidated. 
This could further promote membrane denaturation process 
by the lysis buffer. Temperature was found to be responsible 
for promoting the action of lysozyme in hydrolysis of pepti-
doglycan. Unlike in Method 2 and Method 3, the incubation 
temperature was set at 37 °C during lysozyme pretreatment 
in Method 4. This temperature was claimed to be an optimal 
condition for lysozyme pretreatment [13].

Bacterial growth stages and sporulation seemingly 
affected RNA extraction. Multiple coat layers of peptidogly-
can and other glycopolymers were dynamically developed 
through the growth stages in response to environmental con-
ditions such as availability of nutrients, changes of physical 
pH and temperature [8, 12]. The highest RNA concentration 
especially during the late log and stationary stages obtained 
in Method 4 in comparison to the other 3 methods revealed 
that the effect of enzyme loading, and incubation time were 
more profound during sporulation when the cell envelopes 
became much more rigid as the coated layers protected the 
spore from enzymatic degradation by lysozyme, for example 
(Fig. 2B) [2, 3].

Protein removal during cell‑lysis

Purification of intact RNA from samples is required in sev-
eral molecular biology applications. Complete removal of 
cellular lipids and proteins including cellular proteases dur-
ing cell-lysis prior to RNA purification can provide good 
results in their further uses [6]. The lysate obtained from 4 
different cell-lysis methods was subjected to further RNA 
recovery and purification by loading the supernatant into 
the RNeasy mini spin column where other components in 
the lysate were not bound to the column and the DNA was 
denatured. RNA purity was determined using the ratios of 
absorbency. An A260/A280 ratio of 1.8 for DNA and 2.0 for 

Table 1   Total RNA extracted 
from intact B. subtilis TL7-3 
cell pellets collected during 
batch fermentation

B. subtilis TL7-3 cell pellets at 107  CFU/mL were subjected to different cell-lysis methods followed by 
RNA purification using RNeasy® mini kit
The values indicate mean ± SD (n = 3)
*Indicates a factor is significantly different from 9, 12 and 15 h (p-value < 0.05)
**Indicates the factors are significantly different from each other methods. (p-value < 0.05)

Cell-lysis methods RNA concentration (ng/μL) at

3 h* 6 h 9 h 12 h 15 h

Method 1** 32.90 ± 6.09 22.07 ± 2.29 26.26 ± 2.56 21.13 ± 2.04 18.24 ± 1.02
Method 2 566.30 ± 6.36 70.24 ± 4.82 75.72 ± 2.66 51.17 ± 1.45 46.59 ± 7.70
Method 3 1184.54 ± 30.76 617.84 ± 12.52 129.69 ± 23.97 56.11 ± 11.20 50.55 ± 8.90
Method 4**
(This work)

1875.04 ± 25.85 975.40 ± 22.30 727.16 ± 23.51 398.38 ± 6.82 346.89 ± 36.41
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RNA indicates pure nucleic acid preparation, i.e., protein 
free [14, 15]. Table 2 shows protein contamination in the 
RNA samples of B. subtilis TL7-3. The highest protein 
contamination in the RNA samples was observed from the 
lysates obtained by Method 1. With the lowest nucleic acid 
contents released from the samples as a result of incomplete 
cell-lysis (Table 1) and the one-step precipitation and wash-
ing of nucleic acids using 70% ethanol, this could carry over 
the contaminated proteins into the mini spin column where 
RNA purification was performed [11, 16]. Therefore, the 
poor A260/A280 ratios were obtained.

With the lysozyme pretreatment, a lower protein contam-
ination was observed in the RNA samples obtained from 
cell-lysis Method 2, 3, and 4. This could be explained by 
the significantly improved RNA yields obtained from these 
3 methods in comparison to those in Method 1. As a result, 
the improved A260/A280 ratios were achieved. The highest 
A260/A280 ratios were obtained from the RNA samples pre-
pared by Method 2. The purity of RNA samples obtained 
from Method 3 and Method 4 are similar during the early 
and mid-log stages of growth. When growth entered the late 
log and stationary stages, RNA purity of the samples pre-
pared by Method 3 was decreased as observed from A260/
A280 lower than 2.00. The lower RNA purity during the late 
stage of growth when sporulation became pronounced as a 
consequence of the lower RNA yield due to incomplete cell 
disruption.

Although Proteinase K was added during 10-min 
lysozyme treatment to facilitate protein denaturation, this 
indicated that the lysis conditions in Method 3 were not 
applicable for rigid cell wall disruption like cells at late stage 
of growth or during sporulation. Several studies reported 

different protocols for several microbes to eliminate proteins 
from the nucleic acid samples. The most common technique 
for concentration and purification of nucleic acids is precipi-
tation in absolute ethanol while 70% ethanol is for washing 
[11]. Here, we found that precipitation of nucleic acids with 
either 70% ethanol or absolute ethanol after lysozyme pre-
treatment sufficiently eliminated proteins in the nucleic acid 
samples before loading the samples for RNA purification in 
the mini spin column where DNA denaturation occurred by 
treating with DNase I.

A260/A230 as a sensitive indicator of contaminants

While A260/A280 reveals the type of nucleic acid pre-
sent (dsDNA or RNA) and provides a rough indication 
of protein contamination, the A260/A230 is the sensitive 
indicator of contaminants that absorbs at 230 nm. These 
contaminants including chaotropic salts such as guanidine 
thiocyanate (GTC) and guanidine hydrochloride (GuHCl), 
EDTA, non-ionic detergents like Triton X-100 and Tween 
20, proteins, and phenol are several more than those 
absorbing at 280 nm. Polysaccharides or free-floating solid 
particles like silica fibers also absorb at 230 nm [14, 17]. 
Table 2 depicts the RNA samples contaminated by the 
chemicals absorbing at 230 nm by the ratios of A260/A230. 
Typically, A260/A230 ratio of 2.1–2.3 was reported for pure 
RNA. Using 70% ethanol for simultaneously precipitat-
ing nucleic acids and washing during cell-lysis could only 
eliminate some proteins but buffer contaminants remained. 
As a result, the A260/A230 ratios of RNA samples obtained 
by Method 1 and Method 2 were significantly lower than 
the others (p-value < 0.05). On the other hand, using 

Table 2   Extracted RNA samples of B. subtilis TL7-3 contaminated by protein, salts, non-ionic detergents, proteins, and phenol

B. subtilis TL7-3 was cultivated in GY medium during batch cultivation. Cell pellets at 107 CFU/mL collected during batch cultivation in GY 
medium were subjected to RNA extraction using different cell-lysis methods followed by purification using RNeasy® mini kit
The values indicate mean ± SD (n = 3)
**Indicates the factors are significantly different from each other methods. (p-value < 0.05)
***Indicates a factor is significantly different from 6, 12 and 15 h (p-value < 0.05)
****Indicates the factors are significantly different from each other methods. (p-value < 0.05)
*****Indicates a factor is significantly different from method 1 and 2 (p-value < 0.05)

RNA con-
tamination 
indicator

A260/A280 ratio A260/A230 ratio

Cell-lysis 
methods

Method 1 Method 2** Method 3 Method 4 Method 1**** Method 2**** Method 3 Method 4*****

Cell sample at
3 h 3.45 ± 0.21*** 2.77 ± 0.18 2.09 ± 0.02 2.10 ± 0.02 0.09 ± 0.06 0.13 ± 0.05 2.40 ± 0.04 2.38 ± 0.04
6 h 1.57 ± 0.31 2.74 ± 0.08 2.08 ± 0.01 2.10 ± 0.04 0.07 ± 0.04 0.19 ± 0.05 2.26 ± 0.04 2.37 ± 0.03
9 h 2.11 ± 0.11 2.57 ± 0.25 2.08 ± 0.03 2.07 ± 0.02 0.17 ± 0.10 0.26 ± 0.03 2.35 ± 0.09 2.38 ± 0.04
12 h 1.25 ± 0.14 3.17 ± 0.16 1.78 ± 0.07 2.09 ± 0.01 0.53 ± 0.21 0.35 ± 0.07 0.56 ± 0.02 2.13 ± 0.04
15 h 1.13 ± 0.14 2.77 ± 0.06 1.40 ± 0.38 2.10 ± 0.05 0.06 ± 0.03 0.55 ± 0.40 0.28 ± 0.04 2.36 ± 0.07
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absolute ethanol gave a better result in removal of contam-
inants absorbing at 230 nm as observed from higher ratios 
of A260/A230 of the RNA samples obtained by Method 3 
and Method 4. It was noticed that the significant decrease 
in A260/A230 ratios of the RNA samples at 12 h and 15 h 
obtained by Method 3 was due to failure in cell disruption 
when the cell wall became more rigid after entering the 
late stage of growth and sporulation.

As aforementioned, the ratios of A260/A280 and those of 
A260/A230 of the RNA products purified using Method 4 
are higher than 2.0 and 2.1, respectively, for all cell sam-
ples in regardless of their physiological stages (vegetative 
cells vs. spores). Therefore, the RNA samples obtained by 
our modified procedure (Method 4) are considered to be 
clean and suitable for use in the downstream applications.

RIN number indicating RNA integrity

Not only concentration and purity are required, but integrity 
of RNA samples is also necessary. The RIN was evaluated 
for validation of the intact RNA. RIN values indicate overall 
RNA integrity by determining the ribosomal 23S/16S ratio, 
with a score from 1 (degraded RNA) to 10 (intact RNA). In 
gene expression study, RIN value greater than 8.0 is essen-
tial for successful downstream applications [18, 19]. Fig-
ures 3, 4, 56 show the electropherograms of RNA extracted 
using 4 different cell-lysis methods. We observed the low 
RIN values of all RNA extracted from cell samples collected 
during different stages when the cells were subjected to lysis 
protocol using Method 1 (the highest obtained RIN value 
was only 4.80) and Method 2 (the highest obtained RIN val-
ues was 6.80) (Figs. 3, 4). The low RNA concentration of the 

Fig. 3   Electropherograms of RNA of B. subtilis TL7-3 under different growth stages, i.e., A 3 h; B 6 h; C 9 h; D 12 h; and E 15 h using Method 
1 during cell-lysis
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samples extracted by Method 1 was believed to be responsi-
ble for the low RIN values. While rigorous mixing by vor-
texing during nucleic acid precipitation was claimed to cause 
RNA degradation during cell-lysis protocol using Method 2. 
Unlike those of Method 1 and Method 2, the obtained elec-
tropherograms of the RNA samples obtained from Method 
3 and Method 4 showed clear peaks, corresponding to 16S 
rRNA and 23S rRNA as the evidence of low RNA degra-
dation (Figs. 5, 6). The resulting RIN values greater than 
8.0 were acquired in all cell samples collected throughout 
the fermentation indicating that gently inverting instead of 
vortexing helped prevent RNA damage during nucleic acid 
purification step. Thus, this confirmed the great RNA integ-
rity for further downstream usages. Nevertheless, it should 
be noted that the RNA yield (Table 1) and purity (Table 2) 

of the cell samples extracted by Method 3 at late stage of 
growth were significantly low when sporulation became pro-
found. Thus, RNA extraction by Method 3 is not suitable 
for cell samples with the high content of endospores. From 
Tables 1, 2 and Fig. 6, we can claim that our modified RNA 
extraction approach could enhance RNA yield as well as 
maintaining the integrity of the RNA samples.

Discussion

Bacillus sp., the spore-forming Gram-positive bacterium 
lacks the outer membrane while it has a much thick cell wall 
incorporated multilayers of peptidoglycan, teichoic acids, 
and other glycopolymers [12]. Bacillus sp. is ubiquitous 

Fig. 4   Electropherograms of RNA of B. subtilis TL7-3 under different growth stages, i.e., A 3 h; B 6 h; C 9 h; D 12 h; and E 15 h using Method 
2 during cell-lysis
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and readily adapts when exposed to environmental altera-
tion. Under environmental stress, Bacillus sp. initiates vari-
ous survival mechanisms. One of those is sporulation for 
generating a metabolically inactive dormant cell so called 
endospore which is able to survive under harsh conditions 
until the preferred growth conditions are restored [2].

Extraction and purification of RNA in spore-forming 
Gram-positive bacteria like Bacillus sp. usually suffers from 
the low product yield especially during sporulation. It was 
claimed that cell-lysis played a crucial role in effective RNA 
extraction procedure [20, 21]. Those lysis techniques are 
categorized into 2 groups; (1) Mechanical cell-lysis using 
homogenizer and bead milling and (2) Non-mechanical 
cell-lysis using alkali, detergent, enzyme, heat, and osmotic 
shock [22]. To acquire a high-quality RNA product of B. 
subtilis collected at different physiological stages, it is 

essential to determine the rapid, non-biased yet effective 
procedure that eases cell-lysis and enhances RNA recov-
ery without leading to RNA damage [23, 24]. Although the 
lysozyme pretreatment together with Trizol reagent tech-
nique was claimed to promote cell-lysis; therefore, enhanced 
RNA extraction that yielded high RNA quality, this pro-
tocol is seemingly a time-consuming process (nearly 4 h) 
and harsh reagents (phenol–chloroform) are required during 
RNA recovery [9]. While there is no optimal RNA recovery 
from intact cells for all morphological and physiological 
stages, a rapid general procedure yet efficiently providing 
high-quality RNA product is preferable to the time-consum-
ing standard. Here we reported a rapid, simple technique 
that allowed proper cell lysis for both vegetative cells and 
endospores of B. subtilis TL7-3, the model strain, prior to 
RNA extraction using the RNeasy® mini kit. Our rapid 

Fig. 5   Electropherograms of RNA of B. subtilis TL7-3 under different growth stages, i.e., A 3 h; B 6 h; C 9 h; D 12 h; and E 15 h using Method 
3 during cell-lysis
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procedure with no harsh reagents yielded high quality RNA 
products by using lysozyme pretreatment at proper loading 
ratio combined with protein precipitation by absolute etha-
nol at the suitable temperature and time. With proper opti-
mization on lysozyme loading (20 mg/mL) and pretreatment 
temperature (37 °C) and time (30 min), this promoted the 
breakage of β-(1,4) bonds and therefore enhanced the cell 
disruption process by the lysis buffer of cell samples col-
lected at different physiological and morphological stages. 
The complete cell-lysis yielded high RNA concentration and 
subsequently allowed effective protein precipitation by abso-
lute ethanol without uses of Proteinase K and any reagents 
to protect RNA products. This resulted in low impurities 
remained in the RNA products as observed from the high 
values of A260/A280 and A260/A230 ratios. Not only the high 
RNA purity could be acquired, but the high RIN values also 

indicated the intact RNA products were obtained by our sim-
ple yet effective modified protocol.

Conclusion

In summary, by optimizing lysozyme loading, incubation 
time, and temperature, this helped facilitate RNA recovery. 
Gently inverting prevented RNA damage during protein 
precipitation by ethanol while providing sufficient nucleic 
acid purification. By this, we successfully obtained a large 
quantity of RNA products with the sufficiently high purity 
and integrity that could be applicable for further molecular 
downstream applications. Collectively, the results obtained 
in this study emphasized the importance of cell lysis and 
protein precipitation during RNA extraction throughout all 

Fig. 6   Electropherograms of RNA of B. subtilis TL7-3 under different growth stages, i.e., A 3 h; B 6 h; C 9 h; D 12 h; and E 15 h using Method 
4 during cell-lysis
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stages of growth. Here we can state that our developed pro-
cedure can be implemented in other microorganisms, not 
limited the model organism we tested, being cultivated under 
varied physiological stages to validate its versatile usage in 
the future.
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