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Introduction

Heat shock RNA-1 (HSR1) is claimed to be a novel

eukaryotic noncoding RNA that plays a pivotal role in

inducing the expression of heat-shock protein genes by

activating heat-shock transcription factor 1 [31, 32]. The

HSR1 RNA sequence, which was first isolated from the

hamster kidney cell line BHK-21, was reported to be ~2-kb-

long with a poly(A) tail. The core segment was 604-bp-long

without the poly(A) tail. Human HSR1 was isolated from a

human cell line; it differed from the hamster HSR1 by only

4 bp [31]. Subsequently, highly conserved HSR1 sequences

were found to be present in other animals and plants,

including Drosophila, Caenorhabditis elegans, and Arabidopsis

(US patents “US 8067558 B2” and “US 7919603 B2”).

The novelty and importance of HSR1 have been highly

recognized and it has been widely acknowledged as a

potential RNA thermometer in eukaryotes, including

humans [2, 3, 9, 18, 26, 27, 37]. However, a study suggested

that HSR1 is derived from a bacterial species of the order

Burkholderiales [14]. It showed no nucleotide sequence

similarity to any eukaryotic sequences in the publicly

available sequence database, although a large number of

eukaryotic genome sequences were available. Instead, the

hamster HSR1 sequence showed high similarity to those of

bacterial proteins and marginal similarity to bacterial

genomic sequences. The 3’-half of the HSR1 sequence was

predicted to harbor a part of the sequence of the voltage-

gated chloride channel protein gene, which is present in a

wide variety of bacterial species. The 5’-half showed

marginal nucleotide sequence similarity to the 5’-upstream

region of the gene encoding the channel protein of

Burkholderia, Delftia, and Ralstonia species. Based on this

observation, it was proposed that HSR1 had originated

from a bacterial genome, either by infection or by horizontal

gene transfer [14].

In this study, we confirmed the bacterial origin of HSR1.

A sequence virtually identical to that of HSR1 was found in

a genomic contig sequence of Comamonas testosteroni

(previously known as Pseudomonas testosteroni) strain JL14.
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Heat shock RNA 1 (HSR1) is described as a “eukaryotic heat-sensing noncoding RNA” that

regulates heat shock response in human and other eukaryotic cells. Highly conserved HSR1

sequences have been identified from humans, hamsters, Drosophila, Caenorhabditis elegans, and

Arabidopsis. In a previous study, however, it was suggested that HSR1 had originated from a

bacterial genome. HSR1 showed no detectible nucleotide sequence similarity to any eukaryotic

sequences but harbored a protein coding region that showed amino-acid sequence similarity

to bacterial voltage-gated chloride channel proteins. The bacterial origin of HSR1 was not

convincible because the nucleotide sequence similarity was marginal. In this study, we have

found that a genomic contig sequence of Comamonas testosteroni strain JL14 contained a

sequence virtually identical to that of HSR1, decisively confirming the bacterial origin of

HSR1. Thus, HSR1 is an exogenous RNA, which can ectopically trigger heat shock response in

eukaryotes. Therefore, it is no longer appropriate to cite HSR1 as a “eukaryotic functional

noncoding RNA.”
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Based on this observation, it is argued that HSR1 is not a

eukaryotic temperature-sensing noncoding RNA but a

foreign RNA derived from a bacterial genome.

Materials and Methods

The information on HSR1 sequences was obtained from the

patents “US 8067558 B2” and “US 7919603 B2” (accessed online,

The Lens; https://www.lens.org). The sequences were retrieved

from the “Patent” division of the National Center for Biotechnology

Information (NCBI) “Nucleotide” database by using the aforementioned

patent numbers as queries.

Sequence similarity searches of sequence databases were performed

using the NCBI BLAST server (http://blast.ncbi.nlm.nih.gov/

Blast.cgi) [13]. BLASTN searches of the reference bacterial

genomic and whole-genome shotgun assembly sequences (BLAST

database “refseq_genomic”) were performed using HSR1 sequences

as queries. Matched genomic contigs were retrieved and aligned

segments were extracted. Pairwise alignments were performed

using the FASTA program ver. 36.3.6 (http://faculty.virginia.edu/

wrpearson/fasta/fasta36) [25]. Multiple sequence alignments

were generated using the MUSCLE program ver. 3.8.31 (http://

www.drive5.com/muscle) [6]. 

Comamonas genome sequences were downloaded from the

NCBI Genome database (http://www.ncbi.nlm.nih.gov/genome/

genomes/859). The percent identity plot was generated using the

MultiPipMaker Web server (http://pipmaker.bx.psu.edu/pipmaker)

[30].

Results and Discussion

The HSR1 sequence was claimed to be elucidated

initially from humans and hamsters, and subsequently

from Drosophila, C. elegans, and Arabidopsis [31, 32]. These

sequences were available in the “Patent” division of the

NCBI “Nucleotide” database (Table 1). The NCBI accession

numbers were GY530733 (human), GY530732 (hamster),

GY530763 (Drosophila), GY530766 (C. elegans), and GY530764

(Arabidopsis); the length of these sequences was 562 bp

(human), 604 bp (hamster), 605 bp (Drosophila and C. elegans),

and 217 bp (Arabidopsis). The Arabidopsis sequence contained

some ambiguous nucleotides (N), suggesting a low sequencing

quality. The HSR1 sequences from these organisms showed

strong similarity to one another, with differences in only

some nucleotides. In fact, the C. elegans HSR1 sequence was

identical to the Drosophila HSR1 sequence.

Sequence similarity searches of HSR1 sequences against

the NCBI bacterial genome sequence database by using the

BLASTN program showed that an almost identical sequence

was present in a genomic contig (“contig66”; NCBI Accession

No. NZ_AWTN01000134) of C. testosteroni strain JL14 (Fig. 1).

The human HSR1 sequence showed 99.4% identity in the

544 bp overlap region with the “contig66” of C. testosteroni

JL14. Other animal HSR1 sequences showed similar levels

of identity: hamster, 98.5% identity in the 548 bp overlap

region; and Drosophila, 98.4% identity in the 561 bp overlap

region. The 217-bp-long Arabidopsis HSR1 sequence showed

94.7% identity in the 113 bp overlap region. The presence

of a sequence virtually identical to that of HSR1 in a

bacterial genome confirmed the previous suggestion that

HSR1 RNAs are derived from a bacterial genome [14].

As previously identified, the HSR1 sequence matched

the 5’-upstream region and 5’-part of a gene encoding a

voltage-gated chloride channel (NCBI Accession No.

WP_034383148). The channel protein, a member of the

“ClC_sycA_like” chloride channel protein family (NCBI

CDD Accession No. cd03682), confers acid resistance to the

bacterial species [12, 28]. The inferred protein sequence

from HSR1 was almost identical to that of a protein of

C. testosteroni JL14, which showed strong similarity with

other bacterial voltage-gated chloride channel proteins

(Fig. S1 and Table S1).

Table 1. Sequence information cited in this study.

Accession No. Length Definition Organism

GY530733.1 562 Sequence 2 from patent US 8067558 Human

GY530732.1 604 Sequence 1 from patent US 8067558 Hamster

GY530763.1 605 Sequence 33 from patent US 8067558 Drosophila (identical to GY530766)

GY530766.1 605 Sequence 36 from patent US 8067558 Caenorhabditis elegans (identical to GY530763)

GY530764.1 217 Sequence 34 from patent US 8067558 Arabidopsis (identical to a part of GY530761)

GY530761.1 1,080 Sequence 31 from patent US 8067558 Unknown (contains GY530764)

NZ_AWTN01000134.1 13,893 Comamonas testosteroni strain JL14 contig66, 

whole-genome shotgun sequence

Comamonas testosteroni JL14

NZ_KE384553.1 457,580 Solimonas flava DSM 18980 K343DRAFT_scaffold00004.4, 

whole-genome shotgun sequence

Solimonas flava DSM 18980 
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C. testosteroni strain JL14 was isolated from antimony mine

soil [19]. Comamonas species, which are members of the

order Burkholderiales, are commonly found in soil, mud,

and water as well as in animal tissues and blood, clinical

samples, and the hospital environment [36]. Although

C. testosteroni has rarely been implicated as a human

pathogen, there have been some cases of bacteremia due

to C. testosteroni infection, some of which were fatal [7, 23,

24, 34].

In addition, a 1080-bp-long HSR1 sequence was isolated

from an unknown organism (NCBI Accession No. GY530761).

This sequence contained many ambiguous nucleotides,

especially at both ends, indicating that the sequence was

not comprehensively determined. The sequence from 434

to 650 bp of the HSR1 sequence of the unknown organism

was identical to the entire sequence of Arabidopsis HSR1,

including seven ambiguous nucleotides (Fig. 2A). Therefore,

it was assumed that the sequence GY530761 was also

isolated from Arabidopsis. The 5’-part (433 bp) and 3’-part

(430 bp) surrounding the Arabidopsis HSR1 sequence showed

sequence similarity to each other in the reverse direction.

The 5’- and 3’-parts of the unknown sequence also showed

strong sequence similarity to bacterial genome sequences.

The most similar sequence in the current NCBI database is

a genomic contig segment “K343DRAFT_scaffold00004.4”

(NCBI Accession No. NZ_KE384553) of Solimonas flava

(originally known as Sinobacter flavus) strain DSM 18980

[33, 40] (Fig. 2B). The S. flava genomic segment showed

92.5% identity in the 400 bp overlap region with the 5’-part

and 80.1% identity in the 402 bp overlap region with the 3’-

Fig. 1. Multiple alignment of HSR1 sequences and the C. testosteroni strain JL14 genomic “contig66.” 

A part of the C. testosteroni strain JL14 “contig66” (from residue 6387 to residue 5697) and the full-length sequences of human, hamster, Drosophila,

and Arabidopsis HSR1 RNAs were multiply aligned. Sequences that are conserved in two or more species are highlighted against a gray

background. The amino acid sequence of the voltage-gated chloride channel protein is shown at the top. The start codon is highlighted against a

black background. Table 1 lists the NCBI accession numbers of these sequences.
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part of the unknown sequence. The matched genomic segment

included parts of two protein-coding genes: 3’-part of

ubiquinol-cytochrome C reductase (NCBI Accession No.

WP_028009503) and 5’-part of cytochrome B (WP_043113184).

These two proteins were arranged in a tail-to-head manner;

the start codon of the cytochrome B gene immediately

followed the stop codon of the ubiquinol-cytochrome C

reductase gene.

The unknown HSR1 sequence, which was probably

isolated from an Arabidopsis sample, was a hybrid molecule

with the central part from C. testosteroni and two terminal

parts from Solimonas-related species. It is likely that the

unknown sequence originated from the fusion of cDNA or

genomic DNA molecules derived from two different bacterial

species during cDNA preparation or PCR amplification.

The C. testosteroni fragment could have originated from

contaminated “animal” HSR1 molecules. The S. flava fragment

could be derived from soil contaminants during the

preparation of the Arabidopsis sample, because Solimonas

bacteria have mainly been isolated from soil [15, 16].

Currently, there are 19 genome sequence assemblies of

C. testosteroni strains in the NCBI genome sequence database

[8, 10, 19, 20, 29, 39]. However, the HSR1 sequence was

identified only in C. testosteroni strain JL14. When the JL14

“contig66” was aligned with the other 18 C. testosteroni

genome assemblies, only strain JL14 was shown to harbor

the HSR1 sequence as well as the voltage-gated chloride

channel protein gene sequence (Fig. 3). Interestingly, an

integrase gene (NCBI Accession No. WP_034383169) was

found adjacent to the channel protein gene, indicating that

the segment containing the HSR1 sequence was part of a

mobile genetic element, probably an integrative conjugative

element [4, 38]. It is likely that this segment has been

mobilized into C. testosteroni strain JL14 from a closely

related Burkholderiales species, because the channel protein

showed a strong sequence similarity to orthologous proteins

found in other Burkholderiales species [14]. This could

explain why only strain JL14 carried the HSR1 sequence,

Fig. 2. Structure of the HSR1 sequence of an unknown organism and comparison with the genomic sequence of Solimonas species. 

(A) The HSR1 sequence of an unknown organism is composed of three parts. The central part is identical to the Arabidopsis HSR1 sequence. The

two flanking regions are palindromic to each other. (B) The flanking sequences “Unknown-5p” and “Unknown-3p” show strong similarities with

a genomic segment of Solimonas species. Positions that are conserved in two or more sequences are highlighted against a gray background. The

amino acid sequences of S. flava DSM 18980 ubiquinol-cytochrome C reductase and cytochrome B are shown at the top. An asterisk (*) indicates

the stop codon of the ubiquinol-cytochrome C reductase. The start codon of the cytochrome B is highlighted against a black background.
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unlike the other strains. The mobile element containing HSR1

harbors a voltage-gated channel protein, which provides

acid resistance so that it may be beneficial to the bacteria in

an acidic soil environment [12, 28].

It is interesting how RNA molecules with a bacterial

origin could be isolated from various eukaryotic cells, with

a role in the modulation of eukaryotic heat shock response

[31]. Two explanations are possible: (i) eukaryotic cells may

have identified bacterial RNA molecules to regulate protein

activity and gene expression as a defense mechanism [1, 21]

or (ii) eukaryotic cells may ectopically respond to foreign

RNA molecules that are transferred from bacterial to

eukaryotic cells possibly via outer membrane vesicles [5,

17]. It is well known that eukaryotic cells respond to

Fig. 3. Comparison of the genomic sequences of C. testosteroni. 

The C. testosteroni JL14 “contig66” sequence was compared with 18 other genome assemblies of C. testosteroni strains by using the MultiPipMaker

Web server. The segment identical to the HSR1 sequence is marked with a vertical gray bar. The sequences encoding the integrase, voltage-gated

chloride channel, and sulfate transporter (NCBI accession numbers: WP_034383169, WP_012347091, and WP_003052400, respectively) are

indicated at the bottom.
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exogenous RNAs; environmental RNA interference is an

example of this [11, 22, 35]. Therefore, it is possible that

RNA molecules derived from bacteria affect on the

eukaryotic heat shock response, although it may not be

their original function.

In summary, HSR1 noncoding RNAs, claimed to be

isolated from eukaryotic cells, were confirmed to have

originated from a bacterial genome. The eukaryotic heat

shock response may be ectopically triggered by the exogenous

HSR1 RNA molecules. Therefore, it is no longer appropriate

to cite HSR1 as a “eukaryotic functional noncoding RNA.”
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