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Ribosomal L18/L5e (RL18/L5e) is a member of the ribosomal L18/L5e protein family, which has an essen-
tial function in translation of mRNA into protein in the large ribosomal subunit. In this study, RL18/L5e
was isolated and sequenced from local Pennisetum glaucum (L.) R. Br. cultivar which is known to adapt
to environmental stress. The obtained cDNA for PgRL18/L5e was 699 bp in length, with an open reading
frame of 564 bp. The deduced protein sequence contained 187 amino acids and comprised an RL18/L5e
domain, which shared high sequence identity with orthologous proteins from Viridiplantae. The obtained
PgRL18/L5e cDNA contained two exons of 154 and 545 bp, respectively, and an intron of 1398 bp.
Secondary and 3D structures of the deduced PgRL18/L5e protein were predicted using in silico tools.
Phylogenetic analysis showed close relationships between the PgRL18/L5e protein and its orthologs from
monocot species. Multiple sequence alignment showed high identity in the RL18/L5e domain sequence in
all orthologous proteins in Viridiplantae. Moreover, all orthologous RL18/L5e proteins shared the same
domain architecture and were nearly equal in length. Quantitative real-time PCR indicated a higher tran-
script abundance of PgRL18/L5e in shoots than in roots of 3-day-old seedlings. Moreover, the expression of
PgRL18/L5e in seedlings under cold and drought stress was substantially lower than that in untreated
seedlings, whereas the highest expression was shown under heat stress. This study provides insights into
the structure and function of the RL18/L5e gene in tolerant crops, which could facilitate the understanding
of the role of the various plant ribosomal proteins in adaptation to extreme environments.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ribosome assembly is a complex process critical for protein
synthesis. In eukaryotic cells, large and small ribosomal subunits
comprise four rRNA molecules and approximately 80 ribosomal
proteins (RPs) (Lafontaine and Tollervey, 2001). The small subunit
includes an 18S rRNA and 33 RPs, whereas the large subunit
includes 5S rRNA, 5.8S rRNA, 25S–28S rRNA, and 46 RPs (Warner,
1999; Woolford and Baserga, 2013). Ribosome function in cellular
organisms is conserved; similarly, RPs appear to be evolutionarily
conserved because many eukaryotic RPs have orthologs in bacteria
and archaea (Deshmukh et al., 1995; Lecompte et al., 2002).
In plant cells, accurate regulation of ribosome function in the
cytosol and organelles such as chloroplasts and mitochondria is
important during plant growth and development (Sormani et al.,
2011). Ribosomal proteins in plant organelles are conserved with
prokaryotic RPs owing to the prokaryotic origins of chloroplasts
and mitochondria (Delwiche and Palmer, 1997; McFadden, 2001).

The cytoplasmic 80S ribosome and chloroplast 70S ribosome
from flowering plants have been previously characterized (Stutz
and Noll, 1967). Thereafter, many RPs of the cytoplasmic 80S ribo-
some were identified (Gualerzi and Cammarano, 1970; Barakat
et al., 2001; Giavalisco et al., 2005) . One of the cytoplasmic RPs
in plants is ribosomal L18/L5e (RL18/L5e) protein, located in the
central protuberance of the large subunit (Barakat et al., 2001;
Klein et al., 2004). The ortholog of the RL18/L5e protein in bacteria
and archaea is known as L18 (Meskauskas and Dinman, 2001).
Remarkably, the ortholog of RL18/L5e protein in mammals, MRP-
L18, is localized in the mitochondria (Koc et al., 2001). This may
be due to translocation of some plant mitochondrial RPs into
nuclear DNA during plant evolution (Adams and Palmer, 2003).
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The bacterial L18 plays an important role in ribosome assembly
through interaction with 5S rRNA, which causes a conformational
change that promotes the binding of L5 (the ortholog of eukaryotic
L11) to 5S rRNA in the final phase of ribosome assembly. Binding of
L18 and L5 to 5S rRNA is essential for the unification of 5S rRNA
with 23S rRNA in the large subunit (Steitz et al., 1988;
Deshmukh et al., 1995), which contains the peptidyl transferase
center where proteins are synthesized (Warner, 1999).

A plant RL18/L5e was first characterized in Arabidopsis (Baima
et al., 1995). The RL18/L5e cDNA in Arabidopsis encodes a 187
amino acids (aa) protein that shows sequence homology with
orthologous proteins in yeast (Molenaar et al., 1984), African
clawed frog (Beccari et al., 1987), and rat (Devi et al., 1988). The
role of plant RL18/L5e in translation of mRNA into protein and reg-
ulation of protein synthesis during growth and differentiation has
been demonstrated in cellular organisms. Additionally, previous
studies have reported the involvement of RL18/L5e in plant-
pathogen interactions (Leh et al., 2000; Spurgers et al., 2010; de
la Cruz et al., 2013; Loutre et al., 2018) (reviewed in (Li, 2019)).
Although few reports are available about the role of RL18/L5e in
plants under abiotic stress, a previous study has investigated the
early transcriptomic response in rice under salinity stress
(Kawasaki et al., 2001).

Pearl millet, Pennisetum glaucum (L.) R. Br. ssp. monodii (Maire)
Brunken, is a cereal crop that can tolerate abiotic stress and can be
grown in harsh environments (D’Andrea et al., 2001). Although the
P. glaucum genome has recently been sequenced (Varshney et al.,
2017), the molecular mechanisms underlying its growth and stress
tolerance remain unclear. Comparative transcriptomics and pro-
teomics of tolerant crops are helpful in understanding the molecu-
lar mechanisms that control plant response under stress. The
present study aims to characterize the gene encoding the riboso-
mal L18/L5e family protein RL18/L5e in pearl millet, using cDNA
sequencing and gene expression analysis. Obtaining the sequence
of RL18/L5e gene is important for analyzing its expression under
environmental stress at different developmental stages. These
expression data are expected to help in understanding the regula-
tion of RPs under stress in tolerant crops.
2. Experimental procedures

2.1. Database sequence retrieval and primer designing

The sequence of RL18/L5e proteins in Poaceae was retrieved

from the UniProt database (http://www.uniprot.org/). The
sequence of the Zea mays RL18/L5e protein (accession B4FUY5)
was chosen as the query sequence in BLAST to find similar proteins
in Setaria italica and Panicum hallii, which are the species closest to
P. glaucum. The uncharacterized proteins from Setaria italica and
Panicum hallii under accession numbers A0A4U6T2N2 and
A0A2T7C9I9, respectively, were selected as queries against the P.
glaucum (=Cenchrus americanus) genome in the NCBI database
using tBLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi). A consid-
erable similarity was found between the query proteins from
Setaria italica and chromosome number 2 (accession No.
CM007983.2) of P. glaucum in the genomic region from nt
200,453,174 to 200455132. Primers were designed on the basis
of the sequence from nt 200,452,995 to 200,455,312 of chromo-
some 2 of P. glaucum, based on the similarity with RL18/L5e mRNA
sequences from Setaria italica and Panicum hallii. Five primer pairs
were tested for PgRL18/L5e cDNA amplification. Of these primers,
one primer pair (forward: 50-TTTTTAAGGTCTTGAGCTGTAAT-30,
reverse: 50- TGTCATGTCCACATCTTCCAG-30) synthesized a cDNA
sequence that included the whole open reading frame (ORF).
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2.2. RNA extraction, reverse transcription, and sequencing

The plant material used in this study was a local Saudi pearl
millet (Pennisetum glaucum (L.) R. Br. ssp. monodii (Maire) Brun-
ken), cultivar Baydhan, which is grown in Wadi Baydhan in the
western region of Saudi Arabia (23.02739�N, 40.41217�E). This
local cultivar can tolerate extreme heat which is grown during
summer season where the day temperature reaches 44 �C. Pearl
millet seeds were surface-sterilized by 5% sodium hypochlorite
for 30 min and washed thrice before germinating in Petri dishes
at room temperature. Five-day-old seedlings were used to isolate
total RNA using TRIzol reagent (Invitrogen); the total RNA was fur-
ther used to synthesize cDNA with SuperScript� III reverse tran-
scriptase (Invitrogen). The synthesized cDNA was used as a
template for PCR using primers designed to amplify PgRL18/L5e
cDNA. PCR was performed using 2X Phusion Master Mix with
high-fidelity buffer (Thermo Fisher Scientific), 0.4 mmol of each pri-
mer, and 2.5 mL of cDNA. PCR cycling was carried out as follows:
Initial reaction at 95 �C for 4 min; then 30 cycles of 95 �C for
45 s, 56 �C for 45 s, and 72 �C for 1 min; and finally at 72 �C for
5 min. The PCR product was sequenced by Sanger method
(Sanger et al., 1977) using BigDye Terminator v3.1 Cycle Sequenc-
ing Kit on ABI genetic analyzer 3730xi (Applied Biosystems).
Sequencing results obtained from five replicates were subjected
to multiple sequence alignment (MSA) using MUSCLE version 3.8

(https://www.ebi.ac.uk/Tools/msa/muscle/) (Katoh and Standley,
2013). The MSA file was exported to UniGene software (Agarwala
et al., 2018). All generated sequences were assembled and the con-
sensus sequence was analyzed using in silico tools.

2.3. In silico sequence analysis and phylogeny

The consensus cDNA sequence was analyzed using UniGene
software. The ORF was identified and translated into an amino acid

sequence using ExPaSy translation tool (https://web.expasy.

org/translate/) (Bairoch, 2005). The deduced protein was identified
through HMMER3 on the MyHits from The Swiss Institute of Bioin-

formatics Web site (http://myhits.isb-sib.ch/) (Pagni et al., 2007).
Then, the deduced protein was used as a query in UniProt BLAST
to identify orthologous proteins from other plant species. General
features of the proteins (isoelectric point and molecular weight)

were estimated by ExPASy (https://web.expasy.org/compute_pi/)

(Bairoch, 2005). NCBI conserved domain database (https://www.

ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) was used for the
prediction of domains in the deduced protein (Marchler-Bauer
and Bryant, 2004; Marchler-Bauer et al., 2017). ConSurf was used
to estimate the degree of conservation of the PgRL18/L5e protein
sequence based on its evolutionary relationships with orthologous

proteins (http://consurf.tau.ac.il/) (Glaser et al., 2005; Ashkenazy
et al., 2016).

Secondary structure of the deduced protein was predicted using

NetSurfP-2.0 (http://www.cbs.dtu.dk/services/NetSurfP/) (Klausen
et al., 2019). To predict the tertiary structure of PgRL18/L5e, BLAST
and HHBlits search were carried out through the SWISS-MODEL
template library (https://swissmodel.expasy.org/) (Guex et al.,
2009; Waterhouse et al., 2018). Phosphorylation sites for the
PgRL18/L5e protein were predicted using the ScanProsite tool
(http://www.expasy.ch/tools/scanprosite/) (de Castro et al.,
2006). Protein-protein binding sites were detected using Predict

Protein (https://www.predictprotein.org/).
To analyze the phylogenetic relationships between PgRL18/L5e

and proteins from other plant species, UniProt BLAST was used to
retrieve orthologous RL18/L5e proteins in Viridiplantae. Phyloge-
netic analysis was performed with 21 selected protein sequences,
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with a hypothetical protein from Chara braunii as an outgroup.
Some of the selected orthologous plant proteins were uncharacter-
ized; therefore, the presence of an RL18/L5e domain in all selected
proteins was confirmed using NCBI Batch Web CD-Search tool.
Twenty-three RL18/L5e protein sequences, including PgRL18/L5e,
were aligned using MUSCLE. The MSA results were imported to
MEGA 7.0.26 (Kumar et al., 2016), and a phylogenetic tree was gen-
erated using the maximum likelihood method (Felsenstein and
Churchill, 1996) using default settings.
2.4. Plant treatments and gene expression measurement

Expression patterns of PgRL18/L5ewere examined using quanti-
tative real-time PCR. Three-day-old seedlings were divided into six
groups; four groups were treated with different types of stress for
3 days—drought, salt, cold, and heat—in order to analyze the
expression of PgRL18/L5e in stressed seedlings. Drought stress
was induced by stop irrigation, whereas heat stress was induced
by incubating seedlings at 48 �C/38 �C (day/night) with regular irri-
gation. Cold stress was induced by incubating seedlings at a con-
stant temperature of 12 �C with regular irrigation, whereas salt
stress was induced by treating seedlings with 200 mM NaCl. Seed-
lings in the fifth group were untreated and were used as the con-
trol group. To investigate the expression of PgRL18/L5e gene in
pearl millet roots, shoots, and seeds; seedlings in the sixth group
were grown in normal conditions for 3 days, then were separated
into roots, shoots, and seeds tissues.

Total RNA was extracted from untreated seedlings; stressed
seedlings (heat, salt, cold, and drought); and untreated roots,
shoots, and seeds. Total RNA integrity was assessed using agarose
gel electrophoresis; total RNA was then quantified using Qubit� 2
fluorometer (Invitrogen) and Qubit� RNA Assay Kit (Life Technolo-
gies). cDNAs were amplified from the eight samples using Super-
ScriptTM VILOTM cDNA Synthesis Kit (Invitrogen). PgRL18/L5e gene-
specific primers were designed to span two consecutive exons in
cDNA (forward: 50-CCGGAGGCAATTTCACAGTG-30, reverse: 50-CCA
TGTGGGCGATGGTGCGCTG-30). The reference gene EF-1a (forward:
50-GTTACAACCCAGACAAGATTGC-30 and reverse: 50-TGGACCTCT
CAATCGTGTTG-30) was used to normalize the PgRL18/L5e
expression in all samples. The reactions were performed in three
biological replicates. Each reaction consisted of 2X Power SYBR
Green RT-PCR mix (Applied Bio Systems), 0.1 mM of each primer,
2 mL of template, and H2O to make up the volume to 12.5 mL. Reac-
tion parameters were as follows: initial reaction at 50 �C for 2 min
and then 95 �C for 10 min followed by 55 cycles of 95 �C for 15 s
and 60 �C for 1 min.

Cycles to threshold (Ct) values were calculated to compare the
expression levels in all tissues and treatments (Livak and
Schmittgen, 2001). DCt was calculated by normalization of
PgRL18/L5e Ct values to EF-1a Ct values. DCt values were calibrated
using the DCt values of PgRL18/L5e for untreated seedlings to
obtain DDCt and then 2-DDCt as fold-change for PgRL18/L5e expres-
sion in each sample.
3. Results

3.1. PgRL18/L5e cDNA sequencing and sequence analysis

The PgRL18/L5e cDNA sequence was obtained by aligning five
sequences. The consensus cDNA sequence was 699 bp in length,
with an ORF of 564 bp (Fig. 1). All cDNA sequences were submitted
to NCBI GenBank (accession numbers MN624961, MN624962,
MN624963 and MN624964). The HMMER3 package from MyHits
was used to identify the deduced protein, using the euk database
of proteins (some complete proteomes of eukaryotes). The first
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hit was Zea mays RL18/L5e family protein (UniProt accession
B4FUY5) with 90% sequence identity and an E-value of 1.1e-125.
Domain prediction using the NCBI Batch Web CD-Search tool
revealed that the deduced protein comprised an RL18/L5e super-
family domain (No. cl00379), which also confirmed that the
sequenced cDNA corresponded to the PgRL18/L5e gene (Fig. S1.A).

The alignment between the PgRL18/L5e cDNA and P. glaucum
chromosomes through BLASTn revealed that the constructed
PgRL18/L5e cDNA shared 98.71% identity with a 2097 bp genomic
region on P. glaucum chromosome 2. Two exons were determined
through the alignment of the obtained cDNA and the related geno-
mic region on chromosome 2. The first exon (154 bp) contained the
start codon (ATG) starting at nt 44. The second exon (545 bp) con-
tained the end codon (TGA) located on nt 605. The intron between
the two exons was 1398 bp long Fig. 1. The ORF was 564 bp long,
and the deduced protein obtained by translating this ORF con-
tained 187 aa (NCBI accession numbers; QMU23697, QMU23698
QMU23699 and QMU23700). The NCBI BLASTn search for PgRL18/
L5e cDNA against P. glaucum chloroplast genome (NCBI accession
KX756179.1) showed no sequence identity. Owing to the unavail-
ability of the complete mitochondrial genome sequence of P. glau-
cum in NCBI GenBank, PgRL18/L5e cDNA was searched against the
complete mitochondrial genome sequences of rice and corn (NCBI
accessions BA000029.3 and DQ645536.1, respectively), which also
showed no sequence identity.

3.2. In silico characterization of PgRL18/L5e deduced protein

The deduced PgRL18/L5e protein had a molecular mass of
21.328 kDa with a theoretical isoelectric point of 9.78. Protein
homology search for PgRL18/L5e protein sequence by NCBI BLASTp
showed high identity with RL18/L5e proteins from other Poaceae
species. The highest identity (96.79%) was observed with an
uncharacterized protein from Setaria italica (Foxtail millet). The
second highest identity value (95.19%) was observed with an
uncharacterized protein from Panicum hallii. Zea mays RL18/L5e
family protein showed 90% identity with PgRL18/L5e (Table S1).
However, the NCBI BLASTp search revealed 24.58% to 36.56%
sequence identity in the RL18/L5e domain with the orthologous
50S ribosomal L18 proteins from prokaryotes (E-value lower than
0.95; Table S2).

The RL18/L5e superfamily domain spans from aa 78 to 177
(Fig. S1.A). Fig. 2 shows the degree of conservation of the amino
acid sequence of the deduced PgRL18/L5e protein as determined
by ConSurf. The highly conserved sequence (with a score higher
than 6 according to ConSurf) spanned from aa 43 to 187 and
included the RL18/L5e domain, which was a highly conserved
sequence in all orthologous proteins from Viridiplantae as indi-
cated by MSA (Fig. S1.B). The domain RL18/L5e was highly con-
served between all orthologous proteins used in the alignment
analysis, with the highest degree of conservation observed with
monocot species, especially Setaria italica and Panicum hallii. How-
ever, MSA indicated that the PgRL18/L5e protein contained a serine
residue at aa 143, which is different from all orthologous proteins
from monocots used in the MSA. All analyzed monocots RL18/L5e
proteins, except PgRL18/L5e, contained alanine at aa 143, whereas
the dicot species contained alanine or serine.

The potential phosphorylation sites in PgRL18/L5e protein
sequence were identified using the ScanProsite program. A con-
served tyrosine kinase phosphorylation site 1 (PS00007) was
located between aa 145 and 152, and an N-myristoylation site
(PS00008) was located between aa 36 and 41. Moreover, the
PgRL18/L5e protein was found to contain three possible casein
kinase II phosphorylation sites (PS00006) and ten protein kinase
C phosphorylation sites (PS00005) (Fig. S2.A). The above-
mentioned serine residue at aa 143 constituted a protein kinase



Fig. 1. The structure of PgRL18/L5e gene. (A): Structure of the PgRL18/L5e gene based on the alignment with the genomic sequence of chromosome 2 of Pennisetum glaucum.
The two exons are shown in light blue, the intron is shown as the white arrow, and the 3ʹ and 5ʹ UTR are shown in light pink. (B): The nucleotide sequence and deduced
protein sequence for PgRL18/L5e cDNA. The amino acid sequence (light blue) is written above the nucleotide sequence, and the RL18/L5e domain is highlighted in dark blue.
The start and stop codons are highlighted in yellow.

1          11         21         31         41         
MLRNILSQTW RNGAHVLQEG NPAPALYTCR RQFHSGQILS SSRSFFGVED

51         61         71         81         91         
FVDEDNSRPY TYKKEKRSKN PHKHISFKQR TIAHMEPFTL DVFISKRFVS

101        111        121        131        141        
ASLTHRSTCR QVAVAGTNSK DIKAALKSRS DIPACLAVGR FLSERAKEAD

151        161        171        181        
VYTCTYTPRE RDKFEGKIRA VVQSLIDNGI NVKLYLD

The conservation scale:

 1  2  3  4  5  6  7  8  9 
Variable Average Conserved

Fig. 2. Conservation of the PgRL18/L5e protein sequence analyzed by ConSurf. ConSurf scores the most conserved amino acid as 9 and the most variable as 1.
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C phosphorylation site (SER) in an a-helix region of the PgRL18/L5e
protein (Fig. S2.B).

The secondary structure of the deduced PgRL18/L5e protein
predicted using NetSurfP-2.0 showed three a-helices and six b-
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strands, as shown in Fig. 3. SWISS-MODEL was used to develop a
tertiary structure model for the deduced PgRL18/L5e protein, based
on the known tertiary structures of other homologous proteins. Of
the 596 templates in the SWISS-MODEL library, the highest-quality



Fig. 3. Secondary structure of the deduced PgRL18/L5e protein as predicted by NetSurfP-2.0. The relative surface accessibility is shown as ; the sequences denoted
in red are exposed, and those denoted in blue are buried (threshold at 25%). Secondary structure is illustrated as follows: Helix, Strand, Coil. The thickness

of the line denotes the probability of disordered residues.
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template 5xy3.1.G, which was a ribosomal L5 protein (Li et al.,
2017), was selected for 3D structure model building. The alignment
of the PgRL18/L5e protein and the 5xy3.1.G template showed
18.49% identity in the region between aa 62 and 182 (Fig. 4.B).
On the basis of this alignment, a 3D structure model was built
for PgRL18/L5e (Fig. 4.A).
Fig. 4. (A): The predicted 3D structure of the sequence from aa 62 to 182 of the deduced P
and the C-terminal is shown in red. (B): The alignment between ribosomal L5 protein (
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3.3. Phylogenetic relationships

To better understand the relationships between PgRL18/L5e and
its orthologous proteins, phylogenetic relationships were analyzed
with 22 orthologous proteins from Viridiplantae (Table S3). The
constructed maximum likelihood tree (Fig. 5) indicated close rela-
gRL18/L5e protein generated by SWISS-MODEL. The N-terminal is indicated in blue,
5xy3.1.G) from the SWISS-MODEL template library and PgRL18/L5e protein.



Fig. 5. Phylogenetic analysis of PgRL18/L5e and homologous proteins. The maximum likelihood tree was built using MEGA 7.0.26. A hypothetical homologous protein
from Chara braunii was used as an outgroup.

Z.M. Almutairi Saudi Journal of Biological Sciences 28 (2021) 3585–3593
tionships between PgRL18/L5e and its orthologous proteins in Poa-
ceae, which clustered together. All orthologous proteins in dicot
species were grouped together in the same cluster with RL18 pro-
teins from Cinnamomum micranthum (Magnoliidae) and Picea
glauca (Pinidae).

3.4. Gene expression profiling

TheDDCt method was used to analyze PgRL18/L5e expression in
stressed pearl millet seedlings and to investigate the tissue distri-
bution of PgRL18/L5e mRNA using expression in untreated seedling
tissues as calibrator. PgRL18/L5ewas found to be expressed in seed-
lings under heat and salt stress, but it was expressed at extremely
low levels under cold and drought stress (Fig. 6.A). Compared with
its expression in untreated seedlings, PgRL18/L5e expression in
stressed seedlings was the highest under heat stress (0.92-fold)
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and the lowest under drought stress (0.00002-fold). Shoot tissues
from 3-day-old seedlings showed the highest PgRL18/L5e gene
expression (2.2-fold), whereas roots showed the lowest expression
levels (0.7-fold; Fig. 6.B).

4. Discussion

Pearl millet P. glaucum (L.) is an important crop that widely cul-
tivated in different parts of the world, primarily in Asia and Africa,
as a multipurpose cereal (Havilah, 2017; ICRISAT, 1996). In Saudi
Arabia, pearl millet is grown in the western and southwestern
regions during different seasons with various temperatures and
different water needs. In the western region of Saudi Arabia, the
local cultivars tolerate extreme heat where the day temperature
range from 33 to 46 �C in summer season. In the southwestern
region where moderate temperature (range from 22 to 32 �C),



Fig. 6. Relative expression of PgRL18/L5e gene in Pennisetum glaucum seedlings
analyzed by quantitative real-time PCR. (A): The expression levels of PgRL18/L5e
in seedlings treated during germination with four types of stress: heat, salt, cold,
and drought. The y-axis corresponds to the relative expression level. (B): The tissue-
specific expression levels of PgRL18/L5e in three different tissues— root, seeds, and
shoots—from 3-day-old germinated seedlings.
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other pearl millet cultivars are grown under rainfed or limited irri-
gation. In the present study, we sequenced and investigated the
expression profiles of the RL18/L5e gene from a local pearl millet
cultivar, Baydhan, that grown in western of Saudi Arabia during
summer season. The RL18/L5e protein is one of the structural con-
stituents of the large ribosomal subunit. This protein has an impor-
tant role in translation of mRNA into protein. It has been shown in
bacteria that in the final steps of the ribosome assembly, the bac-
terial ortholog L18 binds 5S rRNA and promotes the establishment
of the complex of 5S rRNA and 23S rRNA (26S rRNA in plants)
(Kuzoff et al., 1998; Woestenenk et al., 2002).

PgRL18/L5e gene encoded a 187 aa ORF. The deduced PgRL18/
L5e protein and all the orthologous proteins in Viridiplantae were
similar in length and showed similar RL18/L5e superfamily domain
architecture. The alignment of the RL18/L5e domain sequence
among orthologous RL18/L5e proteins from land plants indicated
a high degree of conservation which previously reported of nuclear
RPs (Finet et al., 2010). Although the orthologous 50S ribosomal
L18 proteins from prokaryotes showed lower degree of conserva-
tion with PgRL18/L5e protein, the conserved sequence was in the
C-terminal region, indicating the importance of that sequence in
5S rRNA binding (Setterquist et al., 1996). The secondary structure
3591
of the conserved sequence from 77 to 187 aa, which comprised the
RL18/L5e domain, was shown to have three a-helices and five b-
strands. This domain recognizes a specific rRNA motif to bind 5S
rRNA (Matthew Michael and Dreyfuss, 1996; Woestenenk et al.,
2002). The first 20 N-terminal residues of bacterial L18 are not
involved in 5S rRNA binding, but they are required for the binding
of L18 with L5 and 23S rRNA (Newberry and Garrett, 1980).

BLAST search showed that PgRL18/L5e is a single-copy gene
located on chromosome number 2 in pearl millet genome. Simi-
larly, Arabidopsis RL18/L5e is a single-copy gene that encodes a
component of the cytoplasmic ribosome (Baima et al., 1995;
Barakat et al., 2001). Although some RP genes are single-copy
genes, other RP genes are found in multiple copies as paralogous
genes because of gene duplication events during evolution
(Sormani et al., 2011).

The PgRL18/L5e protein has potential phosphorylation sites as
suggested by the in silico analysis. Previous studies indicated that
the orthologous bacterial L18 proteins are modulated by phospho-
rylation (Bloemink and Moore, 1999; Soung et al., 2008). Bacillus
stearothermophilus L18 protein contains a phosphorylation site at
a serine residue, and this phosphorylation is critical for protein
folding and binding to 5S rRNA, suggesting that phosphorylation
of RPs is important for translation or ribosome assembly
(Bloemink and Moore, 1999).

On the basis of the available sequenced genomes, orthologous
RPs were selected for phylogenetic analysis to represent the main
taxa of Viridiplantae. Of the proteins from flowering plants, 7
orthologous proteins were from monocot species, and 12 were
from dicots. One orthologous protein from a gymnosperm (Picea
glauca) and another from Magnolia (Cinnamomum micranthum)
were also selected for the phylogenetic analysis. All selected pro-
teins as well as the outgroup protein from green alga Chara braunii
contained an RL18/L5e domain. The phylogenetic relationships
observed between PgRL18/L5e and orthologous proteins confirmed
the previously reported evolutionary relationships between land
plants (Finet et al., 2010). Previous studies on effective phyloge-
netic markers have suggested that nuclear RPs appeared to be reli-
able phylogenetic markers because of their conservation in
eukaryotes (Philippe et al., 2004; Marlétaz et al., 2006).

PgRL18/L5e was downregulated under all types of environmen-
tal stress examined in the present study; the lowest expression
levels were observed under cold and drought stress. However,
seedling under heat stress showed expression levels similar to
those in untreated seedlings, whereas the expression levels under
salt stress were intermediate. In contrast, the orthologous RL18/
L5e proteins from Arabidopsis and rice were upregulated by salt
stress (Kawasaki et al., 2001; Omidbakhshfard et al., 2012). In rice,
the upregulation of RL18/L5e proteins in response to salt stress was
observed during the first hour after salt treatment; thereafter, this
upregulation decreased over time (Kawasaki et al., 2001). The sim-
ilar expression levels observed between untreated seedlings and
seedlings under heat stress may be owing to the tolerance of the
local pearl millet cultivar that is grown in the western region of
Saudi Arabia during summer when the day/night temperatures
reach 44/32 �C. However, to understand the role of PgRL18/L5e in
abiotic stress tolerance, further research on expression patterns
at different developmental stages under various stresses is
required.

The high PgRL18/L5e gene expression in shoots is consistent
with the expression patterns of the orthologous RL18/L5e gene in
Arabidopsis, which is expressed during growth and differentiation.
Arabidopsis RL18/L5e mRNA is expressed in all plant tissues during
developmental stages, but the highest transcript levels are
observed in differentiated tissues such as young floral buds
(Baima et al., 1995). The highest expression levels of Arabidopsis
RL18/L5e protein were observed in the cotyledons of 1-day-old
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seedlings, young leaf laminae, and young flower sepals (Dal Bosco
et al., 2004; Ascencio-Ibáñez et al., 2008). The lower expression
levels in germinated seeds were consistent with the down-
regulated RL18/L5e protein expression in rice embryos at 72 h after
germination in comparison with the expression levels during the
first hour (Han et al., 2014). These expression profiles signify the
crucial function of RL18/L5e in regulation of translation during
plant growth and development.

5. Conclusion

The molecular mechanisms underlying the ability of plants to
tolerate stress are complex and remain unclear. As reported in pre-
vious studies, RL18/L5e gene, a member of the ribosomal L18/L5e
family, is regulated by different types of stress. To understand
the role of ribosomal protein L18/L5e in the adaptation of crops
grown in extreme environmental conditions, we identified the
RL18/L5e gene from a traditional pearl millet cultivar. The results
of this study are expected to be useful in understanding the role
of the cytoplasmic ribosomal protein RL18/L5e in the regulation
of synthesis of proteins involved in plant adaptation to stress. Fur-
ther transcriptomic and proteomic studies are needed for a com-
prehensive understanding of the role of RPs in response to
abiotic stress.
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