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Abstract: Guanine and cytosine (GC) content is a fundamental component of genetic diversity and
essential for phylogenetic analyses. However, the GC content of the ribosomal internal transcribed
spacer 2 (ITS2) remains unknown, despite the fact that ITS2 is a widely used phylogenetic marker.
Here, the ITS2 was high-throughput sequenced from 29 Corydalis species, and their GC contents
were comparatively investigated in the context of ITS2’s characteristic secondary structure and
concerted evolution. Our results showed that the GC contents of ITS2 were 131% higher than those
of their adjacent 5.8S regions, suggesting that ITS2 underwent GC-biased evolution. These GCs were
distributed in a heterogeneous manner in the ITS2 secondary structure, with the paired regions being
130% larger than the unpaired regions, indicating that GC is chosen for thermodynamic stability. In
addition, species with homogeneous ITS2 sequences were always GC-rich, supporting GC-biased
gene conversion (gBGC), which occurred with ITS2’s concerted evolution. The RNA substitution
model inferred also showed a GC preference among base pair transformations, which again supports
gBGC. Overall, structurally based GC investigation reveals that ITS2 evolves under structural stability
and gBGC selection, significantly increasing its GC content.

Keywords: internal transcribed spacer 2; GC-biased evolution; GC content; secondary structure;
concerted evolution

1. Introduction

The content of guanine and cytosine (GC) is an important feature of genomic com-
position and the material foundation for species diversity [1]. The average content of
genomic GC ranges greatly from 20% to 60% in eukaryotes and 13% to 75% in bacteria [2,3],
creating vast genome diversity in the tree of life. The GC content of the grass genome in
higher plants is significantly higher than that of other angiosperms [4]. GC, in particular,
distributes heterogeneously and forms a distinct bimodal pattern in Poaceae plants [5,6].
In some mammals and birds, GC distributes in a patchwork pattern, with 100-kb large
GC-rich and GC-poor regions alternating along the genome to form a well-known isochore
structure [7].

Although genomic GC variation has been investigated for over half a century, the
mechanism of GC variation is still uncertain. Traditionally, three main hypotheses have
been proposed to account for the genomic GC variation in distinct evolutionary scenarios,
including selection, mutational biases, and GC-biased gene conversion (gBGC). Selection is
typically applied to the GC content of coding sequences, with translational selection driving
the codon usages of the highly expressed gene, resulting in higher GC contents if preferred
codons primarily end in G or C [2,8,9]. The mutation hypothesis focuses on the mutation
hotspots along the genomes that drive GC content [10], such as the methylation variable
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position, which tends to increase the mutation bias toward AT. The mutation direction is
also determined by the availability of free nucleotides during DNA replication [11]. In
recent years, the gBGC hypothesis has been increasingly considered the main driving
force of GC variation [12–14]. gBGC occurs in recombination during meiosis, wherein the
heteroduplex is formed between different parental alleles. In this condition, the mismatch
repair favors GC over AT bases [15].

Until recently, what we knew about GC content variation and its potential mechanisms
came primarily from genomic GC, leaving local GC variation largely unknown. It has long
been known that variation in GC content among organisms could have a strong impact on
the reconstruction of evolutionary phylogenies [16–18]. This is because the tree-building
algorithm often groups together unrelated species with similar GC content [19]. This issue
sparked our interest in exploring the GC variation of the internal transcribed spacer 2 (ITS2),
a widely used phylogenetic marker for both DNA barcoding and plant systematics [20–23].
As a nuclear region, ITS2 tandemly repeats hundreds to thousands of copies at one or
more chromosomal locations [20]. After concerted evolution via unequal crossing over
or gene conversion during the repeating recombination event [24], these copies become
homogenized within a species. Given that both ITS2’s concerted evolution and the gBGC
occur in the same recombination event, the more homogeneous the ITS2 sequences become,
the more GC content they comprise.

Corydalis, comprising over 500 species, is a typical evolutionary complex group that
exhibits an extensive range of morphology and habitats [25]. As many of the Corydalis
species have been used as traditional medicines in East Asia, ITS2, an official DNA barcode
for medicinal plants, has been increasingly studied in Corydalis [26–28]. It was found
that the concerted evolution of Corydalis ITS2 is incomplete, and different numbers of
heterozygous ITS2 copies were observed among Corydalis samples [26,27]. This multi-
copy nature of Corydalis ITS2 makes it possible to test the gBGC hypothesis based on
the correlation between ITS2 heterozygosity and GC content. In particular, our previous
study demonstrated that Corydalis ITS2 evolves in the context of secondary structure,
i.e., substitutions on one side of the double-stranded regions (stems) are compensated
by substitutions on the other side; thus, this study extended our understanding of ITS2’s
evolution from a sequence to structure view [27]. Given that GC content contributes greatly
to the stability of the secondary structure, it is of interest to explore whether GC evolves
toward GC content enrichment. If so, is it affected by the gBGC mechanism?

In this study, high-throughput sequencing provided enough sequences of ITS2 from
29 closely related species to test this correlation between ITS2 heterozygosity and GC
content and thus verify the gBGC hypothesis. Furthermore, after transcription, ITS2
has a recognized secondary structure [24], which is highly conserved throughout the
eukaryote [29–31]. Thus, the availability of ITS2 structural information could facilitate
exploration of the correlation between GC content and thermal stability. We assessed
the relationship between GC content and thermodynamic stability by virtue of ITS2’s
recognized secondary structure. As ITS2 is a widely used phylogenetic marker, our findings
on ITS2 GC content variation could greatly improve its evolutionary modelling and facilitate
its phylogenetic use.

2. Results
2.1. GC Content Differs Significantly between ITS2 and 5.8S Region

After ambiguous reads were denoised and the reads with a single sequence were re-
moved, 4 to 190 ITS2 variants and 34 to 578 5.8S variants were identified among the genomes
of our 29 plants (Table S1). The GC content of ITS2 ranged from 71.26% (C. oxypetala) to 76.50%
(C. decumbens), with a mean value of 73.60%. The GC distribution of the 29 species was
plotted as a histogram, and a Shapiro–Wilk test revealed that it conforms to a normal distri-
bution (p > 0.05; Figure 1A). By contrast, that of 5.8S ranged from 55.58% (C. fangshanensis)
to 57.08% (C. laucheana), with a mean value of 56.36%. A Shapiro–Wilk test of the 5.8S GC
distribution in a histogram also showed a normal distribution (p > 0.05; Figure 1B). Notably,
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despite adjacent regions, we found the ITS2 GC content was always higher than that of the
5.8S for each of the 29 species, averaging 131% of that of the 5.8S (Table S2). Furthermore,
the GC content variation of ITS2 (GC-rich) was larger than that of 5.8S (GC-poor; Figure 1).
Taken together, ITS2 has undergone GC-biased evolution (Figure 1C).
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Figure 1. Comparison of GC content between ITS2 and 5.8S among Corydalis lineages. (A,B) His-
togram of ITS2 and 5.8S GC contents across 29 sampled species showing their distribution ranges.
(C) Box plots showing the different GC content values between ITS2 and 5.8S. *** p < 0.001.

2.2. Comparison of GC and GC* Content between ITS2 Paired and Unpaired Regions

The ITS2 secondary structure predicted in each species showed a typical ‘four-fingered
hand’ form. Their consensus secondary structure had four stems, of which stem III was
always the longest. The stem II contained a pyrimidine–pyrimidine bulge, and the loop
between stems had a pronounced adenine bias (Figure 2A). We found that the length of
Corydalis ITS2 ranged from 240 to 277 bp, with an average of 119 bp in paired regions and
139 bp in unpaired regions. The GC content in the paired region (GCp) was always higher
than that in the unpaired region (GCup) for each ITS2 sequence–structure matrix in our
study (Figure 2B). Taken across all 29 ITS2 sequence–structure matrices, the average GCp
was 130% that of the average GCup (83.79% vs. 64.43%; Table S3, Figure 2C). Furthermore,
for 90% of the ITS2 sequence–structure matrix, the homogeneity of GC content in the paired
region is higher than that of the unpaired region (average SD: 0.65% vs. 1.06%; Table S3).

MCMC analysis showed that a total of 19 matrixes with paired regions can be inferred
to be in the equilibrium state (Table S4). The majority of the GC* in the unpaired regions
was found to be higher than the current GC (67.26% vs. 63.79%; Table S4), indicating that
the substitution pattern tends to increase GC content. In contrast, for the paired regions,
the majority of the GC* was lower than the current GC (77.16% vs. 83.48%; Table S4),
indicating that the substitution pattern tends to reduce GC content. Obviously, the paired
and unpaired regions have opposing GC evolutionary trends (Figure 3).
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Figure 2. GC distribution in ITS2 secondary structure. (A) An example of ITS2 consensus secondary
structure from C. rheinbabeniana. The four stems are labelled I–IV. The degree of conservation
over the entire sequences is displayed in color grades from green (conservative) to red (variable).
(B) ITS2 sequence logo of C. rheinbabeniana for visualization of base composition in different ITS2
sequence–structure partitions. The overall height of letter stack in each position indicates the sequence
conservation (measured in bits), the height of letter within the stack represents the relative frequency
of the bases at that position. (C) The statistics of GC contents in ITS2 sequence–structure partitions
among 29 investigated species. *** p < 0.001.
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Figure 3. Comparison of current and the equilibrium GC contents between the paired and unpaired
regions of ITS2 secondary structures. (A) A scatter plot of current–equilibrium GC content showing
the distinct evolutionary trend of GC between the between the paired and unpaired ITS2 regions
among 19 investigated samples. (B) The statistics of current and the equilibrium GC contents between
the paired and unpaired ITS2 regions.
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2.3. Correlation between GC Content and Sequence Homogeneity

We assumed that sequence homogenization might be accompanied by a GC increase
in recombination events. Indeed, we found that ITS2 sequences with a low average number
of nucleotide differences (K) were always GC-rich. For example, the GC was 74.32% in
the K-lowest C. fangshanensis (K = 2.24), compared to 72.17% in the K-highest C. kokiana
(K = 12.80). Taken across all 29 species alignments, we calculated the K value and the ITS2
GC content in each species and found GC generally increases as K decreases (Figure 4A).
This result supports the gBGC hypothesis; however, some other factors could also affect
GC content, since the negative correction was very weak (r = −0.154, p = 0.425; Figure 4A).
Notably, we found that gBGC in the paired region was very evident (Spearman, r = −0.442,
p = 0.016; Figure 4B), while the unpaired region showed an opposing trend (Spearman,
r = 0.301, p = 0.112; Figure 4C). Taken together, it is probably not merely gBGC involved in
ITS2 GC enrichment.
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Figure 4. Correlations between the average number of nucleotide differences (K) and GC content
among the 29 ITS2 sequence–structure matrices. Each point corresponds to the average GC content of
the ITS2 alleles. The line of regression was calculated by the Spearman’s correlation, the error bands
represent 95% confidence intervals based on a binomial model. (A) Comparison of the GC content
and the K value of the whole ITS2 sequence. (B,C) Comparison of the GC content and the K value of
the ITS2 paired and unpaired regions.

2.4. Base Pair Transformations in ITS2 Paired Regions

Given the basic assumption that the substitution process is constant within a given
lineage, we can use an evolutionary model to infer the substitution process, including base
frequency and rate parameters. We found that the most common best-fit RNA substitution
model was RNA16D (55%), followed by RNA16E (10%), RNA7G (10%), and RNA7E (10%),
none of which allow for double substitutions of both nucleotides in a base pair. In other
words, base pair substitution occurred mainly through an intermediate state, i.e., GC-
GU-AU. In total, there were six one-site substitutions from intermediates to GC and AU,
respectively (Figure 5). The rate matrix of an initial state showed that the substitution rates
from the intermediate base pairs to GC were more or less equal, except for the relatively
low rate of GU→GC and GU→AU (Figure 5A,B). However, the substitution rate from
intermediate to GC was always higher than that to AU (Table S5). Taken together, the GC
generation rate was 506% higher than that of AU (Figure 5C). Notably, we found that the
higher GC generating rate was always accompanied by the higher GC frequency, indicating
that the fast GC base pair substitution enhanced the probability of GC allele fixation
compared to AU (Figure 5D). When the substitution was inferred to be at equilibrium, the
base pair substitution rates decreased, but the evolutionary trends remained unchanged;
the GC generating rate remained 378% higher than that of AU, and the probability of GC
allele fixation remained increased (Figure 5E–H, Table S6).
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Figure 5. Comparison of the base pair transformations to GC and AU among 29 ITS2 transition–
rate matrices under the best-fit RNA substitution models. For each matrix, the transition rate was
normalized so that its average substitution rate is 1.0. (A–D) Base pair transformations derived from
an initial state; (A,B) The relative rates of the six possible transformations to GC and AU, respectively.
(C) Comparison of the total formation rates to GC and AU base pairs. (D) Frequency–mutability
scatter plot of formation rates to GC and AU base pairs showing an increased GC fixation with GC
enrichment. (E–H) Base pair transformations derived from the equilibrium state. (E,F) The relative
rates of the six possible transformations to GC and AU, respectively. (G) Comparison of the total
formation rates to GC and AU base pairs. (H) Frequency–mutability scatter plot of formation rates to
GC and AU base pairs showing an increased GC fixation with GC enrichment.

There were a total of four possible mismatched base pairs (MM:AG\AC\CU\GU) in
the heterozygous sites during recombination, all of which can change into the stable GC
or the counterpart AU, e.g., AG→CG, AG→AU (Figure 6A). In sum, there were a total of
eight (four pairs) base pair changes in the heterozygous sites. The rate matrix of an initial
state showed that the substitution rate from the MM to GC was always higher than that of
the AU for all four pairwise MM transformations, averaging 480% of the AU (Figure 6B,
Table S7). When the substitution was inferred to be at equilibrium, the MM substitution
rates decreased, but the substitution rate from MM to GC was still higher than that of AU,
averaging 375% of that AU (Figure 6C, Table S8). Clearly, there was an MM conversion bias
toward the GC base pair during the mismatch repair.
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Figure 6. Simulation of mismatch base pair transformation in recombination. (A) A schematic
representation of gene conversion meiotic recombination. The double-strand always breaks during
meiosis. Then, a heteroduplex forms after the single-stranded DNA invades the homologous se-
quence, wherein the possible four mismatches can be repaired by changing one side of the nucleotides.
(B,C) Comparison of mismatch base pair transformations showing a GC-biased gene conversion in
both (B) initial and (C) equilibrium states. The base pair transformation rate derived from 29 ITS2
transition–rate matrices under the best-fit RNA substitution models.

3. Discussion

The spatial heterogeneity of genomic base composition, initially known as isochores
in mammalian genomic landscapes, has been increasingly understood by the gBGC model,
based on the fact that regions subject to fast recombination are always GC-rich [13]. How-
ever, the recombination occurs dispersedly in hotspots which account for merely 3% of
the human genome [32]. In addition, recombination hotspots were not conserved, even
between closely related organisms [33,34], indicating the relatively short lifespans of re-
combination hotspots. This spatiotemporal heterogeneity of recombination always causes
confusion when assessing correlations between recombination and GC-contents in the
large-scale genomic region [10,12]. In this study, we alternatively selected ITS2, a very short
rDNA region that evolves under frequent recombination among all organisms [20]. To
take into account all GC-biased polymorphisms, we extracted all possible ITS2 copies from
29 closely related species via high-throughput sequencing. As a result, this study represents
a test of the gBGC hypothesis at short genomic and time scales.

Our results showed that both the GC contents and their variation ranges in the ITS2
region are significantly higher than those of 5.8S (Figure 1). Obviously, these striking
differences demonstrate that ITS2 has undergone GC-biased evolution. Given that 5.8S is a
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structural gene of the ribosome and thus is subject to strong functional constraints against
substitution, in contrast, the ITS2 region is not directly involved in the ribosome structure;
therefore, it is less constrained by selection [24], making it more likely to accumulate
GC polymorphisms.

ITS2 is a well-known nrDNA region that undergoes concerted evolution due to the
high rates of local recombination [20]. Consequently, the distinct intragenic ITS2 copies
gradually become homogeneous [35]. Under the gBGC model, the genomic regions with
high local rates of recombination also evolve toward high GC content [12,36,37]. Taken
together, we hypothesized that the homogeneous ITS2 could be GC-rich. In accordance
with this prediction, we found that the ITS2 GC content increased as the ITS2 sequence
polymorphism decreased, indicating the occurrence of gBGC (Figure 4A). In addition,
direct evidence for gBGC has been observed in the base pair transformations to GC from
AU in the paired regions (Figure 5). Furthermore, transformations in mismatches to
GC/CG are clearly higher than those in AU/UA (Figure 6). Notably, these elevated GC
transformations can strongly promote the probability of GC allele fixation. Again, these
observations fit well with the gBGC hypothesis that transformations favor GC over the
AT base pair when mismatch repair occurs in the recombination heteroduplex [15,36].
Given that recombination rates vary greatly among closely related organisms [33,34], the
gBGC model may explain why the GC content is heterogeneous on the Corydalis phylogeny
(Figure S1).

A highlight of this study is the finding that the GC content of paired regions is
significantly higher than that of unpaired regions, indicating that gBGC has been enhanced
in ITS2 paired regions (Figure 2). Notably, GC* content shows an opposing trend of GC
evolution between paired and unpaired regions: GC evolves toward GC increasing in
unpaired regions, whereas GC decreases in paired regions (Figure 3). This result reveals
that the present substitution pattern is very different from what it will be in the future. In
other words, other driving forces in addition to gBGC have maintained the current elevated
GC content of paired regions.

Previous studies show that ITS2 rDNA folds and functions in vivo in the form of sec-
ondary structure [38]. Despite a rapid rate of nucleotide substitutions, all our investigated
ITS2 sequences show a conserved ‘four-fingered hand’ secondary structure and some core
motifs that are shared within angiosperms [29–31], indicating that selective constraint has
acted on the ITS2 secondary structure. Given that the secondary structure is maintained
through base pair interactions, GC base pairs have higher thermodynamic stability than
those of AU pairs. It is reasonable to hypothesize that GC content has been selected for the
thermodynamic stability of the ITS2 secondary structure [39]. Taken together, we assumed
that the gBGC would elevate GC content and the structural stability would enhance GC
selection. This assumption was supported by comparing the unpaired regions, wherein GC
elevation is almost unrelated to gBGC in the absence of structural constraint (Figure 4C).

Since the rDNA ITS2/ITS are the most widely used phylogenetic markers for phylo-
genetic inference [21–23], their GC compositional heterogeneity should be taken seriously.
Both theoretical and empirical studies have increasingly shown that changes in nucleotide
frequency among taxa could mislead phylogenetic inference because unrelated lineages
with similar GC composition are often found to cluster together, irrespective of their true
evolutionary relationships [16–19]. We observed that GC contents and their evolutionary
trends are strikingly different between the paired and unpaired regions within the ITS2
secondary structure (Figures 2 and 3), highlighting that using a single model to account
for the whole ITS2 evolution may fail to accurately portray locus-specific evolutionary
patterns. Several evolutionary models have been proposed to account for the composi-
tional heterogeneity in phylogenetic inference, among which partitioning is by far the most
effectively used approach [40–42]. Conventionally, constructing partitions requires some
biological knowledge about the sequences as an a priori definition of appropriate groups of
sites [43,44]. The strong nucleotide composition bias in our results indicates that the paired
and unpaired nucleotide states can be an a priori definition of ITS2 partitioning. Consistent
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with this idea, we found that for all 29 Corydalis matrices, the mixed models (DNA models
for unpaired regions and RNA-base pair models for paired regions) all outperformed the
DNA-only models, according to the Akaike information criterion (AIC) [45].

Although the application of partitioning is theoretically justified, more partitions
with more complex models mean more parameters are estimated, causing the concern
of over-parameterization [46]. Recent empirical studies have found that using single
DNA models for unpartitioned sequences violated ITS2 evolution but was insufficient
to mislead phylogenetic inference within closely related lineages, wherein few base pair
substitutions are observed in paired regions [27,47]. Taken together, a threshold for the
magnitude of model violations should be considered before using the partition method for
ITS2 phylogenetic inference.

4. Materials and Methods
4.1. Taxon Sampling and Sequence Acquisition

A total of 29 species of Corydalis were used in this study, including 28 field-collected
individuals for this and our phylogenomic study and one species with genomic data in
GenBank (Table S1). These species represent 19 closely related sections as delimited by
the Flora of China and recent Corydalis phylogeny [48]. The total genomic DNA of each
species was extracted by the modified CTAB method [49], and the quality control was
carried out by 1% agarose gel electrophoresis and Qubit 3.0. Then, DNA libraries were
constructed according to the DNA short-insert library construction protocol and sequenced
on the DNBseq platform in PE150 mode (insert size = 300 bp). The amount of sequencing
data for each species was about 6–8 Gb, covering about 40× of the nuclear genome.

The raw data were surveyed using FastQC v.0.11.8 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/ (accessed on 20 October 2021)) and then filtered to re-
move the low-quality bases and adapter sequences using Trimmomatic v.0.39 [50]. Due
to the genetic difference of nuclear ribosomal DNA (nrDNA), which is large between and
small within species’ alleles, we first employed GetOrganelle v.1.7.5 to assemble the main
type of nrDNA in each species [51], and then they were treated as reference sequences
to extract nrDNA reads as much as possible using bowtie2, with the sequencing depth
being calculated by samtools v.1.9 [52,53]. The extracted nrDNA reads were assembled
using FLASH v.1.2.11; the length of short reads was extended by overlapping and merging
paired-end reads [54]. Finally, BLAST v.2.7.1 was applied to obtain all ITS2/5.8S alleles
from the assembled sequences, and then MAFFT v.7.407 and SeqKit v.2.2.0 were used to
calculate the number of each allele [55–57]. The allele associated with a single sequence
was removed from downstream analyses to eliminate the possible artificial allele types
generated from sequencing and assembly.

4.2. ITS2 Secondary Structure Prediction and Partition

The individual ITS2 secondary structure was predicted through the online service
of the ITS2 database (http://its2.bioapps.biozentrum.uni-wuerzburg.de/ (accessed on
10 February 2022)), wherein plenty of existing ITS2 sequences with their modeled struc-
tures were used for homology prediction [58]. Then, all ITS2 sequences with their struc-
tures (Vienna format) were integrated into a sequence–structure matrix and aligned using
4SALE1.7 [59]. 4SALE is designed to synchronously handle sequence and secondary
structure. It provides an editable consensus secondary structure and a new method of
simultaneous visualization and editing of sequences. We adjusted the consistency of the
consensus secondary structure to 0.70, then converted the graphic information into Vienna
format. Based on the consensus secondary structure, we partitioned the ITS2 matrix into
paired and unpaired regions and performed phylogenetic analyses both separately and
in combination.

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://its2.bioapps.biozentrum.uni-wuerzburg.de/
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4.3. Inferring Substitution Parameters of ITS2 Sequence Structure

In ITS2 phylogenetic analyses, DNA/RNA mixed substitution models were used to
account for the differences in substitution patterns between paired and unpaired ITS2
regions. A model Perl script (model_selection.pl) from PHASE package 3.0 was performed
to infer ITS2 substitution [60]. This Perl script includes two DNA models (HKY85 and
REV) for unpaired regions and 16 types of RNA models (e.g., RNA16D, RNA16E, RNA7G
and RNA7E) for paired regions [60,61]. A likelihood correction method was used to
address the different numbers of parameters between the four-, seven-, and 16-state models,
and thus to facilitate best model selection among different model types according to the
AICc values [60]. Bayesian MCMC phylogenetic analyses were performed using the
mcmcPHASE program from the PHASE package based on the best-fit mixed models and
three other files: the ITS2 sequence alignment file, the ITS2 consensus secondary structure
file, and an input NJ tree file. The MCMC analysis was run for 1,000,000 generations,
sampling every 100 generations, with a burn-in of 3000 (30%) trees. The iteration of each
run was increased by 1,000,000, 4,000,000, and 7,000,000 iterations, respectively, until
equilibrium reached the convergence state (in which the iteration increase does not change
the value of the substitution model parameters). Then, rate matrices of both the initial tree
and the best-fit tree were inferred by the mcmcsummarize program in the PHASE package,
from which the relative base pair transformation rates at equilibrium were obtained.

The equilibrium GC (GC*) content was used to assess the GC evolutionary trend,
based on the assumption that GC* can be obtained when sequences evolve convergently at
the stationary (equilibrium) state under the constant patterns of substitution. In this state,
the GC* value can be calculated as the percentage of the AT→GC substitution rate among
all AT→GC and GC→AT substitution rates, i.e., GC* = rAT→GC/(rAT→GC) + (rAT→GC) [62].
We used the maximum likelihood approach and the program mcmcsummarize in the
PHASE package to calculate GC* values in a given species matrix.

4.4. Calculation of GC Content and Sequences Homogenization

For each species alignment, the 5.8S and ITS2 sequences and their paired and unpaired
regions were separately analyzed by MEGA11 to calculate their GC content [63]. The same
data were also analyzed by DnaSP6 to assess the sequence homogenization by calculating
the average value of nucleotide difference among each species (K value) [64].

4.5. Phylogenetic and Statistic Analyses

We performed BI inference using MrBayes version 3.2 [65]. Two independent runs that
each consisted of four MCMC chains were run for 1,000,000 generations each, sampling
every 100 generations. The initial 3000 sampled trees were discarded as burn-in, and
the remaining trees were used to construct the 50% majority rule consensus tree. The
tree was edited and GC annotated using the Interactive Tree Of Life (iTOL: https://itol.
embl.de/ (accessed on 20 March 2022)). The data, including GC and GC* contents, base
pair transformation rates, and K values, were statistically analyzed by Excel, SPSS 26.0,
and GraphPad Prism 8 software. In Excel, the data were extracted and sorted out after
the original matrix was classified and summarized. In SPSS, the Shapiro–Wilk method
and a histogram fitting a normal curve were used to test the normality of the data, and a
Spearman correlation analysis was used to perform a correlation test. In GraphPad Prism,
a histogram, box diagram, and scatter plot were used to analyze the difference between the
comparable datasets. The relative frequency of bases at every position of the consensus
secondary structure was graphically presented by the sequence logo, which was produced
on the WebLogo website [66].

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms24097716/s1.
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