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SUMMARY

Eukaryotic 5S rRNA, synthesized by RNA polymerase III (Pol III), is an essential component of the large ribosomal
subunit. Most organisms contain hundreds of 5S rRNA genes organized into tandem arrays. However, the genome of
the protozoan parasite Leishmania major contains only 11 copies of the 5S rRNA gene, which are interspersed and asso-
ciated with other Pol III-transcribed genes. Here we report that, in general, the number and order of the 5S rRNA genes is
conserved between different species of Leishmania. While in most organisms 5S rRNA genes are normally associated with
the nucleolus, combined fluorescent in situ hybridization and indirect immunofluorescence experiments showed that 5S
rRNA genes are mainly located at the nuclear periphery in L. major. Similarly, the tandemly repeated 5S rRNA genes
in Trypanosoma cruzi are dispersed throughout the nucleus. In contrast, 5S rRNA transcripts in L. major were localized
within the nucleolus, and scattered throughout the cytoplasm, where mature ribosomes are located. Unlike other rRNA
species, stable antisense RNA complementary to 5S rRNA is not detected in L. major.
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INTRODUCTION

In all living organisms, the 5S ribosomal RNA
(rRNA) is an integral component of the ribosome.
It forms part of the large ribosomal subunit, together
with the 28S and 5·8S rRNAs and around 50 pro-
teins. Although the 5S rRNA has been studied for
more than 50 years, its precise function in protein
synthesis has not been totally elucidated. However,
recent data indicate that the 5S rRNA links together
and coordinates all of the functional centres of the
ribosome (Dinman, 2005). 5S rRNA also regulates
the signalling pathways that couple cell proliferation
with ribosome production (Sloan et al. 2013), and
may function as a wrench-like RNA chaperone
before completely integrating into the native 60S
subunit as a structural entity (Leidig et al. 2014).
Eukaryotic organisms usually contain from 100 to

1000 copies of the 5S rRNA genes (Torres-
Machorro et al. 2010). However, Plasmodium falcip-
arum possesses only three copies, whereas the ciliated

protozoan Euplotes eurystomus contains about a
million copies (Roberson et al. 1989). In most cases,
5S rRNA genes are organized as tandem head-to-
tail arrays in one or several loci, but 5S rRNA genes
can also be randomly scattered in the genome. RNA
polymerase III (Pol III) is responsible for the synthe-
sis of 5S rRNA, while RNA polymerase I (Pol I) pro-
duces the 18S, 5·8S and 28S rRNA molecules. 5S
rRNA genes possess a type 1 intragenic promoter,
which inXenopus laevis and other organisms consists
of a box A, an intermediate element (IE) and a box
C. These three elements constitute the internal
control region (ICR) (Schramm and Hernandez,
2002). The ICR is recognized by transcription
factor TFIIIA, a protein that contains nine zinc
fingers. The TFIIIA–DNA complex recruits
TFIIIC, which in turn promotes the binding of
TFIIIB and Pol III (Acker et al. 2013; Moir and
Willis, 2013). Transcription of the 5S rRNAgene ter-
minates within a T tract located downstream of the
coding region. Consequently, the 3′ end of the
transcript contains several U residues that have to
be removed in order to generate a mature and func-
tional 5S rRNA (van et al. 2000; van Spaendonk
et al. 2001). As it is transcribed, the 5S rRNA
acquires a distinctive secondary structure that is
highly conserved throughout nature. Immediately
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after transcription, the La protein interacts transient-
ly with the U residues present in the 3′ end of the 5S
rRNA, to protect it from exonuclease digestion
(Wolin and Cedervall, 2002). Then, ribosomal pro-
teins L5 and L11 associate with the 5S rRNA to
form the 5S ribonucleoprotein (RNP), which
migrates to the nucleolus to participate in large ribo-
somal subunit assembly. In Xenopus oocytes, 5S
rRNA is stored in the cytoplasm as 7S RNPs that
contain TFIIIA, or as 42S RNPs that contain
tRNAs and the thesaurin proteins (Viel et al. 1991).
Little is known about 5S rRNA and ribosome bio-

genesis in the early-diverging eukaryote Leishmania
major, the causative agent of cutaneous leishmaniasis
in the Old World. The genome of this trypanosoma-
tid parasite contains only 11 copies of the 5S rRNA
gene, which are interspersed and associated with
other Pol III-transcribed genes (Ivens et al. 2005).
Interestingly, out of the three transcription factors
required for 5S rRNA transcription, only TFIIIB
has been identified in Leishmania and other trypano-
somatids (Ivens et al. 2005; Schimanski et al. 2005a;
Velez-Ramirez et al. 2015). Here we report that the
number and genomic organization of 5S rRNA
genes are conserved among different Leishmania
species. In contrast to most organisms, in L. major
5S rRNA genes are disseminated all over the
nucleus and do not seem to be associated with the nu-
cleolus. A similar distribution of 5S rRNA genes was
observed in related parasite Trypanosoma cruzi. By
contrast, 5S rRNA transcripts in L. major were loca-
lized within the nucleolus, and dispersed in the
cytoplasm.

MATERIALS AND METHODS

Bioinformatic analysis

Information for sequence analysis and synteny maps
of the different species of Leishmania (L. major,
L. mexicana, L. braziliensis, L. infantum and L. taren-
tolae) was obtained from the TriTrypDB databases
(http://tritrypdb.org/tritrypdb/) (Release 26). The
basic local alignment search tool (BLAST) was used
to identify non-annotated 5S rRNA genes and pseu-
dogenes. Sequence comparisons were performed
using the DNAman program (version 7). To locate
or verify the presence and identity of tRNA genes,
the tRNAscan-SE program was used (http://
lowelab.ucsc.edu/tRNAscan-SE/). The consensus
secondary structure of 5S rRNA was predicted with
the RNAalifold web server (http://rna.tbi.univie.ac.
at/cgi-bin/RNAalifold.cgi).

Northern blot analysis

Northern blot experiments were performed as previ-
ously described (Rojas-Sánchez et al. 2016). The 5S
rRNA probe corresponds to oligonucleotide 5S

rRNA-R1 (5′-GAGTACGGCACTCAGGGTT),
and the antisense probe corresponds to oligonucleo-
tide 5SrRNA-F1 (5′-GAGTACGACCACACTT
GAGTG).

Plasmid constructs

Three DNA fragments from L. majorwere amplified
by polymerase chain reaction (PCR) and cloned into
pGEM-T Easy vector (Promega, Fitchburg, USA).
For plasmid p5SrRNA, a 118 bp fragment (from +1
to +118 in relation to the transcription start site of
the 5SrRNA genes) was amplified with oligonucleo-
tides 5SrRNA-F1 (5′-GAGTACGACCACACTT
GAGTG) and 5SrRNA-R1 (5′-GAGTACGG
CACTCAGGGTT). For the p5SrRNA344
vector, a 344 bp fragment (from −31 to + 313 in re-
lation to the transcription start site of the
LmjF15·5SrRNA.01 gene) was amplified with oli-
gonucleotides Lm15-rRNA5S 5′ (5′- GAAAGC
ATCTCTGTGGGTTCGA) and Lm15-rRNA5S
3′ (5′- CCCGGG GTCCTGCAAATG). For
vector pRegionE, a 120 bp fragment from LmjF.
06·0600 (that encodes a hypothetical protein) was
amplified with oligonucleotides Lm15-rRNA5S 5′
(5′-GAAAGCATCTCTGTGGGTTCGA) and
Lm15-rRNA5S 3′ (5′-CCCGGGGTCCTGC
AAATG). The PTP tag consists of Protein A
(ProtA) and Protein C (ProtC) epitopes separated
by a tobacco etch virus protease cleavage site
(Schimanski et al. 2005b). To obtain the pB6-PTP
vector, the calmodulin-binding site (CBS) present
in pB6-TAP (Martinez-Calvillo et al. 2007) was
replaced with the ProtC epitope. To do so, pB6-
TAP was digested with XbaI and NheI and the
CBS was eliminated by agarose gel electrophoresis.
The ProtC sequence was obtained by annealing
primers ProtC-sense (5′-CTAGAGGTTCCGAC
GGCGAAGATCAGGTGGATCCTCGTCTTA
TTGATGGGAAATATGATATTCCAACTAC
TG) and ProtC-antisense (5′-CTAGCAGTAG
TTGGAATATCATATTTCCCATCAATAAGAC
GAGGATCCACCTGATCTTCGCCGTCGGA
ACCT), which contain XbaI and NheI restriction
sites at the ends. The ProtC fragment was then
cloned into the pB6-TAP backbone. To obtain
vector pElp3b-PTP, the RPB6 gene present in
pB6-PTP was replaced with the L. major Elp3b
gene (LmjF.23·1350). To prepare the pB6-PTP
backbone, the vector was digested with XmaI and
XbaI and the RPB6 gene fragment was eliminated
by agarose gel electrophoresis. The Elp3b gene was
PCR-amplified from genomic DNA with oligonu-
cleotides ELP3-AgeI-5′ (5′-ATACCGGTATG
TCCGACCACGCCGACAT) and ELP3-XbaI-3′
(5′-ATTCTAGAGGGTGTGTTCTTGTGGAA
CC). The PCR product was cloned into pGEM-T
Easy vector (Promega, Fitchburg, USA), digested
with AgeI and XbaI and ligated into the pB6-PTP
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backbone. To obtain plasmid pCold-LmNop56, the
entire Nop56 gene from L. major (LmNop56) was
amplified with primers LmNop56-KpnI-F (5′-
GGTACCATGTCGAGAACGCTGTACA) and
LmNop56-XbaI-R (5′-TCTAGACCCGGACTC
AGAGGCGGC), cloned into pGEM-T Easy and
then subcloned into the KpnI and XbaI restriction
sites of the pCold1 expression vector (Takara Bio
Inc., Shiga, Japan). All constructs were verified by
sequencing.

Cell culture and transfection

Promastigotes from L. major MHOM/IL/81/
Friedlin (LSB-132·1) were grown in BM medium
(1 ×M199 medium pH 7·2 containing 10% heat-
inactivated fetal bovine serum, 9·5 g L−1 brain
heart infusion broth (Sigma, St. Louis, USA), 40
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 0·01 mg mL−1 haemin, 0·0002%
biotin, 100 IU mL−1 penicillin, 100 µg mL−1 strep-
tomycin and 1 ×L-glutamine) at 26 °C and har-
vested in the mid-log phase. Epimastigotes of T.
cruzi CL Brener were maintained in LIT (liver infu-
sion-tryptose) medium containing 10% heat-inacti-
vated fetal bovine serum, 50 IU mL−1 penicillin,
50 µg mL−1 streptomycin and 0·025 mg mL−1

haemin at 28 °C. To obtain an L. major cell line
that expresses a PTP-tagged version of the nucleolar
protein Elp3b, wild-type L. major cells were trans-
fected by electroporation with the pElp3b-PTP
vector. Electroporation and cell plating were per-
formed as previously described (Beverley and
Clayton, 1993). Briefly, 4 × 107 promastigotes in 0·4
mL electroporation buffer (25 mM HEPES, 120 mM

KCl, 0·15 mM CaCl2, 5 mM MgCl2, 10 mM KH2PO4,
10 mM K2HPO4, 2 mM EDTA, pH 7·6) were trans-
fected with 10 µg of pElp3b-PTP by electroporation
at 1600 V, 50 µF and 25 Ω (BTX Electro Square
Porator ECM 830, Holliston, USA). Cells were
grown for 24 h before spreading on plates containing
0·7% Seaplaque GTG agarose (FMC Bioproducts) in
BMmedium with 50 µg mL−1 G418. Some of the iso-
lated colonies were selected for further analysis.

5’ Rapid Amplification of cDNA Ends (5’-RACE)
analysis

In order to locate the transcription start site of the
L. major 5S rRNA genes, 5′-RACE experiments
were performed with 4 µg of total RNA with a kit
from Life Technologies, Inc. The first strand
cDNA was synthesized with primer 5SrRNA-R1
(5′- GAGTACGGCACTCAGGGTT), and the
PCR amplifications were performed with the nested
primer 5SrRNA-R2 (5′-CCCGAGTCATCAC
TGACCTCAG) and nested Abridged Anchor
Primer, AAP (5′-GGCCACGCGTCGACTAG
TACGGGIIGGGIIGGGIIG). The nested PCR

products were cloned into the pGEM-T Easy
vector (Promega, Fitchburg, USA) and sequenced.

RT–PCR analysis

Transcription termination sites for 5S rRNA genes
were mapped by poly(A) tailing of total RNA. For
this purpose, 4 µg of total RNA were mixed with 1
µL of 25 mM ATP, 2 µL of 5 × poly (A) polymerase
reaction buffer (USB, Cleveland, USA) and 1200
units of yeast poly (A) polymerase (USB,
Cleveland, USA) in a final volume of 20 µL. The
mixture was incubated for 20 min at 37 °C, and the
reaction was terminated by heating at 65 °C for 10
min. The cDNA was prepared with oligonucleotide
Nested(dT) (5′-CCTCTGAAGGTTCACGGAT
CCACATCTAGATTTTTTTTTTTTTTTTTT
VN). The first PCR amplification was done with
primers 5SrRNA-F1 and primer B1 (5′-
CCTCTGAAGGTTCACGGAT), and the second
PCR with primers 5SrRNA-F2 (5′-TGAAAACA
CCATATCCCGT) and primer B2 (5′-CACGGA
TCCACATCTAGAT). The nested PCR products
were cloned into the pGEM-T Easy vector
(Promega, Fitchburg, USA) and sequenced.

DNA-fluorescent in situ hybridization (FISH)
combined with indirect immunofluorescence

For the experiments with L. major, a cellular line
that expresses the nucleolar recombinant protein
Elp3b-PTP was used. For the DNA-FISH assay,
1 × 106 mid-log cells were harvested, washed twice
with phosphate buffer solution (PBS) and spread
into a poly-L-lysine coated glass slide. Cells were
fixed with 4% paraformaldehyde for 30 min at
4 °C, permeabilized with 0·1% Triton X-100 for 5
min at room temperature, and washed with PBS.
The DNA probe was denatured in hybridization
buffer (50% deionized formamide, 300 mM NaCl,
20 mM NaH2PO4, 2 mM EDTA, 10% dextran sul-
phate, 250 µg mL−1 herring salmon sperm DNA)
at 95 °C for 10 min. Finally, sealed in a plastic
frame, the probe was incubated for 10 min at
80 °C, and then for 16 h at 37 °C. The seal was
removed and the slides were first washed with 50%
formamide and 2× saline sodium citrate (SSC)
buffer for 30 min at 37 °C; and then with 1×, 2×
and 3× SSC buffer for 10 min at 37 °C each. SSC
buffer 20× contains 3 M NaCl in 0·3 M sodium
citrate (pH 7·0). The slides were incubated with
streptavidin Alexa Fluor 568 conjugate (1:1500 dilu-
tion, Life Technologies, Carlsbad, CA, USA) in
blocking buffer (150 mM NaCl, 100 mM maleic
acid, 0·1% Tween-20) for 30 min. Finally, two
washes with PBS and 0·05% Tween-20 for 5 min
and one wash with PBS were made prior the mount-
ing with Vectashield with 4′, 6-diamidino-2-
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phenylindole (DAPI) solution (Vector Laboratories,
Burlingame, CA). DNase or RNase control treat-
ments were done after permeabilization using 6 U
of DNase I (RNase-free) (Thermo Scientific, Waltham,
USA) for 1 h at 37 °C; or 20 µg RNase A (Promega,
Fitchburg, USA) for 30 min at 37 °C. The 344-bp
probe (from −31 to+313 in relation to the transcription
start site of the LmjF15·5SrRNA.01 gene) was
amplified by PCR from the p5SrRNA344 plasmid
with oligonucleotides Lm15-rRNA5S 5′ and
Lm15-rRNA5S 3′ and was labelled with Biotin-
High Prime (Roche). To continue with the indirect
immunofluorescence, after the final wash with
PBS, cells were fixed with 4% paraformaldehyde
for 30 min at 4 °C, washed twice with PBS and per-
meabilized with 0·1% nonidet P-40. Cells were
blocked with 2% bovine serum albumin (BSA) for
30 min and incubated with rabbit anti-Protein C
polyclonal antibody (Delta Biolabs, Muraoka Drive
Gilroy, CA, USA) diluted at 1:25 with blocking so-
lution for 1 h at room temperature, and washed with
PBS. Next, cells were incubated with a secondary
goat anti-rabbit antibody conjugated with Alexa
Fluor 488 (Life Technologies, Carlsbad, CA,
USA) diluted at 1:300 with blocking solution at
room temperature for 1 h, and washed with PBS
for 10 min. Finally, cells were mounted with
Vectashield-DAPI solution (Vector Laboratories,
Burlingame, CA). Images were obtained using a
Carl Zeiss AX10 microscope and analysed with the
ZEN 2012 software (Blue edition). The experiments
with T. cruzi were performed as described above,
using wild-type epimastigotes, the LmNop56 poly-
clonal antibody (diluted at 1:100) and goat anti-
mouse antibody conjugated with Alexa Fluor 488
(Life Technologies, Carlsbad, CA, USA) (diluted
at 1:300).

RNA-FISH combined with indirect
immunofluorescence

An antisense RNA probe, complementary to the 5S
rRNA, was generated by in vitro transcription using
the MEGAshortscript T7 kit (Ambion) with biotin-
11-UTP (Ambion) following the manufacturer’s
instructions. The template DNA was a PCR
product obtained from vector p5SrRNA with oligo-
nucleotide 5SrRNA-F1 and a T7-promoter primer.
Promastigotes from the L. major cellular line that
expresses the recombinant protein Elp3b-PTP
were harvested, spread in glass slides, permeabilized
and washed as indicated in the ‘DNA-FISH’
section. The RNA probe (4 ng) was denatured at
70 °C for 5 min in hybridization buffer with 40 U
of RiboLock RNase Inhibitor (Thermo Scientific,
Waltham, USA). Slides were sealed in plastic
frames and hybridized for 16 h at 40 °C. The slides
were washed with 50% formamide and 2 × SSC for
15 min at 42 °C, and were incubated with

streptavidin Alexa Fluor 568 conjugate (1:1000 dilu-
tion, Life Technologies, Carlsbad, CA, USA) in
PBS for 1 h at room temperature. Finally, the
slides were washed in 2 × SCC for 10 min and were
mounted in Vectashield-DAPI solution (Vector
Laboratories, Burlingame, CA). DNase and RNase
control treatments were also performed after perme-
abilization. In some experiments, indirect immu-
nofluorescence was performed before the RNA-
FISH assay. In such cases, cells were harvested,
spread in glass slides, permeabilized and washed as
indicated in the ‘DNA-FISH’ section. Cells were
then incubated with rabbit anti-Protein C polyclonal
antibody (Delta Biolabs, Muraoka Drive Gilroy,
CA, USA) diluted at 1:20 in 0·5% BSA for 30 min
at room temperature and washed with PBS. Cells
were then incubated with a secondary goat anti-
rabbit antibody conjugated with Alexa Fluor 488
(Life Technologies, Carlsbad, CA, USA) diluted at
1:300 with blocking solution at room temperature
for 30 min washed twice with PBS to continue
with the hybridization with the RNA probe.

Production of LmNOP56 polyclonal antibody

Escherichia coli BL21 (DE3) competent cells were
transformed with the pCold-LmNop56 construct.
Expression of LmNop56 recombinant protein
(LmNop56r) was induced with 1 mM IPTG (isopro-
pyl β-D-1-thiogalactopyranoside) at 37 °C for 18 h.
The LmNop56r protein was purified by affinity
chromatography with Ni-Sepharose 6 Fast Flow
matrix (GE Healthcare, Little Chalfont, England)
following the manufacturer’s instructions. Six-
week-old male BALB-C mice were immunized
intravenously with purified LmNop56r (100 µg)
mixed with TiterMax Gold adjuvant (Sigma, St.
Louis, USA) at a 1:1 (ratio). Pre-immune normal
mouse serum was collected before inoculation.
Serum was collected 6 weeks after antigen immun-
ization. The specificity of the anti-LmNop56 poly-
clonal antibody was confirmed by the Western blot
analysis against LmNop56r and parasite protein
extracts.

RESULTS

Sequence and genomic analysis of 5S rRNA genes in
L. major

The L. major genome possesses only 11 copies of the
5S rRNA gene, which are interspersed on six
different chromosomes (5, 9, 11, 15, 21 and 23) and
associated with other Pol III-transcribed genes
(Ivens et al. 2005). At their 5′ end, 10 of the 5S
rRNA genes are flanked by a tRNA gene located at a
short distance (between 51 and 73 bp) (Fig. 1A). The
remaining 5S rRNA gene (LmjF.21·5SrRNA.02) con-
tains a protein-coding gene at its 5′ end. At their 3′ end,
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most 5S rRNA genes are flanked by a protein-coding
gene, which is separated from the 5S rRNA gene by
long distances ranging from 698 to 7897 bp (Fig. 1A).
According to the TriTrypDB databases, the

length of the eleven L. major 5S rRNA genes fluctu-
ates from 119 to 123 bp. A sequence alignment
showed that these size variations are due to differ-
ences in the assigned first nucleotide of the genes
(Fig. 1A). Also, two of the genes lack a C in the 3′
end of the gene. The rest of the sequence is identical,
with the exception of base +70, which can be either a
G or an A (Fig. 1A). In order to determine if there is
actually variation in the 5′ end of the 5S rRNA
genes, a 5′-RACE experiment was carried out. All
the clones analysed started at the G that is labelled
as +1 in Fig. 1A, which strongly suggests that tran-
scription of the 5S rRNA genes initiates in that nu-
cleotide. Transcription of 5S rRNA genes inT. cruzi
and Trypanosoma brucei is reported to initiate at a G
located in the same position (Lenardo et al. 1985;
Hernandez-Rivas et al. 1992). Thus, the eleven L.
major 5S rRNA genes can be classified into three
groups: type A genes (119 bp long) contain an A at
position 70 and two Cs in the 3′ end; type B genes

(119 bp long) possess a G at base 70 and two Cs in
the 3′ end; and type C genes (118 bp long) contain
a G at position 70 and one C in the 3′ end (Fig. 1A).
A cluster of several T residues acts as a signal to ter-

minate Pol III transcription (Moir and Willis, 2013).
Sequence analysis revealed that all the 5S rRNA
genes in L. major contain a run of 6–11 Ts at the 3′
end (Fig. 1A). One gene (LmjF.09·5SrRNA.03) has
a continuous cluster of six T residues, while the rest
of the genes contain discontinuous T tracts that are
interrupted by one or several Cs. A common feature
in Pol III-transcribed genes is the presence of a
second cluster of Ts that acts as a potential ‘backup’
termination signal (Braglia et al. 2005). In L. major,
only one of the 5S rRNA genes (LmjF.
21·5SrRNA.02) possesses a backup T-run (Figs 1A
and S1).
To determine the transcription termination sites

on 5S rRNA genes in L. major, RT–PCR was per-
formed. As expected, transcription of the 5S rRNA
genes ends within the cluster of Ts located down-
stream of the genes (Fig. 1A). Several clones ended
at the C located immediately before the T cluster,
most likely representing the mature 3′ end of the

Fig. 1. Sequence analysis of 5S rRNA genes in L. major. (A) Sequence alignment of the 11 5S rRNA genes present in L.
major, as annotated in the TriTrypDB databases. Flanking tRNA genes (green arrows) and protein-coding genes (red
arrows) are indicated. The numbers specify the distance (in bp) between the 5S rRNA gene and flanking genes. The G
shown in bold type (position +1) corresponds to the transcription start site mapped by 5′-RACE analysis. At the 3′ end, the
clusters of Ts are shown in purple. T residues in bold type denote the transcription termination sites located by RT–PCR,
specifying the number of clones found at each position. The locations of putative box A, intermediate element (IE) and box
C are shown. Genes were classified as types A, B and C, as indicated. (B) Sequence alignment of putative internal control
elements (box A, IE and box C) in L. major, X. laevis and S. cerevisiae. Nucleotides conserved in the three species are
denoted by black shading, while nucleotides conserved between L. major andX. laevis or S. cerevisiae are indicated by grey
shading.
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L. major 5S rRNA. In T. brucei, the mature 3′ ter-
minus of the 5S rRNA was mapped in a similar pos-
ition (Hitchcock et al. 2004). Interestingly, we
identified transcripts from the three types of 5S
rRNA genes present in L. major, which showed
that at least one copy of types A, B and C genes is
transcribed in exponentially growing promastigotes.
The ICR in 5S rRNA genes in X. laevis and

Saccharomyces cerevisiae consists of a box A, an IE
and a box C (White, 2011; Dieci et al. 2013).
Sequence analysis of the 5S rRNA genes in
L. major allowed us to identify putative homologues
of these three promoter elements (Fig. 1B).
Leishmania major box A is very similar to S. cerevi-
siae box A, as nine out of 15 nucleotides are con-
served. In contrast, the IE from L. major is more
similar to the IE from X. laevis than to the one
from S. cerevisiae: four out of six nucleotides are
conserved between L. major and X. laevis, while
two bases are conserved between L. major and S. cer-
evisiae. The least conserved promoter element is box
C, as seven out of 18 bases are conserved between L.
major and X. laevis, and only two bases are con-
served between L. major and S. cerevisiae
(Fig. 1B). Notably, base +70, which is the only in-
ternal nucleotide that is variable among 5S rRNA
genes, lies within the IE (Fig. 1A). Thus, the occur-
rence of a change within the ICR in 5S rRNA genes
suggests that differential regulation of Pol III tran-
scription is feasible in L. major.
It was reported that Leishmania and T. brucei

produce natural antisense RNAs complementary to
18S, 5·8S and 28S rRNA molecules. Although
their function is not known, they associate with
polyribosomes, and programmed cell death induces
their fragmentation (Padmanabhan et al. 2012).
Also, chloroplasts from Arabidopsis thaliana and
other plants produce an antisense 5S rRNA that
inhibits 5S rRNA maturation (Sharwood et al.
2011). To explore if antisense 5S rRNA transcripts
are generated in L. major, Northern blot analyses
with strand-specific oligonucleotides were per-
formed. Interestingly, while an abundant 5S rRNA
of the expected size (∼120 bases) was observed, no
antisense 5S rRNA transcripts were detected (data
not shown). Thus, unlike other rRNA molecules in
Leishmania and 5S rRNA in chloroplasts, stable
antisense RNA complementary to 5S rRNA is not
detected in L. major.

Synteny of 5S rRNA genes in Leishmania species

To determine the number of 5S rRNA genes in
other species of Leishmania, we analysed the
genome databases of L. mexicana U1103, L. brazi-
liensis M2904, L. infantum JPCM5 and L. tarentolae
Parrot-TarII (Peacock et al. 2007; Downing et al.
2011; Rogers et al. 2011; Raymond et al. 2012).
Eleven 5S rRNA genes are anotated in L. mexicana,

seven genes in L. infantum and six genes in L. brazi-
liensis. In L. tarentolae no single 5S rRNA gene is
annotated. However, BLAST searches in the
genome databases allowed us to identify several 5S
rRNA genes in L. tarentolae and additional genes
or pseudogenes in the other species (Fig. 2).
Sequence comparisons showed that 5S rRNA

genes are conserved in the different Leishmania
species (Fig. S1, panels A and B). As the G at pos-
ition +1 is present in all the genes, we considered
this base as the first nucleotide for all the genes.
The last base of each 5S rRNA gene was established
as the nucleotide located right before the T cluster.
With these parameters, we found that the length of
the genes ranged from 108 to 125 bases. However,
five of the annotated genes seem to actually corres-
pond to pseudogenes, since they lack parts of the
ICR and/or present several changes all along the se-
quence: the gene located on Chr5 in L. infantum
(108 bp), and four genes in L. braziliensis (the gene
on Chr5, gene 1 on Chr9, gene 3 on Chr11 and the
gene on Chr15) (Fig. S2). Thus, the number of au-
thentic 5S rRNA genes seems to be: 11 genes in L.
major and L. mexicana, 10 genes in L. tarentolae
and nine genes in L. braziliensis and L. infantum.
Overall, the sequence of the 5S rRNA genes in

Leishmania is highly conserved (Fig. S1, panel A).
Remarkably, the most variable position is nucleotide
+70, which is located within the IE. As mentioned
earlier, in L. major it can be either a G or an A. In
L. mexicana, L. braziliensis and L. tarentolae nucleo-
tide +70 is always an A, while in L. infantum it is a C
in five genes and an A in four genes (Fig. S1, panel
A). The order of the 5S rRNA genes is conserved
between L. major and L. mexicana, as they are
flanked by syntenic protein-coding genes and
tRNA genes (Fig. 2). L. infantum does not contain
the gene located on Chr15 in the other species.
The majority of the 5S rRNA genes in L. braziliensis
show synteny with the other species of Leishmania.
However, L. braziliensis possesses two 5S rRNA
genes that are not present in any other Leishmania
species: one located on Chr31 and one whose
chromosomal location has not been determined yet
(Fig. 2). L. tarentolae does not contain genes 1 and
2 on Chr11 and the gene on Chr15, but possesses
additional 5S rRNA genes on Chr9 (gene 2) and
Chr33 (Fig. 2).
The vast majority of 5S rRNA genes in the

different Leishmania species contain a tRNA gene
at their 5′ end. It is worth noting that several non-
annotated tRNA genes were identified in these loci
with the tRNAscan-SE search server (marked with
an asterisk in Fig. 2). All the 5S rRNA genes in
the different species of Leishmania contain a cluster
of several T residues at the 3′ end (Fig. S1, panels
A and B). Most genes have discontinuous T tracts
that are interrupted by up to three nucleotides,
which predominantly are Cs. Interestingly, four
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copies of the 5S rRNA genes in L. infantum have a
backup T cluster.

5S rRNA genes are located in the nuclear periphery

To investigate the nuclear distribution of 5S rRNA
genes in promastigotes from L. major, FISH assays
were performed with a biotin-labelled dsDNA
probe, and incubating with streptavidin Alexa
Fluor 568 conjugate. The probe clearly detected
the 5S rRNA genes as several bright spots localized
in the nuclear periphery or scattered throughout
the nucleus (which was stained with DAPI)
(Fig. 3A). In order to determine the localization
of 5S rRNA genes with respect to the nucleolus,

an L. major cell line that expresses a PTP-tagged
version of the nucleolar protein Elp3b (Alsford
and Horn, 2011) was obtained (see the ‘Materials
and Methods’ section). Conjugated FISH and in-
direct immunofluorescence experiments were
carried out in this cell line. These experiments
showed that in most cells 5S rRNA genes are not
associated with the nucleolus (Fig. 3B). In contrast,
nucleolar colocalization of 18S rRNA genes and
Elp3b was observed, as expected (Fig. 3C).
DNase and RNase treatment controls were used
to confirm the specific binding of the probe to
DNA. As expected, after DNase treatment 5S
rRNA-gene signal was abolished (as well as
DAPI signal), but after RNase treatment the

Fig. 2. Synteny of 5S rRNA genes in different species of Leishmania. The genomic context of 5S rRNA genes is presented
for L. major (Lm), L. mexicana (Lx), L. braziliensis (Lb), L. infantum (Li) and L. tarentolae (Lt). Orthologous genes are
joined by grey lines. Chromosome location is indicated on top of each individual synteny map, except for a 5S rRNA gene
in Lb, whose chromosomal location has not been assigned yet (NA Chr). The number above each 5S rRNA gene (blue
arrows) denotes the length of the gene (in bp). The type of 5S rRNA gene (A-S) is indicated inside each blue arrow.
Putative 5S rRNA pseudogenes are shown as blue arrows bordered by dashed lines. The type of T cluster at the 3′ end of
each 5S rRNA gene is indicated: continuous T tract (C), discontinuous T tract (D) and backup T tract (B). For tRNA
genes (green arrows), the corresponding amino acid is indicated (R=Arg, M=Met, V=Val, H=His, E=Glu, L=Leu,
S=Ser, P=Pro, G=Gly and Q=Gln). Protein-coding genes are shown as red arrows. Genes that are not annotated in the
TriTrypDB databases are labelled with an asterisk (*). Figure is not to scale.
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fluorescent spots were still clearly detected. Thus,
these data show that the 5S rRNA genes present
in L. major are mainly distributed in the nuclear
periphery (Fig. 3B).
In T. cruzi, 5S rRNA genes are organized as

tandem arrays in two different chromosomes
(Hernandez-Rivas et al. 1992). To determine the
nuclear distribution of these genes in epimastigotes,
we performed FISH experiments with a biotin-

labelled dsDNA probe. Similarly to L. major,
several bright spots were distributed throughout
the nucleus (Fig. 4A). To analyse the localization
of 5S rRNA genes with respect to the nucleolus, con-
jugated FISH and indirect immunofluorescence
experiments were carried out with an antibody
directed against the nucleolar protein 56 (Nop56).
As shown in Fig. 4B, 5S rRNA genes inT. cruzi epi-
mastigotes do not seem to associate with the

Fig. 3. 5S rRNA genes in L. major are located in the nuclear periphery. (A) DNA-FISH experiments using a 5S rRNA-
gene probe (red). Nuclei (N) and kinetoplast (K) were stained with DAPI (blue). Cells from two independent experiments
are shown. (B) DNA-FISH coupled with immunofluorescence using a 5S rRNA-gene probe (red), and an anti-protein C
antibody to detect a PTP-tagged version of the nucleolar protein Elp3b (green). Control treatments with DNase and
RNase are shown. (C) DNA-FISH coupled with immunofluorescence using an 18S rRNA-gene probe (red) and an anti-
protein C antibody to detect the recombinant protein Elp3b-PTP (green). Size bars represent 2 µm.
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nucleolus. Thus, regardless of whether 5S rRNA
genes are scattered in the genome or organized as
tandem arrays, they are apparently not associated
with the nucleolus in trypanosomatids.

5S rRNA is located in the nucleolus and cytoplasm

The subcellular localization of L. major 5S rRNA
was determined by FISH analysis. In these

experiments, a biotinylated antisense riboprobe
was transcribed in vitro and coupled with fluorescent
streptavidin to detect the 5S rRNA transcripts. The
hybridization produced a discrete and large spot in
the nucleus, as well as strong fluorescence dispersed
throughout the cytoplasm (Fig. 5A). By combining
FISH and immunofluorescence assays we demon-
strated that the 5S rRNA and Elp3b signals coloca-
lize, showing that the 5S rRNA transcripts are

Fig. 4. 5S rRNA genes in T. cruzi are dispersed in the nucleus. (A) DNA-FISH experiments using a 5S rRNA-gene probe
(red).Nuclei (N) and kinetoplast (K) were stainedwithDAPI (blue). Cells from two independent experiments are shown. (B)
DNA-FISH coupled with immunofluorescence using a 5S rRNA-gene probe (red), and an antibody against the nucleolar
protein Nop56 (green). Control treatments with DNase and RNase are shown. (C) DNA-FISH coupled with
immunofluorescence using an18S rRNA-gene probe (red), and an antibody todetectNop56 (green). Size bars represent 2 µm.
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localized in the nucleolus (Fig. 5B). The observed
cytoplasmic signal, which is stronger in the areas
around the nucleus, most likely corresponds to 5S
rRNA present in ribosomes that are distributed all
over the cytoplasm. As expected, 5S rRNA signal
was not affected in control FISH experiments with
cells pretreated with DNase. By contrast, no signal
was detected in the control treatment with RNase
(Fig. 5B).

DISCUSSION

Our analysis indicates that the genus Leishmania is
characterized by the presence of a small number of
5S rRNA genes, which ranges from nine genes in
L. braziliensis and L. infantum to 11 genes in L.
major and L. mexicana. Interestingly, in the species
that lack a 5S rRNA gene there is in some cases a de-
generate sequence (pseudogene) in the correspond-
ing region of synteny (Fig. 2), as has been reported
previously for protein-coding genes in Leishmania
(Peacock et al. 2007; Rogers et al. 2011). It is
worth noting that the orientation of all 5S rRNA
genes is conserved across Leishmania species, with

the exception of gene 2 on Chr11, which is inverted
in L. braziliensis and L. infantum (Fig. 2). While in
Leishmania the 5S rRNA genes are dispersed as in-
dependent copies throughout the genome, in the
different species of the genus Trypanosoma they are
tandemly repeated, and in some species they are
linked to the spliced-leader genes, transcribed by
Pol II (Torres-Machorro et al. 2010; Beauparlant
and Drouin, 2014). It was estimated that T. brucei
and T. cruzi possess approximately 1500 copies of
the 5S rRNA gene (Hasan et al. 1984; Hernandez-
Rivas et al. 1992). Thus, the number and genomic
organization of 5S rRNA genes is highly variable
between Leishmania and Trypanosoma. In order to
determine the genomic context of 5S rRNA genes
in other trypanosomatids, we analysed the genome
databases of Crithidia fasciculata, Leptomonas sey-
mouri and Endotrypanun monterogeii. While only
one 5S rRNA gene was found in C. fasciculata, no
single gene was identified in L. seymouri, which
probably indicates that these genome databases are
incomplete. On the other hand, 14 different 5S
rRNA genes were found in E. monterogeii.
Interestingly, some of these 5S rRNA genes are

Fig. 5. 5S rRNA transcripts are located in the nucleolus and the cytoplasm. (A) RNA-FISH assay using a biotinylated
antisense riboprobe (red) complementary to the 5S rRNA. Nuclei (N) and kinetoplast (K) were stained with DAPI (blue).
(B) RNA-FISH coupled with immunofluorescence using an antisense 5S rRNA riboprobe (red), and an anti-protein C
antibody to detect a PTP-tagged version of the nucleolar protein Elp3b (green). Control treatments with DNase and
RNase are shown. Size bars represent 2 µm.
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dispersed as single genes (such as in Leishmania),
whereas other genes are organized in tandem arrays
that contain up to four genes (such as in
Trypanosoma) (data not shown). Analyses of
genome sequences from other trypanosomatids, not
available at present time, will help understand the
evolution of 5S rRNA genes in this group of early-
branched eukaryotes.
In L. major, 5S rRNA genes can be grouped into

three types (A–C), and RT–PCR analysis showed
that at least one gene of each type is transcribed in
exponentially growing promastigotes (Fig. 1A). A
total of 19 different types (A to S) of 5S rRNA
genes are present in the five Leishmania species ana-
lysed (showing 3–6 types per species) (Figs 2 and
S1). Type A is the most widespread, as it is repre-
sented by eight genes in L. mexicana, three genes
in L. major and three genes in L. infantum. Type
G corresponds to six genes in L. braziliensis and
four genes in L. tarentolae (Fig. S1, panel C). Most
of the other types are represented by a single 5S
rRNA gene. Prediction of the consensus secondary
structure of the 5S rRNA genes in Leishmania
shows that it consists of five helices (I–V), two
hairpin loops (C and D), two internal loops (B and
E) and a hinge region (A), which are organized in a
three-helix junction (Fig. S3), as reported in other
organisms (Szymanski et al. 2016). The variable nu-
cleotide +70 is positioned within helix V, and it
base-pairs with nucleotide +105. In most genes, an
A at position +70 base-pairs with a U at position
+105. However, it is interesting to note that two
5S rRNA genes in L. infantum that possess a C at nu-
cleotide +70 contain a G at base +105, so that base
complementarity is maintained. Position +12 is
also variable, but it is located in loop A (Fig. S3).
Conserved internal promoter elements most likely

control transcription of 5S rRNA genes in
Leishmania (Fig. 1). Interestingly, the vast majority
of 5S rRNA genes in these parasites are preceded by
a tRNA gene located at a short distance. Thus, it is
tempting to hypothesize that, in addition to the in-
ternal promoter elements, boxes A and B from the
neighbour tRNA gene might participate in the tran-
scriptional regulation of 5S rRNA, as has been
reported for snRNA genes in trypanosomatids
(Nakaar et al. 1994; Rojas-Sánchez et al. 2016). A
cluster of T residues of variable length, frequently
followed by a backup T-cluster, was found on
every single 5S rRNA gene in the different species
of Leishmania analysed (Fig. S1). A second T
stretch is also common in tRNA genes in trypanoso-
matids (Padilla-Mejia et al. 2009). In other organ-
isms, transcripts that end within the backup T
tract contain long 3′ trailer regions, whose processing
to create mature RNAs generates small RNA mole-
cules that may play functional roles. In human and
other vertebrates, for instance, small RNAs derived
from tRNA 3′ trailers accumulate in the cytoplasm,

where they participate in the regulation of gene si-
lencing and might be involved in other biological
functions (Haussecker et al. 2010; Liao et al. 2010).
It would be interesting to determine if stable 5S
rRNA and/or tRNA 3′ trailers are produced in
Leishmania and if they participate in gene regulation.
Combined DNA-FISH and indirect immu-

nofluorescence experiments showed that the 11 5S
rRNA genes present in L. major are mainly located
at the nuclear periphery (Fig. 3). In T. cruzi, 5S
rRNA genes were observed as bright spots distribu-
ted throughout the nucleus (Fig. 4). Interestingly,
most genes in L. major and T. cruzi do not seem to
be located within the nucleolus or at the nucleolar
periphery. A similar result was reported for 5S
rRNA genes in T. brucei (Ersfeld and Gull, 1997).
However, this is different from what has been
found in S. cerevisiae and Dictyostelium, where 5S
rRNA genes are linked to the rRNA units (that
contain the 18S, 5·8S and 28S rRNA genes) and
are consequently nucleolar (Hofmann et al. 1993;
Thompson et al. 2003). Nevertheless, association
of 5S rRNA genes and the nucleolus has been
observed in several species where the 5S rRNA
genes are not linked to the rRNA unit in the linear
DNA (Haeusler and Engelke, 2006). For instance,
in the plant Pisum sativum, which has around 5000
copies of the 5S rRNA genes organized in six
tandem arrays, a clear association of at least one of
the arrays with the nucleolar periphery was observed
(Highett et al. 1993). Also, 5S rRNA genes in human
cells were often located at the nucleolar periphery
(Matera et al. 1995). It has been hypothesized that
the 5S rRNA genes that are associated with the nu-
cleolus are most actively transcribed, producing
transcripts at the nucleolus where they are needed
(Highett et al. 1993). However, in Drosophila mela-
nogaster, 5S rRNA genes do not seem to be located
in the vicinity of the nucleolus (Hochstrasser and
Sedat, 1987). It is worth noting that the observed
distribution of 5S rRNA genes in L. major resembles
the nuclear spreading reported for BRF1, a subunit
of Pol III transcription factor TFIIIB, in T. brucei
(Velez-Ramirez et al. 2015).
For the purpose of associating with pre-ribo-

somes, 5S rRNAs are expected to locate at the nucle-
olus at some point. In accord with this fact,
combined RNA-FISH and indirect immunofluores-
cence assays demonstrated that the 5S rRNA coloca-
lizes with the nucleolar protein Elp3b (Fig. 5), which
shows that the 5S rRNA transcripts are localized in
the nucleolus in L. major. Nevertheless, 5S rRNA
was also found to be scattered in the cytoplasm, es-
pecially in the areas near the nucleus, where
mature ribosomes are located. A similar nucleolar
and cytoplasmic distribution has been reported for
5S rRNA and 28S rRNA in vertebrates (Matera
et al. 1995; Weisenberger and Scheer, 1995), and
for 18S rRNA in T. brucei (Chaves et al. 1998). It
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is worth noting that there is a substantial difference
between the patterns observed for the 5S rRNA
and the Elp3b protein (Fig. 5). In trypanosomatids,
the nucleolus has a bipartite structure, as it is com-
posed of a dense fibrillar component (that seems to
include the fibrillar centres) and a granular compo-
nent (Ogbadoyi et al. 2000; López-Velázquez et al.
2005). While 5S rRNA is expected to locate into
the granular component, where pre-ribosome as-
sembly occurs, Elp3b would be localized in the
dense fibrillar component, the sites of active Pol I
transcription in trypanosomatids.
In conclusion, in the present study we have shown

that the genus Leishmania presents a small number
of 5S rRNA genes, whose sequence and genomic or-
ganization is conserved. Our results also demon-
strate that 5S rRNA genes in L. major are mainly
located at the nuclear periphery, and not associated
with the nucleolus, as has been reported in most
species. A similar localization was observed for the
tandemly repeated 5S rRNA genes in T. cruzi. By
contrast, 5S rRNA transcripts in L. major were loca-
lized within the nucleolus, and scattered throughout
the cytoplasm. Thus, our results significantly in-
crease the knowledge of 5S rRNA genes and Pol
III transcription in an early-branched eukaryote.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can
be found at http://dx.doi.org/10.1017/S00311820
16001712
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