Zhao et al. BMC Genomics (2021) 22:750
https://doi.org/10.1186/s12864-021-08058-3

BMC Genomics

RESEARCH ARTICLE Open Access

Evolution and structural variations in
chloroplast tRNAs in gymnosperms

Check for
updates

Yu-He Zhao', Tong Zhou', Jiu-Xia Wang', Yan Li', Min-Feng Fang', Jian-Ni Liu? and Zhong-Hu Li'""

Abstract
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chloroplast tRNAs in gymnospermes.

Background: Chloroplast transfer RNAs (tRNAs) can participate in various vital processes. Gymnosperms have
important ecological and economic value, and they are the dominant species in forest ecosystems in the Northern
Hemisphere. However, the evolution and structural changes in chloroplast tRNAs in gymnosperms remain largely

Results: In this study, we determined the nucleotide evolution, phylogenetic relationships, and structural variations
in 1779 chloroplast tRNAs in gymnosperms. The numbers and types of tRNA genes present in the chloroplast
genomes of different gymnosperms did not differ greatly, where the average number of tRNAs was 33 and the
frequencies of occurrence for various types of tRNAs were generally consistent. Nearly half of the anticodons were
absent. Molecular sequence variation analysis identified the conserved secondary structures of tRNAs. About a
quarter of the tRNA genes were found to contain precoded 3" CCA tails. A few tRNAs have undergone novel
structural changes that are closely related to their minimum free energy, and these structural changes affect the
stability of the tRNAs. Phylogenetic analysis showed that tRNAs have evolved from multiple common ancestors. The
transition rate was higher than the transversion rate in gymnosperm chloroplast tRNAs. More loss events than
duplication events have occurred in gymnosperm chloroplast tRNAs during their evolutionary process.

Conclusions: These findings provide novel insights into the molecular evolution and biological characteristics of
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Background

Gymnosperms comprise a large group of seed plants
with a widespread distribution around the world. Gym-
nosperms are the dominant species that form forest eco-
systems in the Northern Hemisphere, which constitute
39% of the world’s forests, and they have great ecological
and economic significance [1]. According to the Chris-
tenhusz gymnosperms system, the extant gymnosperms
are divided into 12 families, 86 genera, and about 1063
species [2]. Conifers are the most abundant group of
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existing gymnosperms, and they occupy a similar niche
to that in the early stages of their evolution because they
have strong drought resistance [3]. The genetic relation-
ships between gymnosperms and angiosperms mean that
their phylogenetic status is important [4]. Furthermore,
gymnosperms have a long and extensive fossil record
that dates back to the Carboniferous (c. 290 million
years ago (Mya)). The five main lineages of gymno-
sperms (cycads, Ginkgos, cupressophytes, Pinaceae, and
gnetophytes) separated from each other during the Late
Carboniferous to the Late Triassic (311-212 Mya) [5].
Transfer RNA (tRNA) is one of the most ancestral
types of RNA and tRNAs are ubiquitous in all living or-
ganisms from prokaryotes to eukaryotes [6]. tRNAs
comprise a class of microRNAs that carry and transport
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amino acids, and they play central roles as the links be-
tween mRNA and protein. During protein translation, a
tRNA pairs its anticodon with a codon on mRNA and
carries specific amino acids to ribosome sites to mediate
protein biosynthesis [7, 8]. tRNAs are multifunctional
molecules that are involved in multiple metabolic pro-
cesses in cells in addition to their translation function,
e.g., aminoacyl-tRNA is a biosynthetic precursor and
amino acid donor for other macromolecules [9]. Each
tRNA can carry only one amino acid, but one amino
acid can be carried by multiple tRNAs called isoreceptor
tRNAs [10]. In 1965, the first tRNA comprising tRNAAR
in yeast was sequenced to determine its primary struc-
ture [11]. The secondary structures of tRNAs are mostly
conserved and clover-shaped, where they have an amino
acid receiving arm, D-arm, anticodon arm, D-loop (a
loop coupled to the D-arm), anticodon loop (a loop
coupled to the anticodon arm), and a TYC loop (a loop
coupled to the TWC arm) [12]. The nucleotide sequence
of a tRNA is hydrogen bonded to form a clover-shaped
secondary structure, which then folds into an inverted
L-type tertiary structure [13].

Chloroplasts are multi-copy organelles in plant cells that
are responsible for photosynthesis and carbohydrate me-
tabolism [14]. Chloroplasts play vital roles in the growth
and development of plants, including the synthesis of nu-
cleotides, amino acids, fatty acids, vitamins, phytohor-
mones, and several other metabolites [15-17]. The
chloroplast genome is a highly conserved, double-
stranded circular molecule containing genes that encode
tRNAs, rRNAs, and many proteins [18, 19]. The semi-
autonomous and complete expression system of the plant
plastid genome makes it a good material for evolutionary
and genomics research [20, 21]. In addition, tRNAs act as
a bridge in the gene expression process. Therefore, analyz-
ing the tRNA genes in chloroplasts can provide a theoret-
ical basis to facilitate further studies of the structure,
function, and evolutionary relationship of tRNAs.

Previous studies have investigated the evolution and
structure of tRNAs in several gymnosperms, Adoxaceae
plants, and Oryza sativa [22-24]. In the present study,
we selected 54 species belonging to 54 different genera
in the gymnosperm phyla and systematically analyzed
their chloroplast tRNAs. We extracted and re-annotated
tRNA genes in the chloroplast genome of each species
to determine the differences in the composition, conser-
vation, and structural changes in chloroplast tRNAs in
different plants, as well as the evolutionary relationships
and main events that affected tRNAs during their evolu-
tionary process. In addition, the relationships between
the structure of gymnosperm chloroplast tRNAs and
their minimum free energy were studied for the first
time. This main aims of this study were to understand:
(1) the distributions and conservation of different types
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of tRNAs in gymnosperm chloroplasts; (2) why certain
tRNAs always contain precoded 3' CCA tails; (3) how
the minimum free energy affects the stability of the sec-
ondary structure of tRNAs; and (4) the main types of
events that have occurred in gymnosperm chloroplast
tRNAs during their evolutionary history.

Results

Chloroplast tRNA gene compositions in gymnosperms

In the chloroplast genomes of the 54 gymnosperms con-
sidered in this study (Table S1), 1779 tRNA genes were
annotated that encoded 20 essential amino acids. The
chloroplast tRNA gene contents of the plants were rela-
tively uniform [8]. The average number of chloroplast
tRNA genes in each species was approximately 33. Calli-
tris rhomboidea, Dacrycarpus imbricatus, and Pseudo-
taxus chienii encoded only 27 tRNAs, and Gnetum
parvifolium and Macrozamia mountperriensis encoded
up to 39 tRNAs (Fig. 1).

Almost every tRNA was encoded in the chloroplast gen-
ome of each species, but some tRNAs were not encoded
in some species (Fig. 1). In particular, tRNA*"® was found
to be missing in eight species, tRNA™, tRNASY,
tRNA"™, and tRNA™" were missing in one species,
tRNA"? was missing in two species, tRNA™*® was missing
in 14 species, and tRNA®™ was missing in five species.
More tRNA®, tRNA™"€, and tRNA™" genes were present
in the chloroplast genomes of all species. tRNA®® ap-
peared three times in most species, two or four times in
some species, and six times in Nothotsuga longibracteata.
tRNA”® and tRNA"" generally appeared 2—3 times in
many species, but tRNA™" appeared six times in Ephedra
equisetina. tRNASY, tRNA"™, and tRNA™ were the next
most abundant tRNA genes and they occurred twice in
most species. However, suppressor tRNA and selenocys-
teine were completely absent from the chloroplast ge-
nomes of the 54 gymnosperms, as also found in
Adoxaceae [23] and monocot plants [24].

The lengths of the gymnosperm chloroplast tRNAs
ranged from 56 to 90 nucleotides, and the average length
was about 82 nucleotides. tRNASY (UCC) in Cunning-
hamia lanceolata was the smallest gene detected and it
only contained 56 nucleotides. The sequences of tRNA-
Leu tRNAS®, and tRNAT" all contained more than 80
nucleotides. A few tRNA®®" genes contained 90 nucleo-
tides, and tRNASY (UCC) in Sequoia sempervirens was
also 90 nucleotides in length. The lengths of the other
tRNAs were all about 73 nucleotides, but a few were
shorter than 70 nucleotides.

Gymnosperm chloroplast tRNAs contain 34 anticodons

The genetic code is degenerate and the 20 amino acids
are encoded by 61 triplet codes [25]. However, we found
that the gymnosperm tRNAs contained 34 different
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Fig. 1 Heatmap of the distribution frequency of tRNA genes in 54 gymnosperm chloroplast genomes. The row names are the gymnosperm
species, and the total numbers of tRNA genes in the chloroplast genomes of each species are in parentheses. The column names are the types
of tRNAs
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anticodons in 1779 tRNAs and the remaining 27 antico- tRNA®" (GUU), tRNA™® (UUU), tRNA*? (GUC),
dons were not found in any of the tRNAs in the gymno- tRNAS™ (UUC), tRNAM® (GUG), tRNAS™ (UUG),
sperm chloroplast genomes investigated in this study tRNA" (GAU and CAU), tRNAM®* (CAU), tRNA™"
(Table 1). The anticodons determined in this study are (GUA), tRNAS® (GCA), and tRNAT™ (CCA). In particu-
as follows: tRNA*® (UGC), tRNA®Y (GCC and UCC), lar, tRNA™" had the highest abundance of isoreceptors
tRNA"™ (GGG and UGG), tRNA™ (GGU and UGU), (GAG, UAG, CAA, and UAA), followed by tRNAS
tRNAY? (GAC and UAC), tRNAS" (GGA, UGA, and (GGA, UGA, and GCU), tRNA*™® (ACG, CCG, and
GCU), tRNA“™® (ACG, CCG, and UCU), tRNA™" UCU) and tRNA" (GAU, CAU, and UAU). In addition,
(GAG, UAG, CAA, and UAA), tRNA"™™ (GAA), tRNA™" (GAG) was present only in Ephedra equisetina.
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Table 1 Distribution of anticodons in the chloroplast genomes of gymnosperms

tRNA Anticodon

Alanine AGC (0) GGC (0) CGC (0) UGC (46)

Glycine ACC (0) GCC (54) CCC(0) UCC (46)

Proline AGG (0) GGG (47) CGG (0) UGG (54)

Threonine AGU (0) GGU (46) CGU (0) uGu (51)

Valine AAC (0) GAC (47) CAC (0) UAC (36)

Serine AGA (0) GGA (50) CGA (0) UGA (54) ACU (0) GCU (54)
Arginine ACG (54) GCG (0) CCG (28) UCG (0) CCU () UCuU (53)
Leucine AAG (0) GAG (2) CAG (0) UAG (45) CAA (51) UAA (40)
Phenylalanine AAA (0) GAA (53)

Asparagine AUU (0) GUU (54)

Lysine CUU (0) UUU (40)

Aspartate AUC (0) GUC (54)

Glutamate CuC (0 UUC (53)

Histidine AUG (0) GUG (54)

Glutamine CUG (0) UUG (49)

Isoleucine AAU (0) GAU (47) CAU (54) UAU (0)

Methionine CAU (54) AUA (0)

Tyrosine GUA (54) ACA (0)

Cysteine GCA (53)

Tryptophan CCA (54)

tRNAYS (CUU) was present only in Cunninghamia lan-
ceolata. tRNA" (UAU) was present only in Taxus bac-
cata. tRNAM® (CAU) was present at least twice in each
species. tRNASY (GCC), tRNA"™® (UGG), tRNAS®
(UGA, GCU), tRNA™® (ACG), tRNA™" (GUU),
tRNAMP  (GUC), tRNA™* (GUG), tRNA" (CAU),
tRNAM® (CAU), tRNA™" (GUA), and tRNA™™ (CCA)
were present in all of the gymnosperm chloroplast ge-
nomes investigated in this study.

Conservation of gymnosperm chloroplast tRNAs

Different tRNAs can transport different amino acids ac-
cording to their nucleotide compositions and structures.
The tRNA sequences were analyzed to identify their
conserved regions (Table 2). Comparative analysis of the
nucleotide compositions in the tRNA loops and arms
detected conserved nucleotides or nucleotide sequences
in multiple positions. In particular, these analyses
showed that at the first position in the acceptor arm,
tRNA™* (UGC), tRNA®Y (GCC and UCC), tRNA™
(GGU), tRNA®" (GCU, GGA, and UGA), tRNA™®
(ACG and CCG), tRNA"" (CAA, GAG, UAA, and
UAG), tRNA™® (UUU), tRNA™™ (GAA), tRNA™?P
(GUC), tRNA®™ (UUC), tRNA™® (GUG), tRNA™ (CAU,
GAU), tRNA™" (GUA), and tRNA“"* (GCA) contained a
conserved 5° G nucleotide, whereas tRNA'™ (UGG),
tRNAM! (CAU), and tRNAY* (GAC and UAC) contain

a conserved A nucleotide, and tRNA®" (GUU) and
tRNA®™ (UUG) contained a U nucleotide. However, the
nucleotide in the first position in the acceptor arm was
not highly conserved in tRNA™ (CCA), tRNA™
(CAU), and tRNA™ (UGU). The G nucleotide content
was higher in the region of the acceptor arm. tRNA®
(GCU and UGA) had conserved G-G-A-G-A-G-A nu-
cleotide sequences in the acceptor arm. In the first pos-
ition in the D-arm, tRNAY* (GAC) and tRNA™* (UUU)
contained a conserved A nucleotide, tRNA™" (GUA)
contained a conserved C nucleotide, and tRNA"™
(GGG) and tRNA™ (GGU) contained an A or G nu-
cleotide, whereas tRNAM®® (CAU) contained no con-
served nucleotides in this position, and all of the other
tRNAs contained a conserved G nucleotide. In addition,
tRNA®  (UGC), tRNA™ (UGU), tRNAY* (UAC),
tRNA*® (ACG and CCG), tRNA"" (GAG), tRNAP™
(GAA), tRNA™™ (GUU), and tRNA" (GAU) contained
a conserved G-C-U-C nucleotide sequence, and tRNA“"®
(GCA), tRNA™ (GUG), and tRNAS™ (UUG) contained
a conserved G-C-C nucleotide sequence. The D-loop
was found to contain a conserved A nucleotide in the
first position, except in tRNASY (GCC), tRNAS® (GCU
and GGA), tRNA™" (UAA), and tRNA"® (CAU). The
last position in the D-loop comprised a highly conserved
A nucleotide, except in tRNASY (GCC). The degree of
conservation was lower in the anticodon arms with no
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Table 2 Conserved nucleotides in gymnosperm chloroplast tRNAs. AC arm: acceptor arm; ANC arm: anticodon arm; ANC loop:
anticodon loop; W-arm: pseudouridine arm; Y-loop: pseudouridine loop

tRNA Anticodon AC arm D-arm D-loop ANC arm ANC loop Variable Y-arm Y-loop
Isotype region
Ala UGC G-GG-GA-UA GCU- AG-U-U-GGU-A CGC-G-CGU  CGU-UGCA-A AUGUC AGCGG U-U-CGAG
C u
Gly GCC G-C-GGGUA  GU- Go_1-A-A-U-G-G-U-  U-C-U-C-C/  U-U-G-C-C-A-A/ A-G-A-U G-CGGG  U-U-C-G-A-U-
Xoo1 A-Xo_q u G [@]V]
ucc G-CGGGUA  GUU- AGUGGU-A U-A-G-C C-U-U-CCA-A ACGAU GCGGG U-U-CGA-U-
U U
Pro GGG CGG-GAGGU/ AGC AGCU-U-U-GGU- CGCGA-UC U-UGGGGU AAGGU- GCU-GG  U-U-CA-A/G
C-A G-C A C G A-U
UGG A-G-G-G-A-U-G GCG AGCUUGGUA UUUGU UUUGGGU A-UGUC GCGAG  U-U-CA-AA-
C G u
Thr GGU Go 1-C-C-C-U-U-  A/G-C-  A-GX-G-G-G-U-A A-X-G-C-C  A-U-GGUAA AGGUC AUCGG U-U-CA-A-A/
U U-C G-U/C
UGy Xo1-G-C-C-U/C- G-C-U- A-G-A-GGU-U/G-A Uy -C-GC- CU-U-GU-A-A U/CGGU- AUCGG  U-U-CG-A-U-
G-C-U C A C u/C
Ser GCU G-G-A-GA-GA GCU GAGX-GGACU- GU/CGG  U-UGCU-AA GU-ACX,. GAGGG  U-U-CGA-A-
C/U-A-A A 3 u
GGA G-G-A-A-A-GA GG GA-GCU-GGU-U- UAGCA  U-UGGAAC GUAGX- GAGGG U-U-CGA-A-
U C-A-A VU G u
UGA G-GA-GAGA GCC AGU-GGU-UX-A CUUGG  CU-UGAAA AUAGX, GAGGG U-U-CA/GA-
G U 2 A-U
Val GAC A-G-G-G-A-U-A ACU- AGCUGGU/GA UCACC UUGACX-U UA-AGU- AUCA/G-  U-U-CG/A-A-
C U C G X5
UAC A-G-G-G-C-U-A  GCU- AGCX_»GGUA CU-CG U-U-U-A-C-A-C-  A-A-G-G-U- U-A-C-GG  U-U-C-G-A-G-
C Xoa C (@]V]
Arg ACG G-GGCCU-G GCU- AGAGGA-UXA CGUGG CU-U-ACGA GU-GU-C GGGGG  U-U-CA/GA-
C A A-U
CCG G-G-G-U-U-A/G- GCU- AGUGGAU-CA CAUGG UU/CCCGG G/AGAG AAGGG U-U-CA/GA-
G C A U/C-C A-U
ucu G/A-C-G-U-C-C-A G-U-C-  A-A-U-G-G-A-U/A-A  GA/GGG CU-U-CUAA X,-G-U A-U-A-G-G  U-U-C-A/G-A-
U u A-U
Leu CAA GCCU-UGA GUG GAAAUGGUA CGAGC X »U-CA-AA- GCU G/A-G-A-G-  U-U-C-G-A-A/
G-A Agq A-Xo_1 G G-U
GAG GGGCU-AU  GCU- AGCGGU-A U-G-C-CC  CGU-GAGAA GGGUC UCUGG UUCAAG-
C u
UAA G-G-GGA-UA GGG  GAAUUCGGU- ACGGA  CU-U-AAAA X 15U G-A-GGG  U-U-CA/G-A-
A-G/C-A A/G-U
UAG GCCGCCGA  GUG  AAAU-UA-GGU- CGQU-GC  CGU-UAGGX Xo-G-CXg CU-CGG  U-U-CA/GA-
A-G-A U-u A-U
Lys uuu G-U-U-G-X A-C-U-  A-A-U-G-G-U/C-A U-C-G-G C-U-U-U-U-A-A X-A-G-C/U- C-C-G-GG  U-U-CA/G-A-
C U A/G-U
Phe GAA G-CC-G-GGA GCU- AGU-U-GGU-A G-A-GGA CGUGAAAA GUGCUU- ACCAG  U-U-CA-AX-
C C U
Asn GUU U-C-C-U/C-C-A-  GCU-  AGX-GGU-A GU-CGGG  CGU-GU-U-AA U-AGGU- GU-AGG  U-U-CA/GA-
A/G C C A-U
Asp GUC G-GGAU-UG GUU- AAU-UGGU-CU- CCGCQU-  CGU-GU-CAA  AAGUU  GACGG  UUCGAG
C A C G @]V
Glu yuc G-CGCCGCUA GUCG AGUGGX-CCA  U-CUCU  CU-U-U-CGA-A CAAGC GGGGA  U-U-CGA-X-
U u
His GUG GX-G-G-A-C-G  GCC AAGUGGX, 4  GUGGA  U-UGUGAA CACGAC GCGGG  U-U-CA/GA-
A-A U-c/u
GIn uuG U-G-G-G-G-C/U- G-CGC  AAGCU-GGU-A- A/GCA/G  U-U-U-UGA/  UAX, 5-C  GAGAG  U-UCGA-A-
G A GG G-U G U
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Table 2 Conserved nucleotides in gymnosperm chloroplast tRNAs. AC arm: acceptor arm; ANC arm: anticodon arm; ANC loop:
anticodon loop; W-arm: pseudouridine arm; W-loop: pseudouridine loop (Continued)

tRNA Anticodon AC arm D-arm D-loop ANC arm ANC loop Variable Y-arm Y-loop
Isotype region
fMet CAU Xo-1-G-C-G-G-A/  G-A-G- AGU/CU/CU-GG CA/GAG CU-CAUAA AAGGX- ACU-GG  U-U-CA-A-A-
GG v U-A G C G u
Met CAU A/G-C-C/A-C/U-  X-C-U-  A-A/G-U-GGU/G-  U/C-C-X3 C/U-U-C-A-U-A- G/A-A/G-G-  X-U-U-G-G  U-U-C-A-A-X-
A-C-U/A C U-A A/C U-C U
lle CAU G-C/U-A-U-C-C/ GCU  GA-AU/CGGU-  CGCCAA CGU-CGA-U-AA  AAX-UC  GCAGG  U-U-CA-A-U-
U-A U/A-A-A G U
GAU G-G-G-CU-X, G-C-U- A-G-C/U-G-G-U-A C-G-CCC  CGUX-AU-AA AGGUA- X-CXGG  U-U-CA-AX,
C C
Tyr GUA GGGUCGA CCC AGU-GGQU-U- ACGGX  XUGUAAA GGXi_1a G-C-U/A-G/  U-U-C-A-A-A-
G A/C-A A-G/U u
Cys GCA G-GX-G-A/G-C/ GCC  AAGU/CGGUA- G/CAGA  CU-GCA-AA  X-A-U-C CCCGAG  U-U-CA/G-A-
U-A A G-G-A A-U
Trp CCA X>-G-C-U-C-U G-U-U- A-G-X3-G-G-U-A X-G-G-U C-U-CG-CG-A-A-A A-U-GU/C- GU-AGG U-U-C-A-A-A-
X C u

conserved nucleotides in any position (Table 2). The
second position in the anticodon loop was a conserved
T nucleotide. The last position in the anticodon loop
was generally a conserved A nucleotide. In addition, it
should be noted uracil and adenine were strongly pre-
ferred in the anticodon loop. Moreover, the conservation
of nucleotides was very low in the variable region be-
cause of its structural variability, although many tRNAs
still possessed a conserved C nucleotide in the last pos-
ition in the variable region. The ¥-arm and W-loop were

the most highly conserved regions in terms of both the
nucleotide number and nucleotide composition. The W-
arms all contained five nucleotides in the last two posi-
tions in this region, and they were mostly G nucleotides
in the tRNAs. The W-loops all contained seven nucleo-
tides with a highly conserved U-U-C sequence and most
tRNAs had a conserved U nucleotide in the last position.

The presence of an intact CCA sequence is a basic
prerequisite for the participation of tRNAs in the mRNA
decoding process [26]. The 3’ terminal regions of

-
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Fig. 2 tRNAs with precoded 3' CCA tails (marked with a red box). (A) tRNA™" (GUA) in Abies koreana. (B) tRNA™® (CCG) in Cedrus deodara
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eukaryotic tRNAs generally lack a CCA sequence, and
thus adding a 3" CCA tail is an important step in tRNA
biosynthesis. In the gymnosperms investigated in the
present study, tRNA*?, tRNA®, tRNASM, tRNA“Y,
tRNA™", and tRNA™* were found to contain a 3' CCA
tail (Fig. 2), but most tRNAs did not have 3" CCA tails.

Nucleotide variations in tRNA arms and loops

The number of nucleotides was also conserved in the
loop arm of each tRNA. In the 1779 tRNAs considered
in this study, the number of nucleotides in the acceptor
arm ranged from 0 to 8 (Table 3). The acceptor arms
usually contained seven nucleotides (93.25%), but 58
(3.26%) of the tRNAs contained six nucleotides in the
acceptor arm. The D-arm contained three (34.23%) or
four (65.65%) nucleotides in most tRNAs. However, two
tRNAs had a specific D-arm that contained only one nu-
cleotide, and both were in Pseudotsuga sinensis var.
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wilsoniana. The D-loops contained six to 26 nucleotides.
In the 1779 tRNAs, 341 (19.17%) of the D-loops con-
tained seven nucleotides, 281 (15.8%) contained eight,
719 (40.42%) contained nine, 162 (9.11%) contained 10,
249 (14.00%) contained 11, 25 (1.41%) contained 12, one
contained six, and one contained 26 nucleotides. The
anticodon arm contained four or five nucleotides, and
none of the tRNAs had less than four or more than five
nucleotides in the anticodon arm. We found that 97.98%
of the anticodon loops contained seven nucleotides and
the others had nine, 10, or 12 nucleotides. The number
of nucleotides differed significantly in the variable re-
gion, where most (1049, 58.97%) contained five nucleo-
tides, but some contained one (0.17%), two (0.39%),
three (5.45%), four (15.91%), six (12.65%), seven (3.54%),
eight (0.06%), 11 (2.08%), 15 (0.06%), 16 (0.73%), 17
(0.06%), or 20 (0.06%). Among all 1779 tRNAs, only one
tRNAM®® had six nucleotides in the W-arm, 11 (0.62%)

Table 3 Nucleotide compositions of acceptor (AC) arm, D-arm, D-loop, anticodon (ANC) arm, anticodon loop, variable region, Y-

arm, and Y-loop in chloroplast tRNAs

Region of tRNA Nucleotide composition

ACarm  Number of 0 1 2 3 4
nucleotides
Number of 3 3 1 21 18
tRNAs (0.17%)  (0.17%) (0.06%) (1.18%) (1.01%)
D-arm Number of 1 3 4
nucleotides
Number of 2 609 1168
tRNAs (0.11%)  (34.23%) (65.65%)
D-loop  Numberof 6 7 8 9 10
nucleotides
Number of 1 341 281 719 162
tRNAs (0.06%) (19.17%) (158%) (40.42%) (9.11%)
ANC arm Number of 4 5
nucleotides
Number of 135 1664
tRNAs (7.59%)  (93.54%)
ANC Number of 7 9 10 12
loop nucleotides
Number of 1743 24 2 10
tRNAs (97.98%) (1.35%) (0.11%) (0.56%)
Variable Number of 1 2 3 4 5
region nucleotides
Number of 3 7 97 283 1049
tRNAs (0.17%) (0.39%) (5.45%) (1591%) (58.97%)
Y-arm Number of 4 5 6
nucleotides
Number of 11 1767 1
tRNAs (0.62%)  (99.33%) (0.06%)
Y-loop  Number of 7
nucleotides
Number of 1779
tRNAs (100%)

5 6 7 8

12 58 1659 4

(067%) (3.26%) (93.25%) (0.22%)

11 12 26

249 25 1

(14.00%) (1.41%) (0.06%)

6 7 8 11 15 16 17 20
225 63 1 37 1 13 1 1
(12.65%) (3.54%) (0.06%) (2.08%) (0.06%) (0.73%) (0.06%) (0.06%)
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contained four, and the remaining tRNAs contained five
nucleotides. All tRNAs possessed seven nucleotides in
the W-loop.

Four types of structural changes in tRNAs

The general structure of a tRNA is characterized by an
amino acid receiving arm, D-arm, D-loop, anticodon
arm, anticodon loop, variable region loop, T¥C arm,
and TWYC loop. However, some novel tRNA structures
were found in the present study, which were assigned to
the following four types (Table 4, Fig. 3): type 1 lacked
an acceptor arm; type 2 had a 3'- end containing extra
nucleotides; type 3 had a variable region containing
loops or arms; and type 4 had a 3’- end containing extra
nucleotides and a variable region containing a loop or
arm. Among the tRNA structures with these changes,
type 3 was most clearly conserved. The variable regions
of tRNA"" (CAA and UAA), tRNA>" (GGA, UGA, and
GCU), and tRNAT (GUA) had the same structure in all
species, with extra loops and arms. tRNA™" also pos-
sessed a UAG anticodon, but the variable region did not
have this structure. The only two tRNAs with the type 4
structure were tRNA™" (GUA) and tRNAS®" (UGA).

We calculated the minimum free energy (AG) for the
novel tRNA and some normal tRNA structures (Table
4). The result showed that the average minimum free
energy was — 12.6 kcal/mol for tRNAs with the type 1
structure, which was much higher than the normal
tRNAs (AG = - 26.5 kcal/mol). Therefore, the absence of
the acceptor arm generally reduced the stability of the
tRNA structure. The minimum free energy was around
- 19.3 kcal/mol for the tRNAs with the type 2 structure.
tRNASY (GCC) in Sequoia sempervirens had the lowest
minimum free energy (AG =-28.3kcal/mol) among
those with the type 2 structure, and thus the presence of
extra nucleotides at the 3" end greatly improved the sta-
bility of the structure. By contrast, tRNAM®" (CAU) in
Cephalotaxus oliveri had the highest minimum free en-
ergy (AG=-11.8kcal/mol), and thus its stability was
greatly reduced due to the presence of atypical nucleo-
tides at the 3" end. The average minimum free energy
was — 33.2 kcal/mol in tRNAs with the type 3 structure.
The minimum free energy values determined for these
tRNAs were generally below — 30.0 kcal/mol. The values
were always very low for tRNA™Y" (GUA). Therefore, the
loops and arms in the variable region acted together
with the structures in other regions to create an ex-
tremely stable tRNA structure. However, compared with
other tRNAs with the type 3 structure, tRNA™" (CAA)
was remarkable because of its higher minimum free en-
ergy value of around - 26.1 kcal/mol, which was much
greater than the average for tRNAs with the type 3
structure (AG = - 32.8 kcal/mol) and close to that for
tRNAs with the normal structure (AG = - 26.5 kcal/mol).
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Thus, the structural changes in the variable region of
tRNA"" (CAA) had no obvious effects. The average
minimum free energy was - 28.3kcal/mol for tRNAs
with the type 4 structure and the values were quite dif-
ferent for each of these tRNAs, where some were above
the average value and some were below. Therefore, mul-
tiple influences may have been involved when the struc-
ture changed at the 3" end and in the variable region.
Moreover, considering the average minimum free energy
value for the tRNAs with normal structures (AG=-
26.5 kcal/mol) as a reference, the values for those with
type 1 and type 2 structures were much higher, but
lower for those with the type 3 structure. Thus, changes
in the structures of the tRNAs affected their stability.

Gymnosperm tRNAs evolved from multiple common
ancestors

In this study, the consensus coding sequences (CDSs) in
the complete chloroplast genomes of 54 gymnosperms
and the chloroplast genome of Alsophila spinulosa as an
outgroup were used to construct a phylogenetic tree
(Fig. S1). The result showed that species from the same
family clustered on the same branch, which is consistent
with the Christenhusz gymnosperms system [2] and pre-
vious studies [27]. In addition, a phylogenetic tree was
constructed used the maximum likelihood method to as-
sess the evolutionary relationships among all of the
gymnosperm tRNAs (see Fig. 4 and Fig. S2, where the
numbers on the branches of the evolutionary tree repre-
sent the bootstrap values). The phylogenetic tree con-
tained two large clusters and 32 small groups. Cluster I
contained 28 groups and it was much larger than cluster
II with four. Not every type of anticodon was present in
a group and the anticodons that occurred less frequently
were often present on the same branch as other antico-
dons. For example, tRNA™* (CUU) appeared only once
in Cunninghamia lanceolata and it grouped together
with tRNA*" (GUU). In addition, tRNA" (UAU) ap-
peared only once in Taxus baccata and it grouped with
tRNAY? (GAC). Similarly, tRNA"" (GAG) appeared
twice in Ephedra equisetina and it grouped on the
branch with tRNA™ (GAU). These findings were due to
the high similarity among the tRNA sequences. The low
values on most branches were due to the extremely high
conservation of tRNAs, where there were very few differ-
ences among the sequences.

In the top clade in the phylogenetic tree, the branches
with tRNA™ (CAU) and tRNA™™ (CCA), tRNA™"
(GUU), tRNA™"® (ACG), and tRNA""® (CCG) together
indicated a stepwise evolutionary relationship. However,
the other UCU anticodon of tRNA*'® did not appear
with tRNA*"® (ACG) and tRNA*® (CCG) in 55 tRNAs,
and it co-occurred with another stepwise evolutionary
relationship involving tRNAS™ (UUC), tRNASY (UCC),
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Table 4 Different structures of tRNAs and their minimum free energies
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Type Species tRNA Minimum free energy Average
(kcal/mol) (kcal/mol)
Type 1 S. eriopus tRNA™" (GGU) -160 -126
T. baccata tRNAME (CAU) -12.1
C. lanceolata tRNASY (UCQO) 96
N. longibracteata tRNA™" (GUU) -128
Type 2 T. fargesii tRNASY (UCQO) -195 -193
S. sempervirens tRNACY (GCO) -283
C. nootkatensis tRNAT™ (GGG) -183
C. nootkatensis tRNA"® (CAU) -180
C. oliveri tRNAME (CAU) -118
L. decidua tRNAT (GGU) -163
P. armandii tRNAR* (UUU) -206
P. sinensis tRNAD* (UUU) -206
P. sinensis tRNAT™ (GGU) -203
S. verticillata tRNAC™ (UUG) 216
P. abies tRNAD* (UUU) -206
P. sinensis tRNA™™ (GGU) -203
T. flousiana tRNAT (GGU) -15.1
Type 3 A. dammara tRNA" (GCU) 368 -328
A. dammara tRNA™" (GUA) —-409
A. dammara tRNA®" (UGA) -306
A. dammara TRNA" (GGA) -306
A. dammara tRNAY (UAA) -302
A. dammara tRNAY (CAA) -26.7
A. koreana TRNA®" (GCU) -385
A. koreana tRNA (GCU) -385
A. koreana tRNA" (UGA) -316
A. koreana tRNAY (CAA) 264
A. koreana tRNA" (GGA) -353
A. koreana tRNA™" (GUA) -337
A. argotaenia tRNA®® (GCU) 356
A. argotaenia tRNA™" (GUA) -336
A. argotaenia tRNAS (UGA) -323
A. argotaenia tRNA (GGA) 322
A. argotaenia tRNAY (UAA) -329
A. argotaenia tRNASY (CAA) -265
A. heterophylla tRNA™" (GUA) -388
A. heterophylla tRNAY (CAA) 249
Type 4 P. sinensis tRNAT" (GUA) -321 -283
P. sinensis TRNA®" (UGA) -218
T. chinensis tRNAS" (UGA) -325
G. biloba tRNA®" (UGA) -266
Normal structure T. flousiana tRNAY® (UUU) -31.0 -26.5
T. flousiana tRNAC™ (UUG) -269
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Table 4 Different structures of tRNAs and their minimum free energies (Continued)

Type Species tRNA Minimum free energy Average
(kcal/mol) (kcal/mol)
T. flousiana tRNASY (GCO) 304
T. baccata tRNAR* (UUU) -281
N. longibracteata tRNACY (UUQ) —248
A. dammara tRNAS" (UUG) -258
A dammara tRNASY (UCQO) —248
A. dammara tRNA®® (GCA) 277
A. koreana tRNA"® (UGG) -250
A. koreana tRNA"® (CAU) -235
A. koreana tRNAP® (GAA) -287
A. argotaenia tRNASY (UCQ) —24.8
A. argotaenia tRNAMY (UCU) -199
A. argotaenia tRNAY (UAQ) -300
A. argotaenia tRNATS (GUG) —264
A. heterophylla tRNAS® (GCA) —295
A. heterophylla tRNAT™ (CCA) -230
C. deodara tRNASY (GCO) -26.7
C. oliveri tRNA" (UGG) 269

and tRNAM® (UUU). The three tRNAS® anticodons
(GGA, UGA, and GCU) occurred simultaneously in 208
tRNAs and grouped together with tRNAS™ (UUG) on
the same branch. These findings suggest that tRNAS™
and tRNA®" belonged to a common evolutionary
lineage. The three tRNA™" anticodons (CAA, UAA, and
UAG) occurred simultaneously in 158 tRNAs on one
branch and they were at the bottom of the phylogenetic
tree. The branches containing tRNA™" and tRNA"™
(GGQG) together formed the second cluster. Therefore,
tRNA"™ and tRNA"*" had a close relationship and they
were far from the first cluster of tRNA groups. More-
over, tRNA™ (UGU), tRNAY® (UAC), and tRNA*"®
(UGC) grouped together, thereby indicating their com-
mon evolutionary lineage. Similarly, the common evolu-
tionary lineage of tRNAM®* (CAU), tRNA™ (GGU), and
tRNA"Y (GAC) was evident because they were present
on the same branch, and the same applied to the branch
containing tRNA™" (GUA), tRNA"™® (UGG), tRNA®*
(GCA), and tRNA™® (GUG). The phylogenetic tree also
showed that tRNA™ (GAA) and tRNA™ (GAU) were
grouped separately, where they each occupied a small
branch instead of grouping together with the other types
of tRNAs.

Higher rate of transitions than transversions

A transition is a change from one purine to another pur-
ine (A to G or G to A) or one pyrimidine to another
pyrimidine (C to U/T or U/T to C). A transversion is a
change from one purine to a pyrimidine (A or G to U/T

or C) or the opposite (U/T or C to A or G) [28]. Analyz-
ing the patterns of base mutations can help to under-
stand the molecular basis of evolution. Table 5 shows
the transition and transversion rates for each tRNA as
well as the overall levels in the gymnosperms investi-
gated in the present study. tRNA**P had the highest base
transition rate (25.00), while tRNA™ (22.41), tRNAT™®
(21.50), and tRNAS™ (21.13) also had high transition
rates. tRNAM® (11.40) had the lowest base transition
rate, while tRNA™® (12.53), tRNA“Y (12.61), and tRNA-
Met (13.35) also had low transition rates. In addition,
relatively high transversion rates were found for tRNA*"
(6.23), tRNA®Y (6.19), and tRNA™* (6.80), whereas
tRNA™ (1.94), tRNA®™ (1.29), and tRNA™ (1.75) had
low transversion rates. The most remarkable group was
tRNAP with a transversion rate of zero. Overall, the
transition rate was higher than the transversion rate, and
the transversion rate never exceeded the transition rate
in any tRNA. Similarly, we calculated the overall values
in the tRNA genes and found that the transition rate
(18.3) was higher than the transversion rate (3.19).
Moreover, the transition rate was essentially inversely
proportional to the transversion rate. Thus, when a
tRNA class had a higher transition rate, it usually also
had a lower transversion rate.

Duplication and loss events in gymnosperm chloroplast
tRNAs

After a gene duplication event, a copy of each replicated
gene pair tends to undergo a loss event. Gene loss events
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Fig. 3 Examples of tRNAs with different structures. (A) Type 1 lacking an acceptor arm: tRNA™" (GUU) of Nothotsuga longibracteata. (B) Type 2
where the 3" end contains extra nucleotides: tRNAY™ (UUG) in Sciadopitys verticillata. (C) Type 3 where the variable region contains loops or
arms: tRNA®®" (GCU) in Abies koreana. (D) Type 4 where the 3™ end contains extra nucleotides and the variable region contains a loop and an
arm: tRNA®®" (UGA) in Tsuga chinensis. (E) Normal structure of tRNA™® (GAA) in Cedrus deodara

occur frequently [29]. We calculated the duplication and
loss events in the gymnosperm chloroplast tRNAs (Fig. 5
and Fig. S3) and found that 1333 genes were duplicated
whereas 3657 genes were lost. In addition, 314 genes
were affected by conditional duplication events. Loss
events were far more frequent than duplication events,
and most of the chloroplast tRNAs had been affected by
loss events during the course of their evolution.

Discussion

Distribution of tRNAs

Our analysis of gymnosperm chloroplast tRNAs showed
that the tRNA genes were conserved in terms of both
their quantity and composition. The number of tRNA
genes in the chloroplast genome differed little between
species and the frequency of each tRNA gene was basic-
ally the same, with only slight differences. Some tRNAs
may have been lost occasionally in a few species, but
tRNA genes in the nucleus or other organelles can

replace the functions of these missing tRNA genes [30].
It has been shown that tRNAS®, tRNA™", and tRNA™"
always occur at higher frequencies in the chloroplast ge-
nomes of gymnosperms. In addition, the lengths of
tRNAS and tRNA"" sequences can clearly be longer
due to the different nucleotides in the variable region. A
previous study also demonstrated that tRNA"*" has a
large variable region [31]. The main function of the vari-
able region in tRNAs has not been fully elucidated, but
it has been shown that larger variable regions can in-
crease the affinity of tRNA for ribosomes and stabilize
the tRNA-ribosomal complex in various environments
to enhance the interactions between tRNAs and ribo-
somes [32]. This may explain why these types of tRNAs
are more commonly found in plant chloroplasts and
their association with many biological processes.
Suppressor tRNA is a mutated form of tRNA and it
can read mRNA in a new manner and allow the inser-
tion of appropriate amino acids at a mutation site in a
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protein-coding gene to suppress the phenotypic effect of
a coding mutation, thereby affecting the production of
functional cellular proteins [33-36]. Suppressor tRNA is
not found in gymnosperm chloroplast genomes. In
addition, selenocysteine inserting tRNAs are absent from
the chloroplast genomes in gymnosperms, Adoxaceae,
and monocot plants [23, 24]. Selenocysteine is an atyp-
ical amino acid [37] and the 21st amino acid involved in
the ribosome-mediated synthesis of proteins via a UGA
codon. Selenocysteine is found in both prokaryotes and
eukaryotes [38], but it is an oxygen-labile amino acid
with a degree of toxicity [39]. In the present study, we
found at least one tRNA™" and one tRNA™®" in each
species, where both corresponded to the CAU anti-
codon. It is known that tRNA™¢®" is necessary for initiat-
ing the protein translation process in prokaryotes [40—
43]. The initiator tRNA is always well conserved [44].
tRNA™et (CAU) and tRNAM®* (CAU) are both essential
in plants [45]. Interestingly, we found that tRNAM®* and
tRNA™ both contained the same CAU anticodon. The
relationship between the identification and matching of
codons is highly complex. Previous studies in bacteria
[46—48] have shown that when the C nucleotide is

modified in the CAU anticodon, tRNA" can recognize
isoleucine, whereas the unmodified tRNA™ with the
CAU anticodon will interact with methionine. It has also
been demonstrated that this change has the same effect
in plant chloroplasts [45], which can be explained by the
prokaryotic origin of the chloroplast.

Distribution of anticodons

The genetic code is based on 64 codons where 61 can
encode amino acids and three are stop codons, but they
usually do not all appear together. In the present study,
only 34 types of anticodons were found in gymnosperm
chloroplast tRNA genes, where some anticodons oc-
curred in all species and some were only found occa-
sionally in a few species. These 34 types of anticodons
can fulfill the roles of all 61 anticodons and they are re-
sponsible for protein translation in the chloroplast. By
contrast, 28 anticodons are found in the chloroplast ge-
nomes of Adoxaceae species [23] and 28 anticodons in
monocot plants [24]. The degeneracy of the genetic code
is explained by the “wobble hypothesis” where the first
and second bases in a codon pair strongly with the anti-
codon but the third base can form a non-Watson—Crick
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Table 5 Transition/transversion bias in gymnosperm chloroplast tRNAs

A U C G

Alanine

A - 6.23 6.23 12.53

U 6.23 - 12.53 6.23

@ 6.23 12.53 - 6.23

G 12.53 6.23 6.23 -
Asparagine

A - 2.82 2.82 19.36

U 282 - 19.36 282

C 282 19.36 - 282

G 19.36 2.82 2.82 -
Cysteine

A - 244 244 20.12

u 244 - 20.12 244

C 244 20.12 - 244

G 20.12 244 244 -
Glutamate

A - 1.94 1.94 21.13

u 1.94 - 21.13 1.94

@ 1.94 21.13 - 1.94

G 21.13 1.94 1.94 -
Histidine

A - 6.80 6.80 11.40

U 6.80 - 11.40 6.80

C 6.80 11.40 - 6.80

G 11.40 6.80 6.80 -
Leucine

A - 4.72 4.72 15.56

u 4.72 - 15.56 472

C 4.72 15.56 - 472

G 15.56 4.72 4.72 -
Methionine

A - 583 5.83 13.35

U 583 - 13.35 5.83

C 583 13.35 - 583

G 13.35 583 5.83 -
Proline

A - 2.16 2.16 20.69

u 2.16 - 20.69 2.16

C 216 20.69 - 2.16

G 20.69 2.16 2.16 -
Threonine

A - 3.66 3.66 17.68

u 3.66 - 17.68 3.66

C 3.66 17.68 - 3.66
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Table 5 Transition/transversion bias in gymnosperm chloroplast tRNAs (Continued)

A u C G

G 17.68 3.66 3.66 -
Tyrosine

A - 4.04 4.04 16.91

u 4.04 - 16.91 4.04

C 4.04 16.91 - 4.04

G 16.91 4.04 4.04 -
Arginine

A - 248 248 20.05

U 248 - 20.05 248

C 248 20.05 - 248

G 20.05 248 248 -
Aspartate

A - 0.00 0.00 25.00

u 0.00 - 25.00 0.00

C 0.00 25.00 - 0.00

G 25.00 0.00 0.00 -
Glutamine

A - 449 449 16.02

u 449 - 16.02 4.49

C 449 16.02 - 4.49

G 16.02 449 449 -
Glycine

A - 6.19 6.19 12.61

U 6.19 - 12.61 6.19

C 6.19 12.61 - 6.19

G 12.61 6.19 6.19 -
Isoleucine

A - 5.08 5.08 14.85

U 5.08 - 14.85 5.08

C 5.08 14.85 - 5.08

G 14.85 5.08 5.08 -
Lysine

A - 537 537 14.25

u 537 - 14.25 537

C 537 14.25 - 537

G 14.25 537 537 -
Phenylalanine

A - 129 1.29 22.41

u 1.29 - 22.41 1.29

C 1.29 2241 - 1.29

G 2241 1.29 1.29 -
Serine

A - 422 422 16.56

U 4.22 - 16.56 422
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Table 5 Transition/transversion bias in gymnosperm chloroplast tRNAs (Continued)

A u C G
C 422 16.56 - 422
G 16.56 422 422 -
Tryptophan
A - 1.75 1.75 21.50
u 1.75 - 21.50 1.75
C 1.75 21.50 - 1.75
G 21.50 1.75 1.75 -
Valine
A - 524 524 14.52
u 5.24 - 14.52 524
C 5.24 14.52 - 524
G 14.52 5.24 524 -
Overall
- 3.19 3.19 18.63
u 3.19 - 1863 3.19
C 3.19 18.63 - 3.19
G 18.63 3.19 3.19 -

i CAU-tmfMet D,48; oD,5; L,138
CCA4mTrp D,49; cD,5; L,138

|~ GUU-tmAsn D,l; cD,8; L,36

| el GUU-tmAsn  D,49; ¢D,7; L,90
ACG-tmArg D,42; ¢D,20; L,109
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Fig. 5 Duplication and loss events in gymnosperm chloroplast tRNAs. The results showed that gene loss events mainly occurred in tRNAs during
their evolution. D, Duplication; cD, conditional duplication; L, loss
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base pair with the anticodon [49]. Thus, some types of
tRNAs can correspond to multiple anticodon types and
one amino acid can be carried by multiple tRNAs. Sub-
stitutions in protein-coding genes are usually distributed
according to the codon structure and substitutions often
occur at the third position in the codon. Moreover, mul-
tiple anticodons corresponding to one tRNA have the
same “evolutionary potential” [25, 50]. In addition, or-
ganisms can differ in terms of their codon usage prefer-
ences. The use of synonymous codons is non-random
and it is mainly determined by specific preferences in
the translation process [51]. There is a strong correlation
between codon usage and the tRNA content, and the
codon selection pattern tends to be highly conserved in
the evolutionary process. Genes with high expression
levels often have codons that correspond to more
abundant tRNA types [52-54], and thus the gene ex-
pression levels are strongly related to codon usage
preferences [55, 56]. According to the results in Fig.
1 and Table 1, the overall frequencies of the codons
contained in tRNA®®, tRNA™E, and tRNA"" were
higher. Codon usage selectivity occurs in organisms
because the use of common codons in highly abun-
dant tRNAs can greatly reduce the risk of depleting
the translation mechanism [57].

Highly conserved secondary structure of tRNAs

The secondary structure of tRNAs is shaped like a clover
leaf, with an acceptor arm containing seven nucleotides,
D-arm containing 3-4 nucleotides, D-loop containing
4-12 nucleotides, anticodon arm containing five nucleo-
tides, anticodon loop containing three nucleotides,
variable region containing 4-23 nucleotides, ¥-loop
containing five nucleotides, and W-arm containing seven
nucleotides [58, 59]. However, we found that some of
the chloroplast tRNAs had different secondary structures
in gymnosperms and not all fully conformed to the trad-
itional pattern. Moreover, the differences in the numbers
of nucleotides in different tRNA regions were strongly
related to the type of tRNA and they even varied accord-
ing to the corresponding anticodon. For example,
tRNASY (GCC) contained four nucleotides in the vari-
able region but tRNASY (UCC) contained five nucleo-
tides (Table 2). In addition to the number of
nucleotides, the nucleotide compositions in different re-
gions also varied. The sequences of tRNAs were found
to be highly conserved with common nucleotides or se-
quences in almost every region, and their conservation
was related to the type of tRNA. Alignment of the tRNA
sequences showed that the W-loop was the most highly
conserved without any changes and the W-arm was also
extremely well conserved, where only a small part of the
tRNA was mutated in this region. Similar results were
found in a previous study of the conserved regions of
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chloroplast tRNAs in monocot plants [24]. The W-loop
contained a common sequence comprising U-U-C and it
was previously reported that conserved bases in the Y-
loop determine the stability of tRNAs in thermophilic
bacteria [60]. The anticodon loops were also highly con-
served where most contained seven nucleotides. The
anticodon loop is the region that matches with the
codon in mRNA, so high accuracy is required. The
addition of a conserved C-C-A sequence at the 3" end of
tRNA is necessary for tRNA maturation, which is medi-
ated by tRNA nucleotidyltransferase, and tRNAs can
only carry amino acids when the CCA tail is present [61,
62]. However, the addition of CCA tails does not always
require the action of tRNA nucleotidyltransferase, and
CCA tails are sometimes included in the tRNA gene
templates in bacteria. It has been reported that the tem-
plated 3° CCA sequence in bacteria is very common in
the initial tRNA (tRNA™¢Y) as well as in tRNA™" [63].
In the present study, we found that gymnosperm plant
chloroplast tRNA genes for tRNA™® and tRNA™" all
carried an encoded 3" CCA sequence in each species,
which suggests that part of the prokaryotic translation
mechanism was retained during chloroplast evolution. In
addition, the main factor that affects protein synthesis is
the initiation of translation [64, 65], and thus 3° CCA
templating can greatly enhance the rate of protein ex-
pression because it accelerates the maturation of tRNA.

Phylogenetic relationships

The phylogenetic analysis of all tRNA genes showed that
tRNA™et (CAU) appeared twice in the phylogenetic
tree, i.e., at the top of the tree grouped together with
tRNAT™® (CCA), and in the lower part of the tree
grouped together with tRNA™ (GGU) and tRNA"?
(GAC) (Fig. 4 and Fig. S2). These findings indicate that
tRNA™et (CAU) evolved from multiple common ances-
tors, and that tRNA™®* (CAU) has undergone more fre-
quent duplication events during its evolution.

Effects of structural changes on the stability of tRNAs

The minimum free energy of a molecule is closely re-
lated to its structure and it ensures the thermodynamic
stability of RNA [66]. The minimum free energy can be
used to predict the secondary structure of RNA [67-69].
In thermophiles, the folding of tRNA undergoes adaptive
changes to improve its stability because changes in the
tertiary structure can affect the stability of tRNA [70]. In
this study, we found several changes in the structure of
tRNAs, which were roughly divided into four categories
and clear patterns were identified in the corresponding
minimum free energy values. Compared with the normal
structure of tRNAs, these structural changes increased
or decreased the minimum free energies of tRNAs. It
has been reported that changes in the acceptor arm will
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increase the free energy of tRNA [71], which is consist-
ent with the results obtained in the present study be-
cause the free energy was higher when the acceptor arm
was lacking nucleotides or redundant nucleotides were
present. tRNAs with large variable regions were not rare
and the large variable regions have even evolved into
conserved structures in some types of tRNAs, such as
tRNA™", Thus, this type of structural change greatly re-
duced the free energy of tRNA to increase the stability
of the structure. Figure 1 shows that the frequency of
occurrence was relatively high for tRNA™", which may
indicate that this type of structural change in tRNA™"
proved beneficial for its utilization by plants.

Evolution of substitution rate

Eight types of transversion and four types of transition
are possible, and thus transversions should be more fre-
quent from a probabilistic perspective, but our statistical
results indicated a high transition rate, i.e., “transition
bias” [72]. This bias can be explained by the fact that
transitions have less effect on proteins than transver-
sions [73]. In particular, conversion involves substitution
with bases of the same type whereas inversion involves
substitution with bases of a different type. The structural
differences are small among the members within the
separate purine and pyrimidine families, whereas the
structural differences are large between purines and py-
rimidines. Thus, transitions have less effect on the struc-
ture of proteins. In addition, the transversion rate was
zero for tRNA®P, One possibly because it has not
undergone any transversions during its evolution. An-
other possibility is that the synthesis of this tRNA will
be terminated if a transversion occurs in this gene,
thereby resulting in an undetectable transversion rate.
Opverall, the chloroplast tRNAs in gymnosperms mainly
underwent base transversion during their evolution.

Duplication and loss events during evolution

Gene duplication and loss events have occurred very fre-
quently in plant genomes, and they have been important
factors during their evolution [74-76]. The size of the
chloroplast genome has decreased throughout evolution-
ary history and gene loss events continue to occur [77].
As shown in Fig. 1 and Table 1, some tRNAs were ab-
sent from certain species and nearly half of the antico-
dons were also absent. These results demonstrate that
loss events mainly occurred during the evolution of
chloroplast tRNA genes in gymnosperms.

Conclusions

This work provides a further explanation for the struc-
tural variations and evolution of the chloroplast tRNA in
gymnosperms. We found that the chloroplast tRNAs in
gymnosperms mainly underwent base transversion and
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loss events during their evolution. The precoded 3" CCA
sequences were found in some gymnosperm chloroplast
tRNAs sequences, it suggested that part of the prokary-
otic translation mechanism was retained. In addition, we
speculated that the utilization of certain tRNA types in
gymnosperms chloroplasts might be related to the pat-
terns of tRNA minimum free energy.

Materials and methods

Acquisition of chloroplast tRNA genes and secondary
structure analysis

Chloroplast genomes for 54 gymnosperms (Table S1)
were downloaded from the public database at the Na-
tional Center for Biotechnology Information (NCBI,
https:// www.ncbi.nlm.nih.gov/). Chloroplast genome an-
notation and tRNA gene extraction were conducted with
Geneious [78]. All of the gymnosperm chloroplast tRNA
gene sequences were uploaded to the tRNAscan-Se ser-
ver to predict their secondary structure and to obtain
other related results [79]. The free energies of tRNAs
with structural changes were calculated using the RNAa-
lifold web server with the default parameters.

Multiple sequence alignment

All tRNAs were classified according to their different
types to identify the consensus sequence in each region.
Similarly, the consensus sequence in each region was de-
termined at the overall tRNA level. Multiple sequence
alignment of tRNA genes was performed with the Mul-
talin server [80]. All of the sequences were used for
alignment analysis with the following parameters in
FASTA format: sequence input format, auto; display of
sequence alignment, colored; alignment matrix, Blo-
sum61-12-2; gap penalty at opening and extension, de-
fault; gap penalty at extremities, none and one iteration
only, none; highest consensus value, 90% (default); and
low consensus value, 50% (default). In the displayed
alignments, red indicates similarity/conservation of 90%
or more, blue indicates sequence conservation less than
90%, and black indicates no conservation. The CDS se-
quences of chloroplast genomes in each species were ob-
tained using Geneious and the consensus CDS
sequences were then extracted. The consensus CDS se-
quences in the chloroplast genomes in gymnosperms
and Alsophila spinulosa were aligned with the Linux ver-
sion of MAFFT software [81].

Phylogenetic tree construction

A phylogenetic tree was constructed using MEGA?7 soft-
ware to identify the phylogenetic relationships among all
of the tRNAs [82]. The model with the lowest Bayesian
information criterion (BIC) score was selected as the
best model for constructing a phylogenetic tree. Calcula-
tions using MEGA?7 software showed that the K2 + G +1
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model had the lowest BIC score (50,455.017), and thus it
was used to construct a phylogenetic tree based on
gymnosperm chloroplast tRNAs. The other parameters
used to construct the phylogenetic tree were: analysis,
phylogeny reconstruction; statistical model, maximum
likelihood; test of phylogeny, bootstrap method; no. of
bootstrap replicates, 1000; substitution type, nucleotide;
rates among sites, Gamma distributed with invariant
sites (G +I); no. of discrete Gamma categories, 5; gaps/
missing data treatment, partial deletion; site coverage
cutoff, 95%; and branch swap filter, very strong. The
phylogenetic tree based on the consensus CDS se-
quences in the chloroplast genomes in gymnosperms
and Alsophila spinulosa was constructed using RaxML
via the CIPRES Science Gateway [83]. Node supports for
the maximum likelihood analyses were estimated by per-
forming 1000 bootstrap iterations.

Analysis of transitions and transversions

The tRNA gene sequences used to construct the phylo-
genetic tree were also employed to calculate the transition
and transversion rates. All of the tRNA gene sequences
were classified according to their different types, before
calculating the transition and transversion rates. The same
calculations were performed at the overall tRNA level.
The calculations were performed using MEGA?7 software
[82]. The following parameters were used to calculate the
transition and transversion rates: analysis, substitution
pattern estimation (ML); tree to use, automatic (neighbor-
joining tree); statistical method, maximum likelihood; sub-
stitution type, nucleotide; model/method, Kimura2-
parameter model; rates among sites, Gamma distributed
(G); no. of discrete Gamma categories, 5; gaps/missing
data treatment, partial deletion, site coverage cutoff 95%;
and branch swap filter, very strong.

Analysis of gene duplication and loss events

The phylogenetic trees based on the tRNA genes and
species were reconciled in order to calculate duplication
and loss events in tRNA genes. A species tree was con-
structed based on 54 gymnosperm species via the NCBI
taxonomy server (https://www.ncbi.nlm.nih.gov/
Taxonomy/CommonTree/wwwcmt.cgi). The species tree
and gene tree were reconciled using Notung 2.9 [84].

Abbreviations
A: Adenine; C: Cytosine; G: Guanine; U: Uracil; W: Pseudouridine

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512864-021-08058-3.

Additional file 1: Table S1. The 54 gymnosperms considered in this
study and their NCBI ID numbers.

Page 18 of 20

Additional file 2: Fig. S1. Phylogenetic tree based on the consensus
CDS sequences in chloroplast genomes in gymnosperms and Alsophila
spinulosa. ML bootstrap values are given adjacent to nodes.

Additional file 3: Fig. S2. Phylogenetic tree based on gymnosperm
chloroplast tRNAs. The phylogenetic tree was constructed using the
maximum likelihood method and 1000 bootstrap replicates with MEGA.

Additional file 4: Fig. S3. Duplication and loss events in gymnosperm
chloroplast tRNAs. Duplication and loss analysis was conducted using the
program Notung.

Acknowledgements

We thank you very much for the editor and two reviewers helpful
comments and suggestions. We also thank you for Ting-Ting Zhang and
Peng-Bin Dong for their sincerely help in data analyses.

Authors’ contributions

ZHL conceived this study. YHZ, TZ, JXW, MFF and YL collected the original
data and performed the analyses. ZHL and JNL conducted the statistical
analyses. YHZ wrote the manuscript draft. ZHL and YHZ revised the
manuscript. All authors read and approved the manuscript.

Funding

This study was financially supported by the National Natural Science
Foundation of China (31970359), Shaanxi Science and Technology
Innovation Team (2019TD-012), and Fourth National Survey of Traditional
Chinese Medicine Resources (2019-68). The funding bodies played no role in
the design of the study and collection, analysis, and interpretation of data
and in writing the manuscript.

Availability of data and materials
All of the chloroplast genomic sequences used in this study can be found
via the NCBI website under the accession numbers given in Table S1.

Declarations

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors have no competing interests to declare.

Author details

'Key Laboratory of Resource Biology and Biotechnology in Western China
(Ministry of Education), College of Life Sciences, Northwest University, Xi'an
710069, China. *State Key Laboratory of Continental Dynamics, Department
of Geology, Early Life Institute, Northwest University, Xi'an 710069, China.

Received: 20 October 2020 Accepted: 6 October 2021
Published online: 18 October 2021

References

1. Armenise L, Simeone MC, Piredda R, Schirone B. Validation of DNA
barcoding as an efficient tool for taxon identification and detection of
species diversity in Italian conifers. Eur J Forest Res. 2012;131(5):1337-53.
https://doi.org/10.1007/510342-012-0602-0.

2. Christenhusz MJM, Reveal JL, Farjon A, Gardner MF, Mill RR. Chase MW, a
new classification and linear sequence of extant gymnosperms. Phytotaxa.
2011;19(1):55-70. https://doi.org/10.11646/phytotaxa.19.1.3.

3. Leitch AR, Leitch 1. Ecological and genetic factors linked to contrasting
genome dynamics in seed plants. New Phytol. 2012;194(3):629-46. https://
doi.org/10.1111/j.1469-8137.2012.04105x.

4. Wang XQ, Ran JH. Evolution and biogeography of gymnosperms. Mol
Phylogenet Evol. 2014;75:24-40. https://doi.org/10.1016/jympev.2014.02.005.

5. Magallén S, Hilu KW, Quandt D. Land plant evolutionary timeline: gene
effects are secondary to fossil constraints in relaxed clock estimation of age
and substitution rates. Am J Bot. 2013;100(3):556-73. https://doi.org/10.3
732/ajb.1200416.


https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi
https://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi
https://doi.org/10.1186/s12864-021-08058-3
https://doi.org/10.1186/s12864-021-08058-3
https://doi.org/10.1007/s10342-012-0602-0
https://doi.org/10.11646/phytotaxa.19.1.3
https://doi.org/10.1111/j.1469-8137.2012.04105.x
https://doi.org/10.1111/j.1469-8137.2012.04105.x
https://doi.org/10.1016/j.ympev.2014.02.005
https://doi.org/10.3732/ajb.1200416
https://doi.org/10.3732/ajb.1200416

Zhao et al. BMC Genomics

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

(2021) 22:750

Cook AG, Fukuhara N, Jinek M, Conti E. Structures of the tRNA export factor
in the nuclear and cytosolic states. Nature. 2009;461(7260):60-5. https.//doi.
0rg/10.1038/nature08394.

Hopper AK, Phizicky EM. tRNA transfers to the limelight. Genes Dev. 2003;
17(2):162-80. https://doi.org/10.1101/gad.1049103.

Michaud M, Cognat V, Duchéne AM, Maréchal-Drouard L. A global picture
of tRNA genes in plant genomes. Plant J. 2011;66(1):80-93. https://doi.org/1
0.1111/1.1365-313X.2011.04490.x.

Francklyn CS, Minajigi A. tRNA as an active chemical scaffold for diverse
chemical transformations. FEBS Lett. 2010;584(2):366-75. https://doi.org/10.1
016/jfebslet.2009.11.045.

Elf J, Nilsson D, Tenson T, Ehrenberg M. Selective charging of tRNA
isoacceptors explains patterns of codon usage. Science. 2003;300(5626):
1718-22. https://doi.org/10.1126/science.1083811.

Holley RW. Structure of an alanine transfer ribonucleic acid. JAMA. 1965;
194(8):868-71. https.//doi.org/10.1001/jama.1965.03090210032009.

Ishitani R, Nureki O, Nameki N, Okada N, Nishimura S, Yokoyama S.
Alternative tertiary structure of tRNA for recognition by a posttranscriptional
modification enzyme. Cell. 2003;113(3):383-94. https://doi.org/10.1016/
S0092-8674(03)00280-0.

Smith JD. Nucleotide sequence and function of transfer RNA and precursor
transfer RNA. Basic Life Sci. 1973;1:197-208. https://doi.org/10.1007/978-1-4
684-0877-5_16.

Knorr W, Heimann M. Uncertainties in global terrestrial biosphere modeling:
a comprehensive sensitivity analysis with a new photosynthesis and energy
balance scheme. Glob Biogeochem Cycles. 2001;15(1):207-25. https://doi.
0rg/10.1029/1998GB001059.

Blee E, Joyard J. Envelope membranes from spinach chloroplasts are a site
of metabolism of fatty acid hydroperoxides. Plant Physiol. 1996;110(2):445—
54. https://doi.org/10.1104/pp.110.2.445.

Noctor G, Arisi ACM, Jouanin L, Foyer CH. Manipulation of glutathione and
amino acid biosynthesis in the chloroplast. Plant Physiol. 1998;118(2):471-
82. https://doi.org/10.1104/pp.118.2471.

Spetea C, Hundal T, Lundin B, Heddad M, Adamska I, Andersson B. Multiple
evidence for nucleotide metabolism in the chloroplast thylakoid lumen.
Proc Natl Acad Sci U S A. 2004;101(5):1409-14. https://doi.org/10.1073/pnas.
0308164100.

Kolodner R, Tewari KK. Inverted repeats in chloroplast DNA from higher
plants. Proc Natl Acad Sci U S A. 1979;76(1):41-5. https://doi.org/10.1073/
pnas.76.141.

Meeker R, Tewari KK. Divergence of tRNA genes in chloroplast DNA of
higher plants. BBA - gene Struct. Expr. 1982,696(1):66-75.

Giles KL, Taylor AO. The control of chloroplast division in Funaria
hygrometrica |. patterns of nucleic acid, protein and lipid synthesis. Plant
Cell Physiol. 1971;12(3):437-45.

Zerges W. Translation in chloroplasts. Biochimie. 2000,82(6-7):583-601.
https://doi.org/10.1016/50300-9084(00)00603-9.

Zhang, T.T, Hou, YK; Yang, T, Zhang, S.Y,; Yue, M, Liu, J,; Li, Z. Evolutionary
analysis of chloroplast tRNA of gymnosperm revealed the novel structural
variation and evolutionary aspect. PeerJ. 2020;8:¢10312, DOI: https://doi.
0rg/10.7717/peerj.10312.

Zhong QY, Fu XG, Zhang TT, Zhou T, Yue M, Liu JN, et al. Phylogeny and

evolution of chloroplast tRNAs in Adoxaceae. Ecol Evol. 2021;11(3):1294-309.

https://doi.org/10.1002/ece3.7133.

Mohanta TK, Khan AL, Hashem A, Allah EFA, Yadav D, Al-Harrasi A. Genomic
and evolutionary aspects of chloroplast tRNA in monocot plants. BMC Plant
Biol. 2019;19(1):39. https://doi.org/10.1186/512870-018-1625-6.

Agris PF, Vendeix FAP, Graham WD. tRNA's wobble decoding of the
genome: 40 years of modification. J Mol Biol. 2007;366(1):1-13. https://doi.
0rg/10.1016/jjmb.2006.11.046.

Shi PY, Maizels N, Weiner AM. CCA addition by tRNA nucleotidyltransferase:
polymerization without translocation? EMBO J. 1998;17(11):3197-206.
https://doi.org/10.1093/emboj/17.11.3197.

Lu'Y, Ran JH, Guo DM, Yang ZY, Wang XQ. Phylogeny and divergence times
of gymnosperms inferred from single-copy nuclear genes. PLoS One. 2014;
9(9):¢107679. https.//doi.org/10.1371/journal.pone.0107679.

Zhao H, Li Q, Li J, Zeng C, Hu S, Yu J. The study of neighboring nucleotide
composition and transition/transversion bias. Sci China Ser C. 2006;49(4):
395-402. https://doi.org/10.1007/511427-006-2002-5.

Schnable JC, Springer NM, Freeling M. Differentiation of the maize
subgenomes by genome dominance and both ancient and ongoing gene

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 19 of 20

loss. Proc Natl Acad Sci U S A. 2011;108(10):4069-74. https://doi.org/10.1
073/pnas.1101368108.

Pino P, Aeby E, Foth BJ, Sheiner L, Soldati T, Schneider A, et al.
Mitochondrial translation in absence of local tRNA aminoacylation and
methionyl tRNA met formylation in Apicomplexa. Mol Microbiol. 2010;76(3):
706-18. https.//doi.org/10.1111/].1365-2958.2010.07128 x.

Dock-Bregeon AC, Westhof E, Giegé R, Moras D. Solution structure of a
tRNA with a large variable region: yeast tRNA". J. Mo. Biol. 1989,206(4):707~
22. https://doi.org/10.1016/0022-2836(89)90578-0.

Curran JF, Poole ES, Tate WP, Gross BL. Selection of aminoacyl-tRNAs at
sense codons: the size of the tRNA variable loop determines whether the
immediate 3" nucleotide to the codon has a context effect. Nucleic Acids
Res. 1995,23(20):4104-8. https://doi.org/10.1093/nar/23.204104.

Hatfield DL, Smith DWE, Lee BJ, Worland PJ, Oroszlan S. Structure and
function of suppressor tRNAs in higher eukaryote. Crit Rev Biochem Mol.
1990;25(2):71-96. https://doi.org/10.3109/10409239009090606.

Choisne N, Martin-Canadell A, Small I. Transactivation of a target gene using
a suppressor tRNA in transgenic tobacco plants. Plant J. 1997;11(3):597-604.
https://doi.org/10.1046/j.1365-313X.1997.11030597 x.

Beier H, Grimm M. Misreading of termination codons in eukaryotes by
natural nonsense suppressor tRNAs. Nucleic Acids Res. 2001;29(23):4767-82.
https://doi.org/10.1093/nar/29.23.4767.

Mohanta TK, Bae H. Analyses of genomic tRNA reveal presence of novel
tRNAs in Oryza sativa. Front Genet. 2017,8:90. https://doi.org/10.3389/
fgene.2017.00090.

Lukashenko, N.P. Expanding genetic code: amino acids 21 and 22,
selenocysteine and pyrrolysine. Russ. J. Genet+. 201046 (8):1013.

Stadtman TC. SELENOCYSTEINE. Selenocysteine Annu Rev Biochem. 1996;
65(1):83-100. https://doi.org/10.1146/annurev.bi.65.070196.000503.

Plateau P, Saveanu C, Lestini R, Dauplais M, Decourty L, Jacquier A, et al.
Exposure to selenomethionine causes selenocysteine misincorporation and
protein aggregation in saccharomyces cerevisiae. Sci Rep-UK. 2017,7(1):
44761. https://doi.org/10.1038/srep44761.

Harvey RJ. Growth and initiation of protein synthesis in Escherichia coli in
the presence of trimethoprim. J Bacteriol. 1973;114(1):309-22. https://doi.
0rg/10.1128/jb.114.1.309-322.1973.

Arnold HH. Initiation of protein synthesis in Bacillus subtilis in the presence
of trimethoprim or aminopterin. Biochim Biophys Acta. 1977476(1):76-87.
https://doi.org/10.1016/0005-2787(77)90287-8.

Baumstark BR, Spremulli LL, RajBhandary UL, Brown GM. Initiation of protein
synthesis without formylation in a mutant of Escherichia coli that grows in
the absence of tetrahydrofolate. J Bacteriol. 1977;129(1):457-71. https.//doi.
0rg/10.1128/jb.129.1.457-471.1977.

Guillon JM, Mechulam Y, Schmitter JM, Blanquet S, Fayat G. Disruption of
the gene for met-tRNA(fMet) formyltransferase severely impairs growth of
Escherichia coli. J Bacteriol. 1992;174(13):4294-301. https://doi.org/10.1128/
jb.174.13.4294-4301.1992.

Grosjean H, Crécy-Lagard V, Marck C. Deciphering synonymous codons in
the three domains of life: co-evolution with specific tRNA modification
enzymes. FEBS Lett. 2010,584(2):252-64. https://doi.org/10.1016/jfebslet.2
009.11.052.

Alkatib S, Fleischmann TT, Scharff LB, Bock R. Evolutionary constraints on the
plastid tRNA set decoding methionine and isoleucine. Nucleic Acids Res.
2012,40(14):6713-24. https://doi.org/10.1093/nar/gks350.

Kohrer C, Mandal D, Gaston KW, Grosjean H, Limbach PA, RajBhandary UL.
Life without tRNAlle-lysidine synthetase: translation of the isoleucine codon
AUA in Bacillus subtilis lacking the canonical tRNA2lle. Nucleic Acids Res.
2013;42(3):1904-15. https;//doi.org/10.1093/nar/gkt1009.

Mandal D, Kohrer C, Su D, Babu IR, Chan CTY, Liu YC, et al. Identification
and codon reading properties of 5-cyanomethyl uridine, a new modified
nucleoside found in the anticodon wobble position of mutant haloarchaeal
isoleucine tRNAs. J Fluid Mech. 2014;20(2):177-88. https://doi.org/10.1261/
ma.042358.113.

Tomikawa C, Auxilien S, Guérineau V, Yoshioka Y, Miyoshi K, Hori H, et al.
Characterization of redundant tRNA"®s with CAU and UAU anticodons in
lactobacillus plantarum. J Biochem. 2018;163(3):233-41. https://doi.org/10.1
093/jb/mvx075.

Crick FH. Codon-anticodon pairing: the wobble hypothesis. J Mo Biol. 1966;
19(2):548-55. https://doi.org/10.1016/S0022-2836(66)80022-0.

McClellan DA. The codon-degeneracy model of molecular evolution. J Mol
Evol. 2000;50(2):131-40. https://doi.org/10.1007/5002399910015.


https://doi.org/10.1038/nature08394
https://doi.org/10.1038/nature08394
https://doi.org/10.1101/gad.1049103
https://doi.org/10.1111/j.1365-313X.2011.04490.x
https://doi.org/10.1111/j.1365-313X.2011.04490.x
https://doi.org/10.1016/j.febslet.2009.11.045
https://doi.org/10.1016/j.febslet.2009.11.045
https://doi.org/10.1126/science.1083811
https://doi.org/10.1001/jama.1965.03090210032009
https://doi.org/10.1016/S0092-8674(03)00280-0
https://doi.org/10.1016/S0092-8674(03)00280-0
https://doi.org/10.1007/978-1-4684-0877-5_16
https://doi.org/10.1007/978-1-4684-0877-5_16
https://doi.org/10.1029/1998GB001059
https://doi.org/10.1029/1998GB001059
https://doi.org/10.1104/pp.110.2.445
https://doi.org/10.1104/pp.118.2.471
https://doi.org/10.1073/pnas.0308164100
https://doi.org/10.1073/pnas.0308164100
https://doi.org/10.1073/pnas.76.1.41
https://doi.org/10.1073/pnas.76.1.41
https://doi.org/10.1016/S0300-9084(00)00603-9
https://doi.org/10.7717/peerj.10312
https://doi.org/10.7717/peerj.10312
https://doi.org/10.1002/ece3.7133
https://doi.org/10.1186/s12870-018-1625-6
https://doi.org/10.1016/j.jmb.2006.11.046
https://doi.org/10.1016/j.jmb.2006.11.046
https://doi.org/10.1093/emboj/17.11.3197
https://doi.org/10.1371/journal.pone.0107679
https://doi.org/10.1007/s11427-006-2002-5
https://doi.org/10.1073/pnas.1101368108
https://doi.org/10.1073/pnas.1101368108
https://doi.org/10.1111/j.1365-2958.2010.07128.x
https://doi.org/10.1016/0022-2836(89)90578-0
https://doi.org/10.1093/nar/23.20.4104
https://doi.org/10.3109/10409239009090606
https://doi.org/10.1046/j.1365-313X.1997.11030597.x
https://doi.org/10.1093/nar/29.23.4767
https://doi.org/10.3389/fgene.2017.00090
https://doi.org/10.3389/fgene.2017.00090
https://doi.org/10.1146/annurev.bi.65.070196.000503
https://doi.org/10.1038/srep44761
https://doi.org/10.1128/jb.114.1.309-322.1973
https://doi.org/10.1128/jb.114.1.309-322.1973
https://doi.org/10.1016/0005-2787(77)90287-8
https://doi.org/10.1128/jb.129.1.457-471.1977
https://doi.org/10.1128/jb.129.1.457-471.1977
https://doi.org/10.1128/jb.174.13.4294-4301.1992
https://doi.org/10.1128/jb.174.13.4294-4301.1992
https://doi.org/10.1016/j.febslet.2009.11.052
https://doi.org/10.1016/j.febslet.2009.11.052
https://doi.org/10.1093/nar/gks350
https://doi.org/10.1093/nar/gkt1009
https://doi.org/10.1261/rna.042358.113
https://doi.org/10.1261/rna.042358.113
https://doi.org/10.1093/jb/mvx075
https://doi.org/10.1093/jb/mvx075
https://doi.org/10.1016/S0022-2836(66)80022-0
https://doi.org/10.1007/s002399910015

Zhao et al. BMC Genomics

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

(2021) 22:750

Fuglsang A. Estimating the “effective number of codons”: the Wright way of
determining codon homozygosity leads to superior estimates. Genetics.
2006;172(2):1301-7. https;//doi.org/10.1534/genetics.105.049643.

lkemura T. Correlation between the abundance of Escherichia coli transfer
RNAs and the occurrence of the respective codons in its protein genes. J
Mol Biol. 1981;146(1):1-21. https//doi.org/10.1016/0022-2836(81)90363-6.
Gouy M, Gautier C. Codon usage in bacteria: correlation with gene
expressivity. Nucleic Acids Res. 1982;10(22):7055-74. https://doi.org/10.1093/
nar/10.22.7055.

lkemura T. Codon usage and tRNA content in unicellular and multicellular
organisms. Mol Biol Evol. 1985;2(1):13-34. https://doi.org/10.1093/
oxfordjournals.molbev.a040335.

Duret L, Mouchiroud D. Expression pattern and, surprisingly, gene length
shape codon usage in Caenorhabditis, Drosophila, and Arabidopsis. Proc Natl
Acad Sci U S A. 1999,96(8):4482—7. https://doi.org/10.1073/pnas.96.8.4482.
Coghlan A, Wolfe KH. Relationship of codon bias to mRNA concentration
and protein length in Saccharomyces cerevisiae. Yeast. 2000;16(12):1131-45.
https://doi.org/10.1002/1097-0061(20000915)16:12<1131::AID-YEA609>3.0.
CO;2-F.

Fuglsang A. The effective number of codons for individual amino acids:
some codons are more optimal than others. Gene. 2003;320:185-90. https.//
doi.org/10.1016/5S0378-1119(03)00829-1.

Kirchner S, Ignatova Z. Emerging roles of tRNA in adaptive translation,
signalling dynamics and disease. Nat Rev Genet. 2015;16(2):98-112. https://
doi.org/10.1038/nrg3861.

Wilusz JE. Controlling translation via modulation of tRNA levels. Wiley
Interdiscip Rev RNA. 2015;6(4):453-70. https://doi.org/10.1002/wrna.1287.
Shigi N, Suzuki T, Tamakoshi M, Oshima T, Watanabe K. Conserved bases in
the ToC loop of tRNA are determinants for thermophile-specific 2-
thiouridylation at position 54. J Biol Chem. 2002,277(42):39128-35. https.//
doi.org/10.1074/jbc.M207323200.

Vortler S, Morl M. tRNA-nucleotidyl transferases: highly unusual RNA
polymerases with vital functions. FEBS Lett. 2010;584(2):297-302. https.//doi.
0rg/10.1016/jfebslet.2009.10.078.

Betat H, Morl M. The CCA-adding enzyme: a central scrutinizer in tRNA
quality control. Bioessays. 2015;37(9):975-82. https://doi.org/10.1002/bies.201
500043.

Ardell DH, Hou YM. Initiator tRNA genes template the 3'CCA end at high
frequencies in bacteria. BMC Genomics. 2016;17(1):1003. https://doi.org/1
0.1186/512864-016-3314-x.

Hersch SJ, Elgamal S, Katz A, Ibba M, Navarre WW. Translation initiation rate
determines the impact of ribosome stalling on bacterial protein synthesis. J
Biol Chem. 2014;289(41):28160-71. https://doi.org/10.1074/jbc.M114.593277.
Pop C, Rouskin S, Ingolia NT, Han L, Phizicky EM, Weissman JS, et al. Causal
signals between codon bias, mRNA structure, and the efficiency of
translation and elongation. Mol Syst Biol. 2014;10(12):770. https;//doi.org/1
0.15252/msb.20145524.

Miklos |, Meyer IM, Nagy B. Moments of the Boltzmann distribution for RNA
secondary structures. B Math Biol. 2005;67(5):1031-47. https://doi.org/10.101
6/j.bulm.2004.12.003.

Zarringhalam K, Meyer MM, Dotu I, Chuang JH, Clote P. Integrating
chemical footprinting data into RNA secondary structure prediction. PLoS
One. 2012;7(10):¢45160. https://doi.org/10.1371/journal pone.0045160.
Hofacker IL. Energy-directed RNA structure prediction. Methods Mol Biol.
2013;1097:71-84. https://doi.org/10.1007/978-1-62703-709-9_4.

Will'S, Jabbari H. Sparse RNA folding revisited: space-efficient minimum free
energy structure prediction. Algorithm Mol Biol. 2016;11(7):1-13. https.//doi.
0rg/10.1186/513015-016-0071-y.

Dutta A, Chaudhuri K. Analysis of tRNA composition and folding in
psychrophilic, mesophilic and thermophilic genomes: indications for
thermal adaptation. FEMS Microbiol Lett. 2010;305(2):100-8. https://doi.org/1
0.1111/1.1574-6968.2010.01922.x.

Hisanori K, Kiyoshi A. Rchange: algorithms for computing energy changes of
RNA secondary structures in response to base mutations. Bioinformatics.
2012;28(8):1093-101. https://doi.org/10.1093/bioinformatics/bts097.

Li WH, Wu CI, Luo CC. A new method for estimating synonymous and
nonsynonymous rates of nucleotide substitution considering the relative
likelihood of nucleotide and codon changes. Mol Biol Evol. 1985;2(2):150-
74. https;//doi.org/10.1093/oxfordjournals.molbev.a040343.

Stoltzfus A, Norris RW. On the causes of evolutionary transition: transversion
bias. Mol Biol Evol. 2016;33(3):595-602. https.//doi.org/10.1093/molbev/msv274.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Page 20 of 20

Durand D, Halldérsson BV, Vernot B. A hybrid micro-macroevolutionary
approach to gene tree reconstruction. J comput Boil. 2006;13(2):320-35.
https://doi.org/10.1089/cmb.2006.13.320.

Charon C, Bruggeman Q, Thareau V, Henry Y. Gene duplication within the
green lineage: the case of TEL genes. J Exp Bot. 2012,63(14):5061-77.
https://doi.org/10.1093/jxb/ers181.

Magadum S, Banerjee U, Murugan P, Gangapur D, Ravikesavan R. Gene
duplication as a major force in evolution. J Genet. 2013;92(1):155-61.
https://doi.org/10.1007/512041-013-0212-8.

Scharff LB, Bock R. Synthetic biology in plastids. Plant J. 2014;78(5):783-98.
https://doi.org/10.1111/tpj.12356.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al.
Geneious basic: an integrated and extendable desktop software platform for
the organization and analysis of sequence data. Bioinformatics. 2012,28(12):
1647-9. https.//doi.org/10.1093/biocinformatics/bts199.

Lowe TM, Chan PP. tRNAscan-SE on-line: integrating search and context for
analysis of transfer RNA genes. Nucleic Acids Res. 2016;44(W1):W54-7.
https://doi.org/10.1093/nar/gkw413.

Mitchell C. MultAlin-multiple sequence alignment. Bioinformatics. 1993,9(5):
614. https;//doi.org/10.1093/bioinformatics/9.5.614.

Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic Acids
Res. 2002,30(5):3059-66. https://doi.org/10.1093/nar/gkf436.

Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics
analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 2016;33(7):1870-4.
Miller MA, Pfeiffer W, Schwartz T (2010) Creating the CIPRES science
gateway for inference of large phylogenetic trees. In: Proc gateway
computing environments workshop (GCE).2010;pp.1-8.

Chen K, Durand D, Farach-Colton M. NOTUNG: a program for dating gene
duplications and optimizing gene family trees. J Comput Biol. 2000;7(3-4):
429-47. https://doi.org/10.1089/106652700750050871.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions


https://doi.org/10.1534/genetics.105.049643
https://doi.org/10.1016/0022-2836(81)90363-6
https://doi.org/10.1093/nar/10.22.7055
https://doi.org/10.1093/nar/10.22.7055
https://doi.org/10.1093/oxfordjournals.molbev.a040335
https://doi.org/10.1093/oxfordjournals.molbev.a040335
https://doi.org/10.1073/pnas.96.8.4482
https://doi.org/10.1002/1097-0061(20000915)16:12<1131::AID-YEA609>3.0.CO;2-F
https://doi.org/10.1002/1097-0061(20000915)16:12<1131::AID-YEA609>3.0.CO;2-F
https://doi.org/10.1016/S0378-1119(03)00829-1
https://doi.org/10.1016/S0378-1119(03)00829-1
https://doi.org/10.1038/nrg3861
https://doi.org/10.1038/nrg3861
https://doi.org/10.1002/wrna.1287
https://doi.org/10.1074/jbc.M207323200
https://doi.org/10.1074/jbc.M207323200
https://doi.org/10.1016/j.febslet.2009.10.078
https://doi.org/10.1016/j.febslet.2009.10.078
https://doi.org/10.1002/bies.201500043
https://doi.org/10.1002/bies.201500043
https://doi.org/10.1186/s12864-016-3314-x
https://doi.org/10.1186/s12864-016-3314-x
https://doi.org/10.1074/jbc.M114.593277
https://doi.org/10.15252/msb.20145524
https://doi.org/10.15252/msb.20145524
https://doi.org/10.1016/j.bulm.2004.12.003
https://doi.org/10.1016/j.bulm.2004.12.003
https://doi.org/10.1371/journal.pone.0045160
https://doi.org/10.1007/978-1-62703-709-9_4
https://doi.org/10.1186/s13015-016-0071-y
https://doi.org/10.1186/s13015-016-0071-y
https://doi.org/10.1111/j.1574-6968.2010.01922.x
https://doi.org/10.1111/j.1574-6968.2010.01922.x
https://doi.org/10.1093/bioinformatics/bts097
https://doi.org/10.1093/oxfordjournals.molbev.a040343
https://doi.org/10.1093/molbev/msv274
https://doi.org/10.1089/cmb.2006.13.320
https://doi.org/10.1093/jxb/ers181
https://doi.org/10.1007/s12041-013-0212-8
https://doi.org/10.1111/tpj.12356
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/nar/gkw413
https://doi.org/10.1093/bioinformatics/9.5.614
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1089/106652700750050871

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Chloroplast tRNA gene compositions in gymnosperms
	Gymnosperm chloroplast tRNAs contain 34 anticodons
	Conservation of gymnosperm chloroplast tRNAs
	Nucleotide variations in tRNA arms and loops
	Four types of structural changes in tRNAs
	Gymnosperm tRNAs evolved from multiple common ancestors
	Higher rate of transitions than transversions
	Duplication and loss events in gymnosperm chloroplast tRNAs

	Discussion
	Distribution of tRNAs
	Distribution of anticodons
	Highly conserved secondary structure of tRNAs
	Phylogenetic relationships
	Effects of structural changes on the stability of tRNAs
	Evolution of substitution rate
	Duplication and loss events during evolution

	Conclusions
	Materials and methods
	Acquisition of chloroplast tRNA genes and secondary structure analysis
	Multiple sequence alignment
	Phylogenetic tree construction
	Analysis of transitions and transversions
	Analysis of gene duplication and loss events
	Abbreviations

	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

