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Abstract

The small (18S) and large (28S) nuclear ribosomal DNA (rDNA) introns have been
researched and sequenced in a variety of ectomycorrhizal fungal taxa in this study, it is
found that both 18S and 28S rDNA would contain introns and display some degree variation
in size, nucleotide sequences and insertion positions within the same fungi species (Melinio-
myces). Under investigations among the tested isolates, 18S rDNA has four sites for intron
insertions, 28S rDNA has two sites for intron insertions. Both 18S and 28S rDNA introns
among the tested isolates belong to group | introns with a set of secondary structure ele-
ments designated P1-P10 helics and loops. We found a 12 nt nucleotide sequences TAC
CACAGGGAT at site 2 in the 3’-end of 28S rDNA, site 2 introns just insert the upstream or the
downstream of the12 nt nucleotide sequences. Afters sequence analysis of all 18S and 28S
rDNA introns from tested isolates, three high conserved regions around 30 nt nucleotides
(conserved 1, conserved 2, conserved 3) and identical nucleotides can be found. Conserved
1, conserved 2 and conserved 3 regions have high GC content, GC percentage is almost
more than 60%. From our results, it seems that the more convenient host sites, intron
sequences and secondary structures, or isolates for 18S and 28S rDNA intron insertion and
deletion, the more popular they are. No matter 18S rDNA introns or 18S rDNA introns
among tested isolates, complementary base pairing at the splicing sites in P1-IGS-P10 ter-
tiary helix around 5’-end introns and exons were weak.

Introduction

Mycorrhizal symbiosis is a common phenomenon in all terrestrial plant communities. One of
the major types of mycorrhiza is the ectomycorrhiza, typically formed by almost all tree species
in temperate forests [1]. For the ectomycorrhiza symbiosis which the fungus forms a mantle
external to the plant root, the number of plant and fungal species involved is currently esti-
mated to be ca. 6,000 and 20,000-25,000, respectively [2, 3]. The ecologically and economically
most important forest trees (Pinaceae, Fagaceae, Betulaceae, Nothofagaceae,
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Leptospermoideae of Myrtaceae, Dipterocarpaceae, and Amhersteae of Caesalpiniaceae, and
so on) dominate woodland and forest communities in boreal, Mediterranean, and temperate
forests of the Northern Hemisphere and parts of South America, seasonal savanna and rain
forest habitats in Africa, India and Indo-Malay as well as temperate rain forest and seasonal
woodland communities of Australia [4]. Mycorrhizal infection affects the mineral nutrition
and micronutrient uptake of plants [5-7]. Based on taxonomic and ecological extrapolation,
an estimated 86% of terrestrial plant species acquire mineral nutrients via mycorrhizal root
symbionts [3]. For example, ectomycorrhizal fungus Cenococcum graniforme could produce
ferricrocin, alkaline phosphatase and other hydrolyases to help hosts iron nutrient and carbo-
hydrate utilization [1, 8]. Thus, ectomycorrhiza fungi play an important role in seedling estab-
lishment and tree growth in habitats across the globe.

Group I introns are small RNAs and are found in a wide variety of organisms (e.g. in fungi,
algae and in many other unicellular eukaryotes), genes (i.e. protein, rRNA and tRNA coding
genes) and genomes [9-11]. Group I introns spread effificiently at the DNA level into intron-
less cognate sites by homing process. Group I introns are characterized by the possession of a
set of conversed sequences elements designated P1 and P3-P10. P4-P6 and P3-P9 helical
domains constitute the catalytic core elements and P1 and P10 helical the substrate domain
that contains the 5’ and 3’ splice sites [12-15]. Based on both conversed nucleotide sequences
and secondary structure characterics, group I introns are classified into five major groups (IA
to IE) according to the presence/absence of peripheral paired elements [14, 16].

In this study, the sequnences and deduced secondary structures of 18S and 28S rDNA
introns have been examined among several fungal species. We would like to know the introns
insertion positions in 18S and 28S rDNA, intron sequence homology, and their secondary
structure features. We are also interested in compairing 18S rDNA introns with 285 rDNA
introns in the respect of their similarities and differences, trying to find their evolution origin
between 18S and 28S rDNA introns.

Materials and methods
Fungal strains and DNA extraction

Tested strains were isolated from sclerotial bodies as well as mycorrhizae samples which were
collected from Daqing Mountain (longitude 111.25°-112.30°, Latitude 40.35°-40.57°) with per-
mission from Inner Mongolia Daqing Mountain Nature Reserve, Helan Mountain (longitude
105.40°-105.58°, Latitude 38.10°-39.08") with permission from Helan Mountain National
Nature Reserve, Daxingan Mountainn (longitude 121.30°-121.31°, Latitude 50.49°-50.51°)
with permission from Genhe ecological positioning station in Daxingan Mountainn of Inner
Mongolia, and Wula Mountain (longitude 108.2°-108.5°, Latitude 40.9°- 40.41°) with permis-
sion from Inner Mongolia Wula Mountain National Forest Park in Inner Mongolia of China.
No specific permits were required as the research did not include the destruction of vegetation.
Information regarding the used isolates is provided in Table 1. For DNA extraction, mycelial
plugs from stock cultures were grown on potato-dextrose agar (PDA) plates at 24°C for DNA
extraction. Genomic DNA was extracted using a cetyltrimethyl ammonium bromide (CTAB)
method [17], then stored at -20°C.

PCR amplification and sequencing

The 3’-end of 18S rDNA was amplified using primers NS5 (5’ ~-GATACCGTCGTATCTTAAC
C-37)/NS8 (5" -TCCGCAGGTTCACCTACGGA-3") [15]. An initial denaturation at 94°C

for 5min was followed by 30 cycles of denaturation at 94°C for 30s, annealing at 50°C for 30s,
and extension at 72°C for 90s. There was a final extension step at 72°C for 10min. The 3’-end
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Table 1. Isolates used in this study.

Isolates

Host origin

Geographical origin

Spop1 (Cenococcum geophilums)

Populus davidiana

Daging Mountain, China

Spop2 (Cenococcum geophilums)

Populus davidiana

Daqing Mountain, China

Spop3 (Cenococcum geophilums)

Populus davidiana

Daging Mountain, China

Spop6 (Cenococcum geophilums)

Populus davidiana

Daging Mountain, China

Spopx (Cenococcum geophilums)

Populus davidiana

Dagqing Mountain, China

Pop4 (Cenococcum geophilums)

Populus davidiana

Dagqing Mountain, China

Pop5 (Cenococcum geophilums)

Populus davidiana

Daging Mountain, China

Pop2 (Chaetothyriales)

Populus davidiana

Daging Mountain, China

Pop7 (Chaetothyriales)

Populus davidiana

Daging Mountain, China

Yang]1 (Cenococcum geophilums)

Populus davidiana

Daging Mountain, China

SHY (Cladophialophora)

Populus davidiana

Dagqing Mountain, China

01 (Cenococcum geophilums) Ostryopsis daidiana. Dagqing Mountain, China
02 (Cenococcum geophilums) Ostryopsis daidiana. Daging Mountain, China
04 (Cenococcum geophilums) Ostryopsis daidiana. Daging Mountain, China
O5 (Cenococcum geophilums) Ostryopsis daidiana. Daging Mountain, China
SO1 (Cenococcum geophilums) Ostryopsis daidiana. Daging Mountain, China
SO2 (Pezizomycotina) Ostryopsis daidiana. Daging Mountain, China
SO4 (Cenococcum geophilums) Ostryopsis daidiana. Daging Mountain, China
SO5 (Cenococcum geophilums) Ostryopsis daidiana. Daging Mountain, China

Picea (Meliniomyces)

Picea asperata

Daging Mountain, China

Spicea (Cenococcum geophilums)

Picea asperata

Daging Mountain, China

B2 (Cladophialophora) Betula platypylla Daging Mountain, China
B3 (Cladophialophora) Betula platypylla Dagqing Mountain, China
B5(Cladophialophora) Betula platypylla Dagqing Mountain, China
SB1 (Cenococcum geophilums) Betula platypylla Daqing Mountain, China
SB5 (Cenococcum geophilums) Betula platypylla Daging Mountain, China
SB6 (Pezizomycotina) Betula platypylla Daging Mountain, China

Quercus (Cenococcum geophilums)

Quercus monogolica

Daqing Mountain, China

MY (Cenococcum geophilums)

Pinus tabulaeformis

Daqing Mountain, China

Yang?2 (Meliniomyces)

Populus davidiana

Daxingan Mountain, China

2010cg (Cenococcum geophilums) Betula platypylla Daxingan Mountain, China
Baihua (Meliniomyces) Betula platypylla Daxingan Mountain, China
Shanbai (Meliniomyces) Unknown Daxingan Mountain, China

WL (Cenococcum geophilums)

Populus davidiana

Wula Mountain, China

1-1 (Cenococcum geophilums)

Picea asperata

Helan Mountain, China

1-2 (Cenococcum geophilums)

Picea asperata

Helan Mountain, China

1-3 (Cenococcum geophilums)

Picea asperata

Helan Mountain, China

YUN (Cenococcum geophilums)

Picea asperata

Helan Mountain, China

2-1 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-2 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-3 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-4 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-5 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-6 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-7 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-8 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-9 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

(Continued)
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Table 1. (Continued)

Isolates

Host origin

Geographical origin

2-10 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-11 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-12 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-13 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-14 (Cenococcum geophilums)

Populus davidiana

Helan Mountain, China

2-15 (Pezizomycotina)

Populus davidiana

Helan Mountain, China

2-16 (Chaetothyriales)

Populus davidiana

Helan Mountain, China

2-17 (Phialophore verrucosa)

Populus davidiana

Helan Mountain, China

3-1 (Cenococcum geophilums)

Pinus tabulaeformis

Helan Mountain, China

3-2 (Cenococcum geophilums)

Pinus tabulaeformis

Helan Mountain, China

3-3 (Cenococcum geophilums)

Pinus tabulaeformis

Helan Mountain, China

3-4 (Cenococcum geophilums)

Pinus tabulaeformis

Helan Mountain, China

4-1 (Cenococcum geophilums)

Jumiperus communis

Helan Mountain, China

CG (Cenococcum geophilums) Unknown France

CG5 (Cenococcum geophilums) Unknown France

CG54 (Cenococcum geophilums) Unknown France

CG417 (Cenococcum geophilums) Unknown France

AMS51 (Meliniomyces) Unknown France

CGTAR (Cenococcum geophilums) Unknown Switzerland

CGPIL (Cenococcum geophilums) Unknown Switzerland

CGLESPAC (Cenococcum geophilums) Unknown Switzerland

010 (Cenococcum geophilums) Pinus resinosa Ait. USA

011 (Cenococcum geophilums) Pinus resinosa Ait. USA

155 (Cenococcum geophilums) Quercus alba L. USA

ALB-2 (Cenococcum geophilums) Abies lasiocarpa Nutt. USA

$8-1 (Cenococcum geophilums) Picea glauca Vess. USA

HUNT-8 (Cenococcum geophilums) Picea rubrens Sargent USA

HUNT-9 (Cenococcum geophilums) Picea rubrens Sargent USA

1-1-4 (Cenococcum geophilums) Quercus douglasii USA

1-7-7 (Cenococcum geophilums) Quercus douglasii USA

1-7-8 (Cenococcum geophilums) Quercus douglasii USA

1-7-11 (Cenococcum geophilums) Quercus douglasii USA

1-19-1 (Cenococcum geophilums) Quercus douglasii USA

2-3-1 (Cenococcum geophilums) Quercus douglasii USA

2-6-1 (Cenococcum geophilums) Quercus douglasii USA

2-10-3 (Cenococcum geophilums) Quercus douglasii USA

2-11-1 (Cenococcum geophilums) Quercus douglasii USA

2-13-2 (Cenococcum geophilums) Quercus douglasii USA

2-14-4 (Cenococcum geophilums) Quercus douglasii USA

3-2-5 (Cenococcum geophilums) Quercus douglasii USA

3-7-3 (Cenococcum geophilums) Quercus douglasii USA

3-9-2 (Cenococcum geophilums) Quercus douglasii USA

3-10-2 (Cenococcum geophilums) Quercus douglasii USA

3-10-3 (Cenococcum geophilums) Quercus douglasii USA

3-11-1 (Cenococcum geophilums) Quercus douglasii USA

3-18-1 (Cenococcum geophilums) Quercus douglasii USA

1-5-4 (Cenococcum geophilums) Quercus douglasii USA
(Continued)
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Table 1. (Continued)

Isolates

3-4-1I (Cenococcum geophilums)
1-2 (Cenococcum geophilums)

1-3 (Cenococcum geophilums)
BTREEL1 (Cenococcum geophilums)

https://doi.org/10.1371/journal.pone.0245714.t001

Host origin Geographical origin
Quercus douglasii USA
Quercus douglasii USA
Quercus douglasii USA
Quercus douglasii USA

of 28S rDNA was amplified using primers Vdahl4 (5’ ~-CGGGCTTGGCAGAATCAG-3")/
Vdahl2 (5’ ~-GCGACGTCGCTATGAACG-3") [18]. An initial denaturation at 94°C for 1min
was followed by 30 cycles of denaturation at 94°C for 30s, annealing at 47°C for 30s, and exten-
sion at 72°C for 90s. There was a final extension step at 72°C for 10min. 185 rDNA-ITS-28S
rDNA region was amplified using primers ITS1 (5'-TCCGTAGGTGAACCTGCGG-3') / ITS4
(5’-TCCT CCGCTTATTGATATGC-3') [19]. An initial denaturation at 94°C for 1min was
followed by 30 cycles of denaturation at 94°C for 30s, annealing at 50°C for 30s, and extension
at 72°C for 120s. There was a final extension step at 72°C for 10min. The products were elec-
trophoresed in a 1% (w/v) agarose gel to check the efficiency of amplification. The purified
amplicons were sequenced by Shanghai Sangon Biotechnology Co., Ltd, Shanghai Invitrogen
Biotechnology Co., Ltd, Beijing Tsingke Biotechnology Co., Ltd., China. The sequences were
aligned by sequence analysis software DNAMAN, Lynnon Corporation.

Intron secondary structure modeling

Secondary structure models were predicted following the conventions for group I introns
defined by Burke et al. and according to the models proposed by Cech and Michel and
Westhof [12-14]. The P1-P9 stem-loop elements were individually identified by comparison
with available group I intron sequences from the Comparative RNA web site (CRW at http://
www.rna.icmb.utexas.edu/) and then folded using the mfold web server at http://www.bioinfo.
rpi.edu/applications/mfold/old/rna/form1.cgi [20, 21]. The RNA secondary structures were
calculated and drawn using RNAstructure version 4.6 [22].

Results
Positions and structure analysis of 18S rDNA introns

The 18S rDNA 3’-end of tested isolates (AM51, Baihua, Shanbai, Picea, Yang2, Pop7, SB6,
SO2, B2, B3, B5, 2-15, 2-16, 2-17, SHY) was PCR amplified by primers NS5 / NS8, 18S
rDNA-ITS-28S rDNA region isolates (SB6, SO2) was PCR amplified by primers ITS1 / ITS4,
and then sequenced. After sequencing it was found that the isolates AM51, Baihua, Picea,
Shanbai, Yang2, Pop7, SO2, SB6 possessed the introns, while the isolates 2-15, 2-16, 2-17, B2,
B3, B5, SHY did not contain introns in 18S rDNA 3’-end. We found 18S rDNA of the tested
isolates has four sites for intron insertions, the introns (Picea-11, Pop7-I) insert at the same site
in 18S rDNA sequence (site 1), the intron (AM51-I) insert at site 2, the introns (Picea-12,
Yang2-I, Baihua-I, Shanbai-I, Spop1-I, O5-I) insert at site 3, the introns (SB6-I, SO2-I) insert
at site 4. Isolate Picea has two different type introns (Picea-I1 and Picea-12) at the 3’-end of 18S
rDNA, distributing at site 1 and site 3. The 18S rDNA full length of isolates Picea, Shanbai,
AMS51, Spopl, 05, CG54 were sequenced, there was no introns found at the 5’-end of 18S
rDNA. The intron distribution in 18S rDNA of tested isolates in this study was showed in Fig
1, the exon sequences flanking introns were showed in Fig 2.
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C. geophilums introns
Fig 1. The positions of intron insertion in 18S and 28S rDNA of tested isolates.
https://doi.org/10.1371/journal.pone.0245714.9001

Fig 3 showed that the deduced secondary structures of 18S rDNA introns (AM51-1, SB6-1,
Pop7-1, Picea-11, Picea-12, 1-1-I) from tested isolates had the same features known to be con-
served among group-I introns: the last exon base U and the last intron base G; the pairing
regions P1-P10; the consensus elements P, Q, R and S within the core region; the internal
guide sequences (IGS) proposed to help align the exons for splicing [23-29]. Beside these com-
mon structures of group-I introns above, the 18S rDNA introns (Picea-I1, Picea-12, Pop7-1,
SB6-1, 1-1-1, Spicea-I) have an extensive P5 region (P5, P5a, P5b, P5c and P5d), the 185 rDNA
introns (Picea-I1, Picea-12, Pop-I, AM51-], 1-1-I, Spicea-I) have two extra stems on the 3’ side
of P9 (P9.1 and P9.2) from this study and we reported previously [30, 31]. The 18S rDNA
intron (Picea-11, Picea-12, Pop7-I, AM51-I, 1-1-1, Spicea-I) possess an A-rich bulge, however,
we did not find an typical A-rich bulge around P5 pairing region in the secondary structures
of 18S rDNA intron SB6-1. The sequences of Picea-12, Yang2-I, Baihua-I, Shanbai-I exhibited
94.7% identity, they have the same secondary structure. The sequences of SB6-I and SO2-1

Exon sequences flanking introns inl8S rDNA

SGGAAGGGCACCACCAGGAGT ---intron-—GGAGCCTGCGGCTTAATTTGAC-3', =ite 1
S-GGAAGTTTGAGGCAATAACAGG---intron---CTGTGATGCCCTTAGATGTT-3', site 2
SLAGTAAAAGTCGTAACAAGGT -—-intron—-TCCGTAGGTGAACCTGCGGA-3', site 3
STTCGTAGTGAACCTGCGGAGGGATCAT —-miron---TAGACCCCTCCGGGGGTTTA-S, site 4

Exon sequences flanking introns in 288 rDNA
S-TTGGCAGAATCAGCGGGGAAAGAAGACCCT---intron——-GTTGAGCTTGACTC TAGTTTGACA-3', site 1
F-TAGAGGTGCCAGAAAAGTTACCACAGGGAT---intron---AACTGGCTTGTGGCAGCCAAGCGT-3', site 2 (Shanbai-T)
F-TAGAGGTGCCAGAAAAGT---intron-——-TACCACAGGGATAACTGGCTTGTGGCAGCCAAGCGT-3', site 2 (PopT-I)

Fig 2. The exon sequences flanking introns in 18S and 28S rDNA of tested isolates. Exon sequences flanking introns in 285 rDNA, site 1, 5’-
end sequences from Pezizomycotina 28S rDNA in GenBank, 3’-end sequences from isolate AM51 this study.

https://doi.org/10.1371/journal.pone.0245714.9002
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Fig 3. Secondary structures of 18S rDNA introns AM51-I, SB6-I, Pop7-1, Picea-I1, Picea-12, 1-1-I. The nucleotides of the 185 rDNA intron are indicated in capital
letters, while the flanking exons are in lower case letters. Arrows denote the 5’ and 3’ splice sites. Nucleotides within the conserved core element P, Q, R and S regions are

underlined. The IGS region and A-rich bulge are indicted by boxes surrounding the sequences. Conerved 1, conserved 2, and conserved 3 regions are rounded by light
line.

https://doi.org/10.1371/journal.pone.0245714.9003

exhibited 98.8% identity, they have the same secondary structure. Picea-I1 and Pop-I have
quite low sequence identity (61%), but still have quite similar secondary structures.

Positions and structure analysis of 28S rDNA introns

The 28S rDNA 3’-end of tested isolates (Spop1, Spop2, Spop3, Pop4, Pop5, Spop6, Spopx,
Pop2, Pop7, O1, 02, 04, O5, SO1, SO2, SO4, SO5, SB1, SB2, SB5, SB6, 1-2, 2-1, 2-2, 2-4, 2-5,
2-6,2-7,2-8,2-9, 2-10, 2-12, 2-14, 2-15, 2-16, 2-17, 3-1, 3-3, 3-4, 4-1, WL, 2010cg, MY,
AMS51, Bajhua, Shanbai, Yang2, B2, B3, B5, CG5, CG417, CG54) was amplified by PCR and
sequenced. After sequencing it was found that the isolates Spop1, Spop3, Pop4, Spop6, Spopx,
01, 02, 04, O5, SO1, SO5, SB1, SB5, 2-2, 2-5, 2-6, 2-7, 2-8, 2-12, 2-15, 2-16, 3-1, 3-4, WL,
2010cg, CG5, CG417, CG54, AM51, Yang2, Baihua, Shanbai, Pop2, Pop7 possessed introns,
the isolates Pop5, Spop2, MY, SO2, SO4, SB2, SB6, 1-2, 2-1, 2-4, 2-9, 2-10, 2-14, 2-17, 3-3,
4-1, B2, B3, B5 did not have introns. 28S rDNA 3’-end has two sites for intron insertions (Fig
1). Except isolates AM51 and Yang2 have two types introns (AM51-11, AM51-12, Yang2-I1,
Yang2-12) and insert at site 1 and site 2, the other introns (Shanbai-I, Bajhua-I, Pop2-I,
Pop7-1, 2-15-1, 2-16-1, and all Cenococcum geophilums introns) insert at site 2. We found a 12
nt nucleotide sequences TACCACAGGGAT at site 2 in the 3’-end of 28S rDNA. Introns
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AMS51-12, Baihua-I, Picea-I, Shanbai-I, 2-15-1, 2-16-1, and all tested Cenococcum geophilums
introns just insert in the downstream of thel2 nt nucleotide sequences, while introns Pop2-1,
Pop7-1just insert in the upstream of the 12 nt nucleotide sequences (Fig 2). The intron distri-
bution in 28S rDNA of tested isolates in this study was showed in Fig 1, the exon sequences
flanking introns were showed in Fig 2. Intron distribution compairson between18S rDNA and
28S rDNA were listed in Table 2. Some isolates have both 18S and 28S rDNA introns, some
isolates have one of 18S or 28S rDNA introns, some isolates have neither 18S or 28S rDNA
introns. Among tested isolates, AM51, Picea, Yang2, Shanbai, Baihua, belong to Meliniomyces
spesice, both 18S and 28S rDNA introns display some degree variation in size, nucleotide
sequences and insertion positions. While all tested Cenococcum geophilums 18S introns insert
at site 3 and 28S introns insert at site 2, both sequences display high homology, respectively.

Fig 4 showed that the deduced secondary structures of 28S rDNA introns (AM51-11,
AMS51-12, Shanbai-I, Pop7-1, 2-15-1, 2-16-1, O1-1, SO5-I) from the tested isolates had the same
features known to be conserved among group-I introns: the last exon base U and the last
intron base G; the pairing regions P1-P10; the consensus elements P, Q, R and S within the
core region; the internal guide sequences (IGS) necessary for alignment of the two exons for
splicing; the same insertion positions (site 2) compaired with other group-I introns. Beside
these common structures of group-I introns above, all tested 285 rDNA introns have an A-rich
bulge around P5 pairing region, an more or less extensive P5 region, and extra stems on the 3’
side of P9 (P9.1, P9.2, P9.3).

Sequence analysis of 28S rDNA site 2 introns (AM51-12, Yang2-12, Picea-I, Shanbai-I, Bai-
hua-I, Pop2-1, Pop7-1, 2-15-1, 2-16-1, and all Cenococcum geophilums introns) from tested iso-
lates, it was found three high conserved regions around 30 nt nucleotides (conserved 1,
conserved 2, conserved 3), and identical nucleotides can be found in the three conserved
regions (Fig 5). Conserved 1, conserved 2 and conserved 3 regions have high GC content, GC
percentage is almost more than 60%, that implied conserved 1, conserved 2, conserved 3
regions take part in complementary base pairing which maybe more firm. Sequence analysis of

Table 2. Intron distribution patterns of 18S and 28S rDNA in tested isolates.

Isolate 18S Intron | 28S Intron Isolate 18S Intron | 28S Intron | Isolate 18S Intron | 28S Intron | Isolate 18S Intron | 28S Intron
O1 - + Pop5 + + YUN + + 2-13 + +
02 - + Yangl + UN 2-1 - - 2-14 - -
04 + Quercus - UN 2-2 - + 3-1 + +
05 + 2010cg + + 2-3 - + 3-2 + UN
SO1 + SB1 2-4 + - 3-3 + -
SO4 - — SB2 - - 2-5 - + 3-4 - +
SO5 - + SB5 + + 2-6 - + 4-1 + -
Spopl + Spicea 2-7 - + CG5 +
Spop2 + - MY + - 2-8 - + CG417 +
Spop3 + WL - + 2-9 + - CG5 +
Spop6 + 1-1 + UN 2-10 - - CG + UN
Spopx + 1-2 + - 2-11 - + 2-15 - +
Pop4 + - 1-3 + UN 2-12 - + 2-16 -

2-17 - - Picea + UN SB6 + - SO2 + -
AMS51 + + Pop7 + + Pop2 UN + Yang2 + +
Shanbai + Baihua + B3 - - B5 - -
SHY - UN B2 - -

“+”: presence of intron; “~”: absence of intron; “UN”: unknown

https://doi.org/10.1371/journal.pone.0245714.t1002
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AMS111285

the three high conserved regions combining with deduced intron RNA secondary structures,
three high conserved regions maybe participate in forming P3, P7, P4, helices- core region (the
consensus elements P, Q, R and S within the core region), or important for maintaining core
region structure, or splicing founction. Conserved 1 region distributes around P3 and P4 heli-
ces, and can pull P3 and P4 helices together. Conserved 2 region distributes around P4, P6, P7
helices, that maybe make P Q consensus elements in P4 helix more stable (conserved 2 region
can pair with conserved 1 region in many introns, for example AM51-12, Shanbai-I, 2-15-1,
and all tested Cenococcum geophilums introns.), or can pull P6 and P7 helices together (con-
served 2 region distributes around P6 and P7 helices in introns Pop7-I and Pop2-I). Conserved
2 region in intron 2-16-I can be found in P9 helix unpairing region, in which small ORF can
be found. Conserved 2 region did not be found in intron SO5-1. Conserved 3 region distributes
around P7, P8, P9, maybe important for strengthening core region secondary structure, or
important for forming loop L8, L9, L9.1, 19.2, 1.9.3 (Fig 4). According to their distributions in
introns, there are three conditions: (1) Conserved 1, conserved 2, and conserved 3 regions all
maybe pull the consensus elements P, Q, R and S together to make the core region of second-
ary structure more stable and form loop L9 in tested introns AM51-12, Yang2-12, Picea-1, 2-
15-1, Shanbai-I, Baihua-I, and all Cenococcum geophilums introns; (2) Conserved 1 and con-
served 2 regions maybe pull the elements P, Q, R and S together, or make the core region more
stable in tested introns Pop2-I, Pop7-1, conserved 3 region maybe important for P9 helice to
form loop L9.1a; (3) Introns 2-16-I and SO5-1, only conserved 1 maybe pull the elements P,

Q, R and S together, conserved 2 and conserved 3 maybe important for P9 helix to form loop
L9 and L9.3. (1) type has majority tested introns, (1) type introns maybe more stable, suitable
or highly efficient for intron insertion and deletion. Comparing tested intron sequences,

)
AMSLI2-285

Fig 4. Secondary structures of 28S rDNA introns AM51-11, AM51-12, Shanbai-I, Pop7-I, 2-15-1, 2-16-1, O1-1, O1-1, SO5-1. The nucleotides of the 18S rDNA intron
are indicated in capital letters, while the flanking exons are in lower case letters. Arrows denote the 5" and 3’ splice sites. Nucleotides within the conserved core element
P, Q, R and S regions are underlined. The IGS region and A-rich bulge are indicted by boxes surrounding the sequences. Conerved 1, conserved 2, and conserved 3

regions are rounded by light line.

https://doi.org/10.1371/journal.pone.0245714.9004
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conserved 1 region is more conservative than conserved 2 and conserved 3 regions. Conserved
3 region seems more conservative than conserved 2 region. Conserved 1 region seems more
important for intron core region structure maintaining. Conserved 1, conserved 2 and con-
served 3 regions in introns 2-16-I and SO5-1, containing long unpairing nucleotide sequence
with small HEG ORFs, overall are less conservative than introns without HEG ORFs. The
introns containing HEGs can be spliced by homing endonucleases, and endonuclease-medi-
ated intron homing is an effificient process. Homing is initiated by an intron-encoded homing
endonuclease that recognizes and generates a double-stranded DNA break close to the site of
intron insertion [32-40]. Because introns containing HEGs can code themself endonucleases
to splice introns, probably they did not need conserved sequences too much, or dependent on
conserved sequences completely. This maybe the reason why sequences of introns containing
HEGs are less conservative than introns without HEGs.

Sequence analysis of 28S rDNA site 1 introns (AM51-11 and Yang2-11) from isolates AM51
and Yang?2, conserved 1 and conserved 3 regions still can be found. Sequence analysis of con-
served 1, 3 regions combining with intron secondary structures, conserved 1 region distributes
around P3 and P4 helices and can pull them together, conserved 3 region distributes around
P7, P8, P9, maybe important for strengthening core region secondary structure, or important
for forming loop L9 (Fig 5). Conserved 2 region did not find in introns AM51-11 and
Yang2-I1.

We would try to find out whether the 28S intron conserved 1, 2, 3 regions exist in 18S
rDNA introns or not, interestingly the trace of 28S intron conserved 1, 2, 3 regions can be
found in 18S rDNA introns (Figs 5 and 6). Conserved 1, conserved 2 and conserved 3 can be
found in all Cenococcum geophilums 18S rDNA introns listed in Table 1 (site 3), differently
just conserved 2 located in the upstream of conserved 1, but conserved 2 still can pair with
conserved 1 (Fig 6). Cenococcum geophilums is an ecologically important ectomycorrhizal fun-
gus with a global distribution and a broad host range [41], if there is a reason because its 18S
and 28S rDNA intron sequences and secondary structures are easy for insertion and deletion?
Conserved 1, conserved 2 and conserved 3 can be found in 18S rDNA introns Picea-I1 and
Pop7-1 (site 1). Conserved 1 and conserved 2 can be found in 18S rDNA introns Picea-12,
Yang2-I, Baihua-I, Shanbai-I (site 3). Conserved 1 and conserved 3 can be found in 18S rDNA
intron AM51-I (site 2). Only conserved 3 can be found in 185 rDNA intron SB6-I (site 4), but
was divided into two part, 5’-end located in P2.1 helix, 3’-end located in helix P9 and loop L9
(Fig 3).

Discussion

Intron 2-16-I and SO5-I, beside pairing regions P1-P10, they have long unpairing regions, try
to find open reading frame and seem they contain small ORFs, maybe they belong to HEG-
associated group I introns (Fig 4). Goddard and Burt (1999) published a model of intron life-
cycle and homing that involved intron cyclical gain and loss. Full-length HEG maybe need for
invading, once the intron becomes fixed, the HEG no longer need, therefore it will accumulate
mutations and become non-founctional or lost HEG [42]. From this evoluation point of view,
the introns without HEG genes maybe advanced, the introns containing HEG genes maybe
old. We found conserved 1, 2, 3 regions from introns 2-16-I and SO5-I with HEG are less con-
servative than as the introns without HEG did. Introns containing HEG are very rare among
18S rDNA and 28S rDNA, we only found three introns containing HEG (SB5-I from 18S
rDNA, SO5-I and 2-16-I from 28S rDNA) from our all tested 18S rDNA and 28S rDNA
sequences. The HEG gene no longer need, will be gradually deleted, 2-16-I and SO5-I seem
have residual HEG gene nucleotides (non-founctional nucleotide sequences). The reason why
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01-I CICTATGTRACAGTAGACGCTCTCCIGTAG: QECRACRCACCTGGRTGCGEGEAAC IC T TG AGG TICTI GG TACCARACATACRGATARC

2-3-1 CTCCACGTAACGGTGGACACTCCCT TGTAG: Q5CGACACACCTGGATGCOGGERAC TC TS TG AGG TTCTT GG TACCARGC ATACGGATARC 288

2-8-1 CTCCACGTAACGETGGACACTCCCTTGIAG: GECGACACACCTGRATCCEEGERACTC TS TCAGS TTCTT GG TACCARGC AT ACGGATARC:

3-1-1 CTCCACGTAACGETGGACACTCTCTTGIAG: Q5CGACACACCTGRATGCEEGGRACICTY

SBS-I CTCCACGTRACGETGGACACTCTCITGTAG: G

WL-I CTCCACGTAACGGTGGACACTCTCTIGTAG: e

Spicea-I e

2010Cg-I GECRA

CGS-I QGCARCACACCTGGATGCGGGERACTY

CGS4-I TAG: C:CAECA(‘ACC‘GGATGCGGGGAA»TCTC

AMS1-I2 AGCCGTGGGCGARAGCTCCTGCTGATCTAGTCEGECGE! AAAL—W\‘LL&:LA CACA» GGATGOGGGGAA»ICCIACAGGAGGGG;AG_&C_TAASQ—IATAGG&

Yang2-I AGCCGTGGGCGARRGCTCCT GCT GRTCT AGTCE GG CEEGRARACCGCTCHS CTACACACCT GRATGCGE GG ARC TCCTR CAGGA GG GCGAG TACTARGC ~TATAGG TARC

Shanbai-I GARGCIGTACGAGTGCARGTGCTGATCTAG TCGGGOGGGARACCGCTCAECTACACACCT GGATGORGGEAAC TCCT AGTACTARGC-TATGGGTAA

Baihua- RARGCTGTACGAGTGCARGTGCTGRTCTAG TCGGECOGGARACCGCTCHECTACACACCT GRATGCEoGGRAC TCCTR CAGGA GG GCGRG TAC TARGC ~TATG GG TRAC

Pop2-I CARCTCGCTACCCGGTGRGAGTTGGACT AG! QSCARGACTGTCARACT GCGGGGACTCCOr TAGRGCCTCT ACTACCGCCCCCGOGTGGARACRCGGCGACGS

Pop7-I CRRCTCGCTACCCGGTGRGAGTTGGACTAGC: ﬂGﬁ_mTCM&LLM%WA—&bL.LAGP&WLLL&L&WLU:W‘ >GIGGRRACRCGGCGACGS

A-rich bulge
2-1s-I TARGGGTGCGTCT TTGACGACATCT TGTAG: 3CARCACGTCCGGATGCGEGARCCICCIE TTARRACTGT CGGTACCRRGGLC TRARCGCCCTCCGE
2-16-I GCTATGGGTATCATCACRACT TATCCCATAGTTT! 3CGRCACACCT GGATGCGEGGARRTCCIS TTARRCCTTACGCTACCAAGGL TACAGALPAOGZC‘ GIAGT
TAGTTCCAGTCACTARATTCTGCTTAGTGGCTAGICG
A-rich bulge

S0s-I TGGCT TCGAGTARTGGGRGC TCTATGTARCAGT AGAGACT TTCCT GEC S GCRRC AR CC TGG 26 GGG GG TAR CT CTC GT TATGT TAT CGGTGCARACAR RCAGT CARGGACTGTCTIGS

AMS1-T1 TACTCATGGGGTTATAGT TCTARTTACT AGTCGACCTT TATGGAC 15GCGAGACARCCTGGAAC ACCIRAAGGTAGGAAGTACCAATGGTARCCCCGTGGTGAGCCGTACE _|

Picea-I1 GICGGIGETIGTCCGGGCTTCARGCCGRACRAGTGCTAGT CACGCGAG T GCARCATCGCCCART TGCGEGRACC T TRRACGT CTACCTACCARCC TGCOGCCGRRAGGCG TCAGG GG n

Pop7-I GIRAGGGTGICGIGGTGCGGCCT TARATGCTAGTCCACTCTC 5CGRCACCCTCARRTI .KGCCC"‘.BCGCTCI-.CGCCTP.CTM_‘.CCIGTGITG.‘.GPAGC‘C&G{ETG 155

Baihua-I GCRCGRCGATRARCARCGCTCGCCGCGTGCAAGTIGGCC-GCACGGICH .vCAACAOGATCGAAC"GMGGGGAC"TC<TMASC“TGCMC§CCAA(IG'CCGGGGAAMTG;GGCGGGG

Picea-I2 GCRCGRCGATRRRCARAGCTCGCCGCGETGCAAGTIGECC-GCACGGICH qC&AC\CG.\ ,LCGAAT'G.‘_CSGGGACC_C"TAAAGCC'GCAP c:b.cc:ua:c‘occ(;csam TCGGGCGEEGE

Shanbai-I  GCACGACGATAA-CARCGCTCGCCGCGTGCRAGTIGECC-GCACGGTCAGCAR (“1'1\"'('('n(""GACGGGGACCTCCTAARGCCTGCAACACCAA@G‘ICQSGGGAAACIGSGGOG;GG

Yang2-I GCRCGRCGATRARTARAGCTCGCCGCGT GC ARG TTGGCCCGTACGGTCRGCARCE ("lnTP‘.:lT“GACGGMACCTC-TAA%WLw"Aﬁ_ﬁcﬂﬂ.bz‘. “GGGGARACTCGGGCGEGG

EMS1-I ACAGGCCTIGT. T(‘I‘{‘!‘"MTASTGmTCmE-G_CTAmLLALkLAUJaBGBBMLnAl.v\.ﬂGGAGACTCQA&N\kMAU\A‘AGTGCAb CTIGARATGG _ |

Conserved 1 region

01-I TGTGGAGTCIRTGCAGGG’AGAG}GGYMTICMGA&MAG@GA(EAEC(ERSCIGPET‘.vGCTACACTCAGTGE’G@CNGGCGGTI‘CﬁACGCICWTARMTGIGGG'ITTACGG il 288

2-3-1 TGTGAAGTCTATGCAGGGTAGACGGGT AR RA TICAR GAR AT AGHGA CAA TCCOCAGCTGAC TIRGC TACACTTA 'GAGCGGTTCAACGCICGGTARGGTGTGGGITTACGE 2

2-8-I TGTGAAGICTAIGCAGGG’AGACGGGTWAATICAAGAAAIAGAGACAATCCGCAG ACI_'("'T“'A‘-\PT"‘ GAGCGETTCARCGCTCGGTARGGTGTGEGTTTACGS

3-1-1 TGTGAAGTCTATGCAGGGTAGACGGGT ARA AR TTCARGAAAT AGHGA CAR TCCGC AGCTGACTIGGC TACACTTA GAGCGGTTCAACGCICGETARGGTGTGGGITTACGS

§85-I TGTGAAGTCIATGCAGGGT@CGGGIPMTICMWAGPGA(EA'ICC(ERSCI‘GPET‘:@TACACW IGAGCGETICAACGCTCGETARGGTGTGGGTITTACGE

WL-I TGTGAAGTCTATGCAGGGTAGACGGGT AR AR TCCARGAR AT AGE/GACRATCCGC AGCTGACTISGCTACACTTA 'GAGCGGTT CARCGCTCGGTARGGTGTGGGTT TACGE

Spicea-I TGTGAPSICFAIGCAGGG’A‘E’AGGGGIAAAAATECAAGARAIAGAGACAAEMH \.Lb_AC'F.'S TACACTIA AAGCGGTICARCGCICGGTARGETGTGGGTTTACGSE

2010Cg-I TGTGGAGTCT ATGCAGGGTAGRCGGGT GAR AR TICARGRR AT AGHGACRATCCGCAGCTGAC TIFGC TACAC TCAGT GTGGECTG GG CGE TT CARCGCICGG TAR GG TGT GG GTT TACGE

CGs-I TGCGGAGTCIATGCAGGG‘AGACGGGIMTICMMWuAQ%AT"CGCBuCIGB.CTC:GZCACRCT" IGGGCGETICAACGCTCGETARGGTGTGEGTITIGCAG

CGs4-I TGOGGAGTCTATGCAGGGTAGACGGGT R RR TICARGARAT AGH .‘AC.P&CGCAGCTG_?A.AL GGGCGGTICRRCGCICGGTARGGTGIGGGITIGCRG

AMS1-I2

Yang2-I

Shanbai-I 5GCTGTAGCAGGT CGACCGGT TCAACGCT—

Baihua-I L3 TCH GAGTOSGCTGT AGCAGGT CGACCGGT TCRACGL T

Popz-I GCTCCAGGGTARTGACCTCGGECAGGETARARACGTAGAGGATIGSG TGATC TGCAGCCRAG TQC TARGEGC TCT CCACGCC TAT GG ATGCT GTTCRACGACTARAT GGCAGTCGGTCTA

Pop7-I GCTCCAGGETARTGACCTCOGGCAGGE TARARECGTAGAGGR' CCAAGTCLTARGEGC TCT CCACGCCTAT GG ATGCTGTT CAACGACTAR ATGGCAGTCGGT

A-rich bulge

2-15-1I CCRGGTRGIC ATGCGGGTCATARTC TGACRGC TGHGATARTCCS CTCGACHCGECTCARTGC TTCCT CGGARGT CARGC TGT GCAGT TCARCGC TCGGTAGETCGIG

2-16-1 TATCTTCGGAATGGGCGGACATGEG Thh('AnT('T{"\‘Ah{“‘Tl:F"AMIT< “GCAGCCGACCC CCTACTARTGGCAGT GGCGCGATCCGTAAG TEETCGECGECTITCTCCTTITCE _ |

Picea-Il CGACTARCGCCCGGGEGTACGGT ACRAT GET GG AGA TG GTACRATGA TTATCCGC AR CCAAGCHCCT ACAGC ATT CRGCCACGGGGARGG TTCAGAGACT Bl 188

Pop7-1 GTRCAGTRACARCGGCECGRAGRTARTTCCTCC! AGACGTGEEETGATCCECAGCCARGCAT CCGCCGCGRATGRAGGT TCAGAGA

Baihua-I GGOGGGGOCCTCAS 2GTGCAGGAT GAACARTAGACGA TCCOC AGCGA ARG AT CT ACC GG COA GAGCC CACGEGT ACCGT TCACAGAC TAAGTGATTIG TGGGCGEGEC

Picea-I2 GGCGGGGECOCTCAC ccp_gcmrnmrrﬁmﬁmv(rnnrkr"(*ﬂr*r:r'rrncnwﬁnmmnmmwnmnrnnrrcgmmcacoc

Shanbai-I  GGCGGGGCCCTCA 'GCAGGATGI nmn-rr-nr-ra'r"rr'- GCGAAGACCCT ACCGGCGAGAGCCCACGEGT ACCGT TCACAGAC TAAGT GATTG TGGGCGEGGC

Yarg2-I GGCGGGECOCTCAC (;cp_(;(;p_‘:(‘nnmn"{‘f‘n{‘rt‘r“(‘!:r CGAAGACCCT AO0CGECEAGAGCCCACEEGT ACCGT TCACAGRC TRAGTGRTIGTGGECGEGEC _ |

Conserved 2 region

01-I TAATATACCTRTATTACTGGT MG CT TARGGTACGGGCT ACGCCCRTCCGAGAGGATHCGT CTACT TACTAGCATGCACAGACACCTAT AGACT TTACCAGGTGTTGCGCT GGGARCGTA 7

2-3-1 TGATATGCTTATATCGTCGGT ABGCT TARGG TACGGGCT ACGCCCATCC 0L GTCIGCT TAC TR GCR TGCACAGACH TCART AT TAGGT GTTGRGCTGRRACGTAGRTGGTGE | 255

2-g-1 TGATATGCT TATATCGTCGGTH3GCT TRAGG TACGGGCT ACGCCCA TCC GR GG GA T GTCTGCT TAC TAGCA TG CACAG ACA TC ART AT TAGGT GTT GG GCTGG ARCGTAGR TGGTGG

3-1-I TGATATGCT TATATCATCGGT AGCT TARGGTACGSS __'_Mf'm'('n"'ﬁ" GAGGRTCGT CIGCT TACTAGCATGCACAGRCRCCRAT AT TAGGT GTTGGGCT GG AACGT AGRTGGIGE

SBS-I TGATATGCT TATATCATCGGT A5G CT TARKC AB.HGGTAU GGCTACGCCCRTCCGAGAGGATCGT CTGCT TACTAGCATGCACAGACACCAATGT TAGGT GTT GG GCT GG RACGT AGRTGGIGE

Wi-I TGATATGCT TRTATCRTCGGT H5GCT TAAK TMGGTACGGGCTP.CGCCCP TCCGRGAGGRTRCGT CIGCT TACTGGCRTGCACAGACACCRAT AT TAGGT GTTGCGCTGGRACGT AGRTGGIGG

Spicea-I TGATATGCTTATATCATIAGTH xCTTAAGGIACG;GCTRCGCCCAICCEAEL_GATC"GTCTGCTTACTAGCACGCACBGACAQMAI TAGGIGITGCGCTGGRACGCAGATGGIGG

2010Cg-I TAATATACCTATATTACIGGTAGGCT uL".G;IAwa\_.LAA_MuATOCEAEA:_G_A;L {CGICTACT TACTAGCATGCACAGRCACCTATAGACT TTACCAGGTIGTIGCGCTGGAACGTAG

CGS-I TAATATACTTATAT TATIGGT 2GGCT TAAGGTACGGGCT ACGCCCATCCGAGAGGATRCGT CTACT TACTAGCA TGCACAGATACC AAT AT TAGGT GTTGCGCT GGAACGT AGRTGGIGG

CGs4-I TAATATACTTATAT TRTTGGT A5G CT TARGG TACGEGCT ACGCCCRTCCGRGAGGA TACGT CTACT TACTAGCA TG CACAGATACC AAT AT TAGGT GTTGCGCT GG AACGT AGRTGGTGC G

AMS1-I2 TRAGGIGIGGGTGCTATTATAGIGCT TARGGTACGEGCTACTCT CRCCC TTCCACCCGCATATTCTICR 2CGGGTGGACGTATATICGGCIGGICTACGGRRAC

Yang2-I TAAGGT@GGGTGCTATTATRCTGCTTBAGGTACGGGCTRCTCTCRCWGA\:PSGGTGTCCACC@CAIAIICT” ACGGGTGGACGTATATICGGCTIGGTCTACGGARC

Shanbai-I ;A&bxmbw;wxﬂﬁATACTGCTIAAGGIA&.U\:W;ACICIPA& GAGGGTRTCCACCCECAT AT TCT CRX( ACGGGTGGACGTATATICGGCTIGGICTACGCRAC

Baihua-I  TAAGGTGIGGSTGCTATTATAGIGCT TAAGGTACGEGCT ACTCTCACCCGAGASGE TATCCACCCECAT AT ICTCARCG! ACGGGTGEACGTATATICGGCTGGTCTACGCAAC

Pop2-I GACTARGRRTACRGTTAGTCTAGGCT TARGRTAGRAGTCT G- GCCGCCCCGRGAG K TIGAGARTARAAGGTCTAACCAGCCCAGAGTCTCAGGGTIGCCTARTT TAT TGAATAGGCAT

Pop7-I GACIAAGAMACAGITMTCTHGCTTMPATA" GTCTG-GCCGCCCCEAGAGH! TTGAGARTARAAGGTCTAACCAGCCCAGAGTCTCAGEGTGCCTARTT TAT TGRATAGGCAT

2-15-I AGGTCGTGGGGTITCT TARGRMGCCT TARGG TACGGEGCT ACGCCCATACGECIGH ACCTCAGTTAGTATGTCCIGGCTAC GCTTCACCCCGAACCCAGTGAGRATTATC

2-16-I CTIGTATGGTTARGTACCCTT A GG CCTARGG TACGT GCTAGGCCCT I GAGGGGHACCCCTCTTAGT ARG AR COGGECTAGE GGCCE TGT GT TGGCT CCGARCCCGGTGAGRCCTC

S05-I GGCRGRGGRGRCGEGCAGC TCHSTCTGAT GCTGAGGRTG GG CCGCRTCC GRCAG AR O GRGCG AR GTT TG TIGGT GGG AGGCATCGTT TCCCGTCCTCARTCR AR RAR ARGACGRGCGA

AMS1-T1 TGICGGCACTCGGEAGACCGAGTGCT TARGETACGT GCT AR TCCCACTT G RAR GG TQC CAGGT CACGG AG TACTCCAG TG TGAGE TG CT TGGAG TCRAR RTGCCGCT 2ATG |

Picea-I1 RAACGGCGETGGGCTCAC GCTTARGRTATAGTCCGT CTAATGRACGRRAGTCTETAGATT TGARACG i

Pop7-I AT&;GGGI‘GGGTCTACACIGCTBGGCHAAGATATAGECCAATCCCCA:GGN%ACKTGqGGmGITAMC&‘Gm 185

AMS1-I TRAGGIGITGCTCGGT TCAACHGGGT TARGGTACGTGCTCTTCCACTCTIGR TATGGGRGAAGGCTACGGCCGRATGCCTATAGGET CTATACCGGTACCIGGTACGGTATAG

Conserved 3 region

sBe-I TTGCTTARGCCCCCCTTICGG! TRTCTGICAGGGCITCCGEC -~/ / —~—CGGCAGGTCCCACGRGC] JCCCTAGG _
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Fig 5. Positions of conserved 1, conserved 2, and conserved 3 regions in 28S and 18S rDNA introns. Top column of
intron sequences are continuous from beginning to end. Below columns of intron sequences are extracted corresponding

sequences. Identical nucleotides are underlined. Conserved 1, conserved 2, and conserved 3 regions are originally found in
28S rDNA introns.

https://doi.org/10.1371/journal.pone.0245714.9005

residual HEG gene (non-founctional nucleotide sequences) still remain in intron sequences,
probably because residual HEG genes have nucleotides which take part in intron secondary
structure maintaining or founctions. We did not find the introns containing full length HEG
gens, three introns containing HEG (SB5-I from 18S rDNA, SO5-I and 2-16-I from 28S
rDNA) all contain residual HEG genes about 100-200 nucleotide sequences, from our isolated
ectomycorrhizal fungal samples, our sample all were collected China.

The 12 nt nucleotide sequences TACCACAGGGAT at site 2 in the 3’-end of 28S rDNA,
which is just upstream or downstream of the intron insertion position, the high conserved
regions and identical nucleotide sequences in the introns at site 2, maybe much easier for
introns to insert or delete. Introns break the integrality of exons sequences, introns possibly
could control exon genes expressing. we can find 18S rDNA and 28S rDNA absence and pres-
ence of introns in the same isolate, for example, isolate CG5 has both 18S rDNA absence and
presence of introns. We also find other isolates have both 18S rDNA absence and presence of
introns. Genome DNA contains many 18S-5.8S-28S rDNA repeat unit, if product protein
expressing from 28S rDNA is over-expressed more than cell metabolization need, will accum-

late in cell. Product protein expressing from 28S rDNA is larger than from 18S rDNA, over-
expression of 285 rDNA probably increase the cells more burden than over-expression of 18S
rDNA. So the mechanism of 28S rDNA expressing control maybe more convenient than 18S
rDNA expressing control, intron maybe one of the gene expressing controls. The majority of
isolates contain 18S and 28S rDNA introns from our population genetic structure analysis pre-
viously, which means isolates containing 18S and 28S rDNA introns are more popular than

1-1-I GGATACCATGHSCAATCCGCAGCGARGCCT LT ARG TCCGGCCGCCFEATACGRGGRACGT TCACRGAQTARGTGGARGTG GG TGGRAGCGT TCGCCGCTC’J@ TTAAGATATAGTCGGTCCCCTTAGHRAR
YUN-I GGATACCATGHSCARTCCGCAGCGARGCCT LT ARG TCCGGCCGCC PG ATACGRGG AR CGT ICACAGAQI ARG TG RAGIGGG TG RGCGT TCGCCGC TCTIGC TTARGATATAGTC GG TCCCCTIAGHARR
Spicea-I GGATACCATGESCARTCCGCAGCGARGCCTCTARGTCCGECCGCCSGATACGAGGRAACGT ICACAGRUTARGTGG ARGTGGGTGGAGCGT TCGCCGCTCTGCTTARG: TTARGRTATAGTCGGTCCCCTIAGHRAR
Yangl-I GGATACCATGHCARTCCGCAGCGARGCCT LT ARGTCCGGCCGCCFEATACGAGG AR CCT TCACRGAQTARG TGGARGTGGG TGGAGCGT TCGCCGL m}sp..} TAGICGGTWCCTT'GGC LEEY
CG417-1 GGATACCATGHCAATCCGCAGCGARGCCT LT ARGTCCGGCT GCCSG ATACGAGG AR CGT TCACAGAQTARG TGGARGTG GG TGGAGCCT TCGCCGLTC T LAA»:MATAG‘CGGT"CW"‘GGC (AAR
G-I GGATACCATGHCARTCCGCAGCGARGCCTICT ARG TCCGGCT GCCSGATACGAGG AR CCT TCACRGAQTARG TGGARGTG GG TGGAGCCT TCGCCGLTC TTAAGATA TAG’"‘"GGI\.\.WTTGGC BRI
4-1-I GGATACCATGHCAATCCGCAGCGARGCCT LT ARGTCCGGCCGCCSGATACGAGG AR CCT TCACAGAQTARG TGGARGTG GG TGGAGCGT TCGCCGLTC T LAA.;AJATAG"CGG"“CCC—GGC LR
S81-I GGATACCATGHCARTCCGCAGCGARGCCT LT ARG TCCGGCCGCCSE ATACGAGG AR CCT TCACRGAQTARG TGGARGTGGG TGGAGCGT TCGCCELT: mcu;n.ma‘rc CGGTCCCT ITGE LY
3-1-1 GGATACCATGHSCAATCCGC AGCGARGCCT LT ARG TCCGGCCGCCSE ATACGRGE AR COT TCACRGAQTARG TGGARGTIG GG TGEAGCCT TCGCCGLTC TIAAGATATAGICGGTCCCCTIGGHRRR
Spopl-I GGATACCATGHSCARTCCGC AGCGRRGCCT LT ARG TCCGGCCGCCFE ATACG RGG AR CCT TCACRGAQT ARG TGGRARGTIG GG TGGAGCET TCGCCGCTCTGCTTARGATATAGICGG TOCOC TIGGGRAR
I-3-1 GGATACTATGHSTAATCCGCAGCGARGCCT LT ARG TCCGGCCGAL GGAIACGA.»GMCGT T‘"ACAGAC TAAGTGGRAGIGGGTIGGAGCGT HGCCGCI"I‘GCI'IA}L,A.ATAG"C@ITCCTFGGGAAA
3-7-3-1 GGATACTATGHSTARTCCGCAGCGARAGCCTCT ARG TCCGGCCGAC GGMATGMAACGI TCACAGAQTAAGTGGAAGTGGGTGGAGCGT TTGOCGCTC ITAAGA.ATAGTC@TWCCT"GGGAAA
BIREE1-I GGATACTATGHSTAATCCGCAGCGARGCCT LT ARG TCCGGCCGAC GGAIATGA;GAACGI TCACAGACTAAG TGGAAGTGGETGGAGCGT TIGOCGCT T AAAGA.ATAGTCGG""CW T .'G@‘ (AAR
1-5-4-I GGATACTATGHSCAATCCGCAGCGARGCCT LT ARG TCCGGCCGLC ;GMACGMAECGI TCACAGAQTARGTGGAAGTGGETGGAGCGT TTGOCGCTT TIAA:A.ATAG'”CGSTCCWITAQ}AAA
AM1-1-I GGATACTATGHSCAATCCGCAGCGARGCCT LT ARG TCCGGCCGLC :GATATGI-..:GAAOGI T’"ACAGAC TAAGTGGAAGIGGGIGGAGCGITIGCCGLTIC T LAAGP.LATAG'CGGTCCCC IT GGC RAR
CGs-I GGATACTATGHSCARTCCGCAGCGRRAGCCTCTARGTCCGGCCGLC @ATE}AMCQ T_VA.CAGAC TAAGTGGAAGIGGGIGGAGCGITIGCCGLTIC m”P.J.ATAGICGGTCCWTTGGC LEEY
CGs4-I GGATACTATGHCAATCCGCAGCGCARGCCT LT ARG TCCGGCCGCCISGATATGAGGAACCT TCACRGAQIA AG TG AAGTGGETGGAGCGT TTGCCGCTICT G
0s-I GGATACRATGHCAATCCGCAGCGARGCCT LT ARG TCCTGCCGCCEEATATG AGGAACGT TCACRGAQTA ARG TGGARGTG GG TGGAGCGT TTGCCGCTCT
Spop3-I GGATACRATGHS CGCAGCGRRGCCTCT ARG TCCTGCCGCCGEATATGRGGAACGT TCACRGAQIA ARG TGG RAGTGGE TGGAGCGT TTGCCGCTCT
2-3-1-1 GGATACCATGH3CAATCCGCAGCGARGCCTCT ARG TCCCGCCGOCGATATGAGGAACGT TCACAGATA AG TGE AAGTGGETGEAGCGT TCGCCGLTCT CGGTCCCT
2-6-1-1 GGATACCATGHSCAATCCGCAGCGARGCCT LT ARG TCCCGCCGCCEEATATGAGGAACGT TCACRGAQTA RG TGGARGTG GG TGGAGCGT TCGCCGCTCT AGT CGG'.'"CCCTA'GGG
S8s5-I GGATACTATGHCAATCCGCAGCGARGCCT LT ARGTCCGGTCGCCEEATATG AGG AR CCT TCACRGAQTARG TGGARGTGGE TGGAGCGT TTGCCGCTCT TATAGT C GGT\..\.G:T'GGG
CGTAR-I GGATACCATGHSCAATCCGCAGCGARGCCTI LT ARG TCCGGCT GCCSG ATACGRGGRACGT TCACR GAQTA RAG TGGARGTG GG TGGA-CGT TCGCCGCTCT
HUNT-9-I GGATACTATGHSCAATCCGCAGCGARGCCT LT ARGTCCGGCCGCCEEATATG AGGRACGT TCACRGAQTA ARG TGGAAGTG GG TGGA-CGT TCGCCGCTCT
CGPIL-I GGATACCATGHCRRTCCGCAGCGARGCCT LT ARGTCCGGCCGCC-GATATGAGG AR CGT TCACRGAQTARG TGGRAGTG GG TGGA-CET TCG-CGLTIC
CGLESPAC-I TGATACTAT-{CAATCCGCAGCGARGCCT LT ARG T~ CGGCCGCCFG ATATG AGG AR CCT TCACAGAQT ARG TGGARGTG GG TGGA-CGT TTGC-GCTCTGCTIARG. AJ.ATAG’\.GG ccmccp.m.
ALB-2-I GGATACTATGHSCARTCCGCAGCGRRAGCCTCT ARG TCCGGCCGLC ;GAIATEAGGAACGT EACAGAC A AGTGGRAGIGGGTGGA-CGTTCGCCGCICTGCTIRRG. }LJ TAG"\.GG """QTGE BRI
010-I TGGATATATGHCAATCCGCAGCGRARGCCT LT ARG TCCGGCCGCCSEATATG AGG AR CGT TCACAGAQTARG TGGARGTGGE TGEA-CET TTGC-—CICGCT ‘LAAaA.L__ATAG"\_&GC;-ﬁGEG_PAA
Conserved 2 region Conserved 1 region Conserved 3 region

Fig 6. Positions of conserved 1, conserved 2, and conserved 3 regions in Cenococcum geophilums 18S rDNA introns. Intron sequences are continuous from
beginning to end. Identical nucleotides are underlined. Conserved 1, conserved 2, and conserved 3 regions are originally found in 28S rDNA introns.
https://doi.org/10.1371/journal.pone.0245714.9006
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isolates without 18S and 28S rDNA introns, furthermore, which imply that isolates containing
18S and 28S rDNA introns fit selection pressure better than isolates without 18S and 28S
rDNA introns. Probably, the population genetic structure with absence and presence of 18S
and 28S rDNA introns are in the balance of gain and lost 18S and 28S rDNA introns. The pres-
ence rate of Cenococcum geophilums 18S rDNA introns from China, America, Europe is signif-
icantly different from reports and our work, maybe the presence rate of 18S rDNA introns fit
the selection pressure coming from its geographical origin. Europe temperature overall is
colder than China, whether the presence rate of introns and evolution speed of plant host and
fungus are affected by temperature?

Weeks and Cech reported that the yeast mitochondrial group I intron b15 undergoes self-
splicing at high Mg®* concentrations, but requires the splicing factor CBP2 for reaction under
physiological conditions. Protein CBP2 could help assembly of the catalytic core, which
involves association of two domains with each other and with other peripheral structures, and
help association of the 5> domain containing the 5’ splice site with the catalytic core properly
[43]. The Tetrahymena preribosomal RNA intron could undergoes self-splicing in the absence
of any proteins [44, 45]. Analysis the P1-IGS-P10 tertiary helix between 5’-end introns and
exons in 18S and 28S rDNA in this study, we found that the complementary base pairing
around the splicing sites were weak. In the P1-IGS-P10 tertiary helix around the splicing sites,
there are many UG base pairing and unpairing bases. One of the group-I intron features
known to be conserved is the last exon base U. UA and UG bonds are weaker than CG bond,
and the presence of unpairing bases could also make the complementary base pairing helix
unstable in same degree. The 5" and 3’ exons both base pair to the intron’s IGS resulting in P1
and P10 helix formation, respectively [45], UG base pairing and unpairing bases in
P1-IGS-P10 tertiary helix between 5’-end introns and exons maybe make introns easy to be
cut off and make 5’ and 3’ exons easy to be ligation. Other papers indicated that 5’ splice site in
P1-IGS-P10 tertiary helix possess UG bond quite common, in almost all introns present a UG
pair at the 5’ splice site [24, 46-49].

From the results above, introns in 28S rDNA are much easier to find conserved 1, 2, 3
region than introns in 18S rDNA; site 3 in 185 rDNA introns and site 2 in 28S rDNA introns
are hot positions for intron insertion, introns located at site 3 in 185 rDNA and site 2 in 28S
rDNA are much easier to find conserved 1, 2, 3 regions than site 1, 2, 4 in 18S rDNA introns
and site 1 in 28S rDNA introns; Cenococcum geophilums is one of the most popular ectomycor-
rhizal fungi, introns in both 18S rDNA and 28S rDNA are much easier to find conserved 1, 2,
3 regions than other fungal species. It seems that the more convenient host sites, intron
sequences and secondary structures, or isolates for 18S and 28S rDNA intron insertion and
deletion, the more popular they are.
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