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Abstract

Background: Using next-generation-sequencing technology to assess entire transcriptomes requires high quality starting
RNA. Traditionally, the ratios of 23S to 16S ribosomal RNA bands from agarose gel electrophoresis have been used to judge
integrity of RNA. Currently, RNA quality is routinely judged using automated microfluidic gel electrophoresis platforms and
associated algorithms.
Findings: Here we report that the two most popular automated platforms (i.e., BioAnalyzer and Experion systems of Agilent
Technology and Bio-Rad Laboratories respectively) and their associate algorithms are based on limited data sets of model
organisms. The systems perform data interpretation with presumption that prokaryotic rRNA molecules are eluted in two
unique peaks corresponding to 23S and 16S molecules. However, certain microorganisms carry intervening sequences in their
rRNA structural genes that are subsequently excised during ribosome formation. In such instances, the 23S and 16S rRNA
components are eluted in multiple peaks. As a result, current algorithms used by microfluidic platforms read such samples
as ‘degraded’ and assign them poor RNA quality scores. We observed RNA isolated from several Citrobacter and Salmonella
isolates generated false quality scores and low 23S to 16S ribosomal RNA ratios.
Conclusions: For RNA-sequencing projects involving non-model organisms, relying solely on automated algorithms for
‘quality control’ of RNA could be misleading. Multiple peaks corresponding to 23S or 16S RNA could be due to occurrence of
multiple intervening sequences in rRNA genes.
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Background

The decreasing cost and increasing availability of nextgeneration sequencing (NGS) technology will lead the way to
its wide ranging applications across the fields of microbiology
[9]. One powerful application of NGS technology is sequencing
an organism’s entire mRNA population, allowing for highresolution gene expression studies. Obtaining high quality
RNA preparations is extremely important in such experiments.
Researchers have relied on guidelines such as a high ratio
of A260/A280 (>2.0) to measure RNA purity, and a high ratio of
23S rRNA to 16S rRNA (~1.5) to measure RNA integrity [14].
More recently, gel electrophoresis profiles from automated
microfluidic platforms are used to determine RNA integrity
[15,17]. However, interpretation of RNA quality by automated
methods is limited by the associated algorithms, which are
constructed from a limited number of biological samples and
biased for eukaryotic RNA analyses. A number of prokaryotes
do not possess intact 23S rRNA molecules [7], which is not
accounted for by platforms using computer algorithms. Here
we report several Salmonella sp. isolates that do not carry
intact 23S rRNA, and as a result, their RNA preparations may be
erroneously judged as degraded or having low RNA integrity.

Methods

Bacterial strains and growth conditions Salmonella enterica
serovar strains paratyphi B, paratyphi A, Montevideo, and
Panama were from Salmonella Genetic Stock Center (SARB
Collection, University of Calgary, Canada). Salmonella enterica
Serovar Typhimurium strain SL1344, Escherichia coli O157:H7
EDL933, Escherichia albertii USDA 181, and Citrobacter rodentium
ATCC 51459 have been described earlier [2,3,8,11,16]. Bacterial
cultures were streaked on Luria-Bertani (LB) agar plates from
freezer stocks, and a single colony was inoculated in LB broth
and grown at 37oC in a shaker incubator for 18-20 h.

RNA isolation procedure

RNA was isolated from stationary phase cells grown in LB broth
for 18-20 h. Cells were stabilized with RNA stabilization reagent
(RSR-3) [5] and RNA was isolated using Qiagen RNeasy kit as
described before [1,5]. RNA was also isolated by suspending
cells (after RNA stabilization) in hot Trizol reagent (65 oC) and
purified using RNeasy silica columns and on-column DNase
treatment (Qiagen). After elution from Qiagen column, RNA was
treated with DNase (New England Biolabs, USA) and repurified
with a RNeasy column. DNA contamination was checked by
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PCR using primers against invA gene of Salmonella sp. [10].

Microfluidic gel electrophoresis of RNA
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with the conventional indicator such as 23S/16S ratio (i.e.,

Table 1, sample 1 vs. sample 4) (Experion platform does

not generate quality score for prokaryotic RNA samples).
Moreover, identification of 16S peak by Experion platform
was inconsistent and varied between samples (eg., 38.5 s vs.
40.6 s for samples 1 and 3 respectively; Figure 1). To minimize
any possibility of degradation, RNA was isolated from cells
suspended directly in hot Trizol reagent. Both RNA isolation
protocols gave RNA with poor 23S/16S ratios ranging from
0.3 to 0.5 (samples 1-3, Table 1). However, using the same RNA
isolation protocol, RNA from E. coli K-12 and O157:H7strain
EDL933 grown under identical conditions gave quality scores
Determination of Intervening sequences of Salmonella exceeding 8.0 with high ratio of 23S/16S rRNA (sample 4, data
sp. 23S gene
for E. coli K-12 not shown).
PCR probes were designed for helix-25 rrlH-F1
A literature search of prokaryotic ribosomal RNA patterns
(5’GCGCCGGTAAGGTGATATG 3’) and rrlH-R1 (5’ revealed the existence of fragmented 23S RNA in several
GCTATCTCCCGGTTTGATTG 3’) and helix-45 rrlH-F2 genera of the family Enterobacteriaceae [13]. Fragmentation
(5’CCGATGCAAACTGCGAATAC 3’) and rrlH-R2 (5’ occurs immediately after transcription as a result of RNase III
TTCTCTACCTGACCACCTG 3’) intervening sequences [12]. These dependent excision of intervening sequences (IVSs) at two
primers are located in the rrlH gene (NC_016810.1, at positions sites within the 23S molecule: helix-25 and helix-45. The
291299 and 292227) of S. enterica serovar Typhimurium strain fragmented 23S molecule is not religated thus interrupting
SL 1344. PCR was carried out using template DNA isolated from its linear continuity [6]. The IVSs are approximately 90 bp
a single colony, and the thermal profile consisted of 30 cycles intervening sequences and have not been reported in the
of 1 min of denaturation (94oC), 1 min of annealing (56oC), and model organism E. coli, providing a possible explanation for
1 min of extension (72oC). A final extension step for 3 min at the apparent incongruity in microfluidic data for RNA integrity
72oC was performed. PCR products were electrophoresed on scores and 23S/16S ratios.
1.5% agarose gel in 0.5xTris-borate EDTA buffer.
In some Salmonella strains, IVSs occur at helix-25 and
helix-45 positions and may vary in numbers [12]. Salmonella
Results and discussion
and E. coli carry total seven ribosomal RNA synthesis genes (rrl)
Formaldehyde-containing agarose gel electrophoresis patterns per chromosome and in each Salmonella enterica strain the
have been historically used to determine RNA integrity. occurrence of IVSs across all rrl genes within a chromosome
Samples having a 23S ribosomal band at twice the intensity of is highly variable. In order to ascertain if IVSs are indeed the
16S ribosomal band (28 S and 18 S for eukaryotic RNA) were cause of poor RNA integrity scores and low 23S/16S ratios
considered to have intact RNA molecules with high integrity we designed primers specific to helix-25 and helix-45 of
[14]. However, with the advent of capillary electrophoresis Salmonella enterica serovar Typhimurium strain SL1344 and
and microfluidic chip based procedures, RNA samples can be E. coli. Using these PCR primers 731 and 733 bp amplicons for
separated into different integrity categories [15,17]. Currently helix-25 and helix-45 positions, respectively, were generated
two major microcaplillary electrophoretic RNA separation in E. coli where IVSs are absent (data not shown). On the other
systems (BioAnalyzer, Agilent Technology, USA and Experion, hand, a higher molecular weight amplicon (~830 bp) was
Bio-Rad Laboratories, USA) are in wide use. Both methods generated from those rrl loci which harbored IVSs (Figure 1).
automatically compare features from a single electrophoretic Our PCR data corroborates earlier reported IVSs in helix-25
run and the data are analyzed with a proprietary regression and helix-45 positions [12]. As expected, RNA from Salmonella
models in order to estimate RNA quantity and integrity. The strains which do not carry IVSs in either of the helixes such
final output of the quality analysis is expressed on a 1 to as serovar Montevideo strain SARB-30, serovar Panama
10 arbitrary scale as either RNA Integration Number or RIN strain SARB-40, and serovar Paratyphi A strain SARB-42
or RNA Quality Indicator or RQI (BioAnalyzer and Experion (Figure 1, lanes 9-14) [12], gave high RNA integrity scores and
platforms respectively).
high 23S/16S ratios on both microfluidic platforms (Table 1,
When we performed RNA extraction on different Salmonella samples 6-8). Conversely, strains that were shown by PCR
isolates we observed that previously tried and trusted RNA to contain IVSs (Figure 1, lanes 1-8, 15 and 16) yielded RNA
isolation protocols established in this laboratory [1,4,5] with lower RNA integrity scores (Table 1, samples 1-3, and 5).
generated either poor 23S/16S ratios (Table 1, sample 1) Also it may be noted that both platforms generated identical
and/or poor ‘Quality Scores’ (Table 1, samples 2 and 3) on electropherogram patterns (Table 1, samples 6 and 7 vs. 8
both microfluidic platforms. Additionally, the quality score where all three species lack IVSs) although quality scores for
generated on BioAnalyzer platform was not consistent prokaryotic RNA were generated by only BioAnalyzer platform.
RNA integrity was analyzed using chip-based microcapillary
electrophoresis systems (Agilent 2100 BioAnalyzer, Agilent
Technology, USA) or Experion Bio-Rad Laboratories, USA),
RNA molecular weight ladder provided in kits was used as
reference. Electrophoretic runs were performed following
manufacturer’s instructions and the molecular weight and
integrity of bacterial RNA samples was determined using
BioAnalyzer and Experion software programs.
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Table 1. Electrophorograms of RNA isolated from different Salmonella and E. coli strains on microfluidic platforma.
Intervening
Sequences (IVSs)b
Helix-25

Helix-45

23S/16S
ratioc

RINd

1

Salmonella enterica serovar
Paratyphi B (SARB 43)

-

+

0.31

8.1

2

Salmonella enterica
serovar Typhimurium
SL1344 NalR

-

+

0.4

6.0

3

Salmonella enterica serovar
Paratyphi B (SARB-45)

-

+

0.52

7.7

Microfluidic electrophorograms
(Inset: Instrument software generated ‘virtual gel’
pattern)

Fluorescence

Strain

Fluorescence

Time (Seconds)

Time (Seconds)

Escherichia coli O157:H7
EDL933

-

-

1.5

8.5

5

Salmonella enterica
serovar Paratyphi B
(SARB-46)

-

+

1.19

9.5

6

Salmonella enterica serovar
Montevideo (SARB-30)

-

-

1.3

8.5

7

Salmonella enterica
serovar Panama (SARB 40)

-

-

1.3

8.3

8

Salmonella enterica serovar
Paratyphi A (SARB-42)

-

-

1.69

9.8

Fluorescence

4

Fluorescence

Time (Seconds)

Fluorescence

Time (Seconds)

Time (Seconds)
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Continuation of Table 1.

9

Citrobacter rodentium
ATCC 51459

Intervening
Sequences (IVSs)b
+

+

23S/16S
ratioc

RINd

0.7

6.1

Microfluidic electrophorograms
(Inset: Instrument software generated ‘virtual gel’
pattern)
Fluorescence

Strain

Time (Seconds)

10

Escherichia albertii USDA181

-

-

1.3

8.8

a: All samples were analyzed on both platforms and generated identical electrophoretic pattern.
Electrophorogram of samples 2, 6, 7, and 1 10 are from BioAnalyzer platform, and the rest of the
electrophorograms are from Experion platform.
b: Data for the occurrence of Intervening Sequences (IVSs) is based on PCR analysis (Figure 1).
c: 23S/16S ratios are reported from respective microfluidic electrophorograms.
d: Quality Score for RNA as computed by BioAnalyzer platform (RNA Integration Number or RIN)
(Experion platform generates quality scores only for eukaryotic RNA samples).

Figure 1. Detection of Intervening sequences (IVSs) in rrn loci by PCR.
PCR products which were obtained using various bacterial strains were electrophoresed using 1.5% agarose
gel in 0.5x Tris-borate EDTA buffer. The rrl gene may include IVSs at helix 25 (odd numbered lanes) and/
or at helix-45 (even numbered lanes). Lower band in each lane (~730 bp) represents PCR product from rrl
gene which has no IVSs, while slower migrating (~833 bp) band indicates presence of IVSs. Two flanking
lanes contain DNA molecular weight ladder with indicated bp sizes). DNA templates isolated from various
strains, SARB-43 (lanes 1, 2), SARB-45 (lanes 3, 4), SARB-46 (lanes 5, 6), SARB-47 (lanes 7, 8), SARB-30
(lanes 9, 10), SARB-40 (lanes 11, 12), SARB-42 (lanes 13, 14), serovar Typhimurium SL1344 (lanes 15, 16),
and E. albertii USDA 181 (lanes 17, 18).

We also examined RNA patterns in C. rodentium, which is
a mouse pathogen and excellent model to study enterohemorrhagic infections in animals [16], and the newly
emerging food borne pathogen E. albertii [11]. Based on
RNA electrophoretic patterns, IVSs appear to be present in
C. rodentium but absent in E. albertii (Figure 1, lanes 17 and
18; data not shown for C. rodentium).
Both microfluidic platforms generated identical
electrophoretic patterns for all RNA samples. However, we
observed a slight discrepancy in the quantification algorithms
of bacterial RNA among the two microfluidic platforms. In
comparison with BioAnalyzer data, the Experion system
consistently produced higher RNA estimations by a factor

of 1.54 + 0.6 (P < 0.001) and also appeared to tilt the ratio of
23S to 16S in favor of 23S by a factor of 1.11 + 0.2 (P= 0.012).

Conclusions

While automated microfluidic platforms have many advantages
such as user-independent, automated, and reproducible data
generation for RNA integrity and quantification, they have
certain limitations. For RNASeq experiments, most NextGen
sequence providers require microfluidic electropherogram
profiles to accompany samples to ensure RNA integrity. Thus,
care must be taken when evaluating microbial RNA integrity
and quantity data from microfluidic platforms to take into
account non-traditional banding patterns that may arise
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from IVSs. Specifically, in microbial RNASeq experiments of
non-model organisms, relying completely on microfluidic
platforms and on quality scores generated by the associated
algorithms could possibly mislead researchers as otherwise
perfect RNA preparations would be judged as ‘degraded’ or
as having poor 23S to 16S ratios.
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