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Abstract

Substitutions between closely related noncoding chloroplast DNA sequences are studied with respect to the composition of the 3 bases
on each side of the substitution, that is the hexanucleotide context. There is about 100-fold variation in rate, among the contexts, particu-
larly on substitutions of A and T. Rate heterogeneity of transitions differs from that of transversions, resulting in a more than 200-fold varia-
tion in the transitions: transversion bias. The data are consistent with a CpG effect, and it is shown that both the A+ T content and the
arrangement of purines/pyrimidines along the same DNA strand are correlated with rate variation. Expected equilibrium A+ T content
ranges from 36.4% to 82.8% across contexts, while G-C skew ranges from —77.4 to 72.2 and A-T skew ranges from —63.9 to 68.2. The
predicted equilibria are associated with specific features of the content of the hexanucleotide context, and also show close agreement with
the observed context-dependent compositions. Finally, by controlling for the content of nucleotides closer to the substitution site, it is
shown that both the third and fourth nucleotide removed on each side of the substitution directly influence substitution dynamics at that
site. Overall, the results demonstrate that noncoding sites in different contexts are evolving along very different evolutionary trajectories
and that substitution dynamics are far more complex than typically assumed. This has important implications for a number of types of se-
quence analysis, particularly analyses of natural selection, and the context-dependent substitution matrices developed here can be applied

in future analyses.
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Introduction

A relationship between mutation rate heterogeneity and neigh-
boring base composition, or context, has been observed across a
wide range of taxa in studies of both de novo mutations
(Ossowski et al. 2010; Michaelson et al. 2012; Sung et al. 2015;
Francioli et al. 2015; Smith et al. 2018) and single-nucleotide vari-
ant (SNV) data (Morton et al. 2006; Aggarwala and Voight 2016;
Zhu et al. 2017; Simon and Huttley 2020). In many cases, the data
show that context has a fairly complex relationship with muta-
tions. For example, in the human genome, variation in composi-
tion of the 6 nucleotides, 3 on each side, surrounding a mutation
site, accounts for most mutational heterogeneity (Aggarwala and
Voight 2016), with variation in the rate of transversions being
influenced by a slightly larger context than is variation in transi-
tions (Zhu et al. 2017; Simon and Huttley 2020) and in Escherichia
coli mutation rate varied about 75-fold across contexts (Sung et al.
2015). Since heterogeneity in mutation dynamics across sites can
have a significant influence on various analyses, particularly
analyses of selection (Morton 2003; Sung et al. 2015) as recently
demonstrated for selection on codon usage in chloroplast genes
(Morton 2022a), it is important to gain a better understanding of
the context-dependent nature of mutations.

Probably, the most obvious context effect on mutation rate is
the hypermutability of methylated cytosines, such as what is

observed at CpG sites in mammals (Ehrlich and Wang 1981;
Arndt et al. 2003; Huttley 2004; Mugal and Ellegren 2011; Francioli
et al. 2015; Simon and Huttley 2020). However, while the CpG ef-
fect, which is the result of a high rate of deamination of methyl-
ated cytosines (Coulondre et al. 1978), plays a notable role, the
often complex relationship between context and mutation has
made it clear that additional factors must be involved. These
could include an influence of context on polymerase misincorpo-
ration (Mendelman et al. 1989; Aggarwala and Voight 2016), on
mismatch repair (Kunkel and Erie 2015; Burgers and Kunkel
2017), which might depend on local helix stability due to base
stacking properties (SantalLucia and Hicks 2004; Ghosh et al. 2019;
Zacharias 2020) but just how these, or additional, factors actually
affect mutation rate heterogeneity remains unclear.

A relationship between context, particularly the A+ T con-
tent of flanking bases, and substitution dynamics, particularly
the ratio of transitions:transversions (Ts:Tv), at putatively neu-
tral sites has long been known to exist in angiosperm chloro-
plast DNA, or cpDNA (Morton 1995; Morton and Clegg 1995;
Zheng et al. 2007). Early studies showed that the A+ T content
of nucleotides flanking a substitution is correlated with the
Ts:Tv bias, and recently, it has been shown that such context
effects are observed in all major plastid lineages and can in-
clude an influence of nucleotides up to 4 sites removed from
the substitution (Morton 2022b).
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Due to data availability, previous analyses of cpDNA focused
on the general context features and substitution dynamics noted
above. The current analysis takes advantage of the large number
of angiosperm chloroplast complete genome sequences now
available to study the full range of local contexts within 4 bases
on each side of the substitution and the full spectrum of substitu-
tion types. The low evolutionary rate of cpDNA (Clegg 1993)
results in a dearth of SNV data but allows for comparisons of
highly similar sequence pairs to study substitution dynamics at
putatively neutral sites, with an outgroup taxon used to infer
substitution direction. Here, 280 genome triplets yielded
1,001,783 substitutions within intergenic (NC) regions. Each sub-
stitution was analyzed as the central site of a heptanucleotide,
providing evidence about the surrounding hexanucleotide con-
text. These substitutions were used to generate 4 x 4 substitution
matrices, which allow for an analysis of rate heterogeneity across
contexts as well as more general heterogeneity in substitution
dynamics by comparing expected equilibrium base composition
across contexts when each substitution matrix is converted to a
transition matrix.

Across the 4,096 hexanucleotide contexts, roughly 100-fold
variation in rate is observed, with greater heterogeneity observed
in the rate of transversions than of transitions. There is clear evi-
dence for a CpG effect, but other context features are also found
to be associated with rate variation, in particular the A+ T con-
tent and the R/Y arrangement along 1 strand. Controlling for the
composition of the first 2 nucleotides flanking substitutions, it is
shown that the third and fourth nucleotides removed from sub-
stitutions directly influence substitution rate, particularly the
rate of transversions. In addition to measurements of rate, there
is also a great deal of heterogeneity in the equilibrium base com-
position predicted for each hexanucleotide context. The expected
equilibrium A+ T content ranges from 36.4% to 82.8%, while pre-
dicted skew ranges from —77.4 to 72.2 for G-C, and from —63.9 to
68.2 for A-T. The heterogeneity in compositional equilibria shows
that context effects in cpDNA have tremendous importance for
sequence evolution and for analyses that rely on substitution or
mutation models. Neutral sites cannot be compared in a context-
independent manner given the widely divergent evolutionary tra-
jectories. Most critically, models that account for this, and evolv-
ing context at the same time, will be needed for more accurate
sequence analysis and the context-dependent models developed
here can be utilized in this way.

Materials and methods

RefSeq complete angiosperm chloroplast genome sequences
were downloaded from NCBI (www.ncbinlm.nih.gov/genome/
browse#!/eukaryotes/) on March 14, 2019, and then parsed with
the Biopython 1.76 (Cock et al. 2009). Regions between neighbor-
ing Biopython SeqRecords were saved as intergenic (NC) regions.
Genomes were grouped into 280 closely related triplets from 40
different families (listed Morton 2022a) which were chosen to en-
sure nonoverlapping lineages, and each NC region greater than
70 nucleotides in length was then aligned as previously described
(Morton 2022a).

The alignments were used to 4,096 hexanucleotide context-
dependent substitution matrices, 1 matrix for each hexanucleo-
tide context. Any site Ny can be considered as the central site
of the heptanucleotide N3 N, Ny [No] N; N, N3 where Nj, Ny,
and N3 are the neighboring base pairs flanking No. In each

context-dependent matrix CM, CM;; represents the number of
sites at which there was an ancestral nucleotide i and derived nu-
cleotide j, indicating an 1 — j substitution. For every aligned site
within a conserved hexanucleotide context in all 3 sequences,
CM, s and CM, s, are incremented by 1, where a is the ancestral
nucleotide inferred from the outgroup, s1 and s2 are the nucleoti-
des in the 2 ingroup sequences. Conserved sites were included
and provide diagonal values for the matrices. To exclude compar-
isons of nonhomologous regions within alignments without bias-
ing inferences of context effects, the restrictions described in
Morton (2022a) were followed. For a site to be included in the
analysis, at least 8 of the 10 surrounding alignment sites had to
be base pairs in both ingroup sequences (i.e. no gap in either se-
quence) and the 2 ingroup sequences needed to have at least 70%
similarity across these 10 sites.

Sample size within each context was maximized by combining
complementary matrix pairs (e.g. the AGC[N]JTGA context with
the complement of the TCA[N]GCT context) as in Morton (2022a).
This reduces the number of unique hexanucleotide contexts to
2,080 for any analysis that considers only one of each pair of
complementary matrices, such as AAA[NJAA and TTT[N]TTT.
Since the context of each conserved site was also recorded, a
Markov transition matrix IT can be generated from any substitu-
tion matrix, CM, by setting IT;; = CM; j/ZCM;. These matrices can
also be taken as estimates of substitution rate with the units sub-
stitutions/site per average time of all branches in the ingroup
taxa, and so the values will be referred to as rates, each with a
confidence interval equal to 1.96 /p(1 — p)n where n is the row
sum.

For each context-dependent matrix II, the stationary vector ¢
was calculated such that ¢ = ¢II, which represents the equilib-
rium base frequency for a site evolving with the mutation dy-
namics given by II (Cox and Miller 2017; Morton 2022a). For these
analyses, only 1 matrix of each complementary pair was included
since the second is redundant as a result of the combination of
complementary matrices. All calculations were done using
Python script written by the author.

Three summary statistics of context composition were defined
and calculated for each hexanucleotide: the A+ T Index (ATI),
the Purine Index (RI), and the Purine A+ T Index (RATI), which
combines the 2 other features. Each statistic weights the A+ T
and/or Purine content on 1 strand as a function of distance from
the substitution site. The RI value was used for analyses of sub-
stitutions of pyrimidines on that strand, which is redundant with
using a Pyrimidine Index for analyses of substitutions of purines.
These indexes were calculated as in the following equations:

ATI= 377 Wix 207 (1)
RI= 37 Rix 267 2)
RATI= 3 Bix 2677 (3)

In Equation (1), Wi is the number of AT base pairs in the N;
neighboring pair; in Equation (2), Ri is the number of purines on
the strand analyzed in the Nj neighboring pair; and in Equation
(3), Biis the sum of the RATI values of the 2 bases in the N; neigh-
boring pair, with the RATI values defined as A=2, C=0, G=1,
and T=1.

To test for strand symmetry, the genes rps12, psbA, psbK, psbD,
and psbC were used as a reference set to determine strand equiv-
alency since they are annotated in almost every genome, with
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the most common arrangement being that the first 2 genes are
coded on 1 DNA strand and the latter 3 coded on the opposite
strand. Each genome with all 5 reference genes annotated with
this strand arrangement was retained (the symmetry genomes)
and the orientation of each symmetry genome was set such that
the strand with rps12 and psbA was designated strand A and the
other as strand C, regardless of NCBI annotation. Next, a list of
all genes annotated in at least 90% the symmetry genomes was
generated and, for each of these genes, the coding strand within
each symmetry genome was determined based on the NCBI an-
notation. Finally, a list of the genes with a consistent strand ar-
rangement relative to the 5 reference genes in at least 80% of the
symmetry genomes, the symmetry genes, was generated (l.e. if
gene “X” was annotated on the same strand as the 5 reference
genes in either more than 80% or fewer than 20% of the genomes,
then it was included). For the 152 genome triplets with all 3
genomes in the symmetry genome list, an alignment was gener-
ated using the strand A sequence for each intergenic region lo-
cated between 2 genes on the symmetry gene list. From these
alignments, context-dependent substitution matrices were gen-
erated from the entire set of alignments as described above. This
approach will generate matrices of substitution data from the
same DNA strand in every genome at the cost of excluding a lot
of the sequence data. These matrices will be referred to as the
Strand Symmetry Test Matrices.

Results and discussion

Sites were scored with respect to their hexanucleotide contexts
to generate 4,096 context-dependent substitution matrices, with
conserved sites making up the matrix diagonals. There were
1,001,783 substitutions across 15,123,150 sites, which averages to
244 6 substitutions/matrix and 0.066 substitutions/site. Given the
low substitutions per site, multiple hits will not be considered
and substitutions/site will be referred to as the rate of substitu-
tion. Once complementary matrices were combined, as described
in the Materials and Methods, there was a total of 1,889,456 substi-
tutions at 29,187,360 sites, so the 4,096 context-dependent matri-
ces average 465.8 substitutions, although complementary
matrices become redundant in some analyses. As indicated be-
low in these cases, only one of each complementary pair is in-
cluded.

Some bacterial genomes show a pattern of skew centered on
the replication origin (Lobry and Louarn 2003; Morton and
Morton 2007) and the data here are from the annotated strand of
each NCBI file. Although plant chloroplast genomes appear to
use a double D-loop replication system (Morley et al. 2019) and do
not display a skew pattern like bacteria, the matrices were tested
for evidence of asymmetry using the Strand Symmetry Test
Matrices generated from a subset of genomes (see Materials and
Methods). Complementary contexts in the Strand Symmetry Test
Matrices were compared and showed the same trends of hetero-
geneity across contexts. Predicted equilibrium A+ T content on
the 2 strands showed a correlation of 1> = 0.8717 across contexts
with at least 50 substitutions, and for A-T skew, the correlation
was r? = 0.8921. Therefore, it was assumed that context effects
are not strand asymmetric and so the larger dataset consisting of
the combined complementary matrices from the original set of
alignments was utilized in all further analyses.

Rate variation across contexts

Of the hexanucleotide contexts with at least 50 transitions and
50 transversions, those with the highest and lowest of each of (1)

overall substitution rate, (2) transition (Ts) rate, and (3) transver-
sion (Tv) rate are shown in Supplementary Table S1. Variation is
given separately for substitutions of T and substitutions of C.
Since complementary matrices were combined as described
above, the variation data for A and G are redundant and so we
will only consider changes from T and C from hereon, which
allows all 4,096 matrices (contexts) to be included. The fold dif-
ferences between the contexts with the highest and lowest rates
from C and T are summarized in Table 1 for contexts with at least
50 transitions and 50 transversions from the base analyzed (C or
T) and for contexts with at least 100 substitutions from the base
being analyzed (C or T). Substantial variation is seen across con-
texts, in some cases more than 100-fold. Both overall rate and
Ts:Tv show greater variation across contexts for substitutions
from T than for substitutions from C, and the variation in Tv rate
across contexts is greater than variation in Ts rate, although
there is particularly high variation in Tv rate in substitutions
from T. The Ts and Tv rate variation yields a very wide range in
Ts:Tv, which varies more than 200-fold across contexts from 0.12
(context CGA[T]AAT) to 27.5 (context ACC[T]CCT).

Context features that are associated with rate
heterogeneity

There are 2 obvious composition features of the hexanucleotide
contexts that are associated with the rate variation summarized
in Table 1. One feature is the A+ T content of the neighboring
pairs, which has been shown previously to be associated with
substitution bias in cpDNA (Morton 1995; Morton and Clegg 1995)
and the other is the arrangement of purines and pyrimidines
along 1 strand, a feature that has been shown to be associated
with variation in mutation rate in bacteria (Sung et al. 2015). The
contexts in Supplementary Table 1 with the lowest Ts rates have
a greater average A+ T content than do those with the highest Ts
rates while the opposite association is seen for Tv rate (see
Supplementary Table 1). This results in the association between
Ts:Tv and flanking base A+ T content that has been described
previously (Morton 1995; Morton and Clegg 1995; Zheng et al.
2007; Morton 2022a). In addition, R[Y]R contexts, where the [Y] is
the T or C at the substitution site, are more common in the higher
rate contexts, particularly for substitutions of C, suggesting that
the arrangement of purines and pyrimidines is a factor.
Substitutions of Y in an at R[Y]R context also have lower Ts:Tv
values, particularly for substitutions of T (see Supplementary
Table S1). As a result, for example, a T flanked by 2 Gs on 1 strand
(G[T]G=R[Y]R) is more likely to undergo a transversion to yield
an RRR sequence than to undergo a transition, which would
retain the RYR structure.

Ts and Tv rates within all contexts are shown in Fig. 1,
highlighting the influence of both A+ T and Purine content of
flanking bases just described. (A plot of these rates with 95% CI
values is shown in Supplementary Fig. 1.) Substitutions from C
and T have different general patterns. There is a generally higher
substitution rate from C, with an average of 0.106 subs/site, than
from T, with an average of 0.066 subs/site, which is also apparent
in the distances from the plot origins. In addition, there is a gen-
erally higher Ts:Tv of substitutions from C, with an average
across contexts from C and T of 1.17 and 0.89, respectively. For
substitutions of T, sites in contexts with a high ATI have a rela-
tively high Tv rate as do contexts with a high RI (Fig. 1, a and c),
resulting in a lower Ts:Tv in these contexts. A similar but less
pronounced trend is seen for substitutions from C (Fig. 1, b and
d). The combined effect of the A+ T and R context features, mea-
sured by RATI as described in the Materials and Methods, is
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Table 1. Degree of variation in substitution rate across 4096 hexanucleotide contexts.

Ts rate variation Tv rate variation Total rate variation Ts:Tv variation
Ts > 50 and Tv > 50°
From T 24 5P 44.6 21.0 36.4
From C 15.4 15.9 10.2 46.5
From T and C 31.4 446 25.1 60.8
(Ts + Tv) > 100°
From T 499 109.5 21.0 229.2
From C 24.0 33.4 12.7 61.8
From T and C 61.7 109.5 25.1 229.2

a

Only contexts that have at least 50 transitions and at least 50 transversions in that matrix row (from T or from C) are included.

P values are given as the context with the highest rate divided by the context with the lowest rate.
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Fig. 1. Transition and transversion rates for substitutions from T (a and b) and C (c and d) across hexanucleotide contexts in which there are at least 50
transitions and 50 transversions. In (a) and (c), contexts with an ATI of <12 are in red (circles) and those with ATI=28 are in blue (triangles). In (b) and
(d), contexts with an RI of <2 are in red and those with an RI of >26 are in blue. These cutoff values were chosen simply to highlight contexts at the 2

ends of these content ranges. Lines represent Ts:Tv values as indicated.

illustrated in Fig. 2. Contexts with higher RATI values show much
more variation in Tv rates, particularly for substitutions of T,
while those with lower RATI values show more variation in Ts
rates and, as a result, generally lower Ts:Tv values. Although
Figs. 1 and 2 highlight the ends of the context composition
ranges, a strong decrease in Ts:Tv, particularly in substitutions

from T, is observed across the full range of all 3 context composi-
tion measures (Supplementary Fig. 2).

To explore the possibility that local base stacking properties
(SantaLucia and Hicks 2004; Zacharias 2020) contribute to
rate variation across contexts, the stability (AGs;) of each
heptanucleotide (the hexanucleotide context plus the internal
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Fig. 2. Transition and transversion rates for substitutions from T (a) and C (b) across hexanucleotide contexts in which there are at least 50 transitions
and 50 transversions. Contexts with an RATI of <6 are in red (circles) and those with an ATI of >22 are in blue (triangles). These cutoff values were
chosen simply to highlight contexts at the 2 ends of these content ranges. Lines represent Ts:Tv values as indicated.
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Fig. 3. Substitution rate for the 2 transversions from T (a and b) and C (c and d) across hexanucleotide contexts in which there are at least 50
transversions. In (a) and (c), contexts with an of ATI <12 are in red (circles) and those with an ATI of 28 are in blue (triangles). These cutoff values were
chosen simply to highlight contexts at the 2 ends of the A+ T range. The separation of red and blue points demonstrates the effect of A+ T content on
rate. In (b) and (d), contexts with an RI of <6 are in red and those with an RI of >24 are in blue, also chosen to highlight contexts at the extremes of
purine distribution. The separation of red and blue points demonstrates the effect of R distribution on rate. Equality lines are drawn in black. Rates
tend to fall below this line for changes from C, indicating that C — A changes generally occur at higher than C — G changes.
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mutated base) was calculated following Santalucia and Hicks
(2004) and compared to both overall rate and transversion rate.
There was no correlation in either comparison (r* = 0.032 and 8 x
107>, respectively) or between rate and the stability of the just
the 5’ trinucleotide within the heptanucleotide (r* = 0.0176). Nor
is there a correlation between rate and the difference in free sta-
bility between the heptanucleotide with the original base and the
heptanucleotide with the new base (r> = 0.0667). Although AGs;
values were used, the relationship between AG and T is linear so
the lack of correlation is not temperature dependent. Overall,
there is no evidence that the free energy of the local helix is a fac-
tor in the variation in mutation dynamics.

For substitutions from both T and C, there is little correlation
between the rates of transitions and transversions across con-
texts (r* = 0.099 for T and r* = 0.124 for C in Fig. 1, a and b) indi-
cating that context does not influence mutation rate generally
but, rather, affects transitions and transversions differently.
However, a comparison of the 2 transversions from each of T and
C shows no evidence that the 2 transversions vary differently
across contexts (Fig. 3). The increased rate of transversion with
increasing ATI and RI is observed for both T — Gand T — A, and
with increasing RI for both C — G and C — A, although C — A'is
predominantly greater than C — G. Thus, whatever context fac-
tors are affecting the rate of transversion do not appear to distin-
guish between transversion types.
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One commonly observed effect of context on mutation is an
increased rate of mutation at CpG sites as a result of a relatively
rapid deamination of methylated Cs (Huttley 2004; Mugal et al.
2009; Francioli et al. 2015; Simon and Huttley 2020). There is some
evidence for CG methylation in cpDNA (Muniandy et al. 2019), al-
though how widespread this is remains unclear. In the 4,096 ma-
trices, a roughly 37% increase in the rate of C — T substitution is
observed on both strands in the CG context relative to the rate of
C — T in other dinucleotide contexts (Table 2), which is signifi-
cant at the 107° level using a y° test of heterogeneity. This is

Table 2. Comparison of the rate of C — T substitution in CpG
contexts to the rate in other contexts.

G—A G —B?
CG 41,377 633,155
DG 184,227 3,835,559
OR=1.36
C->T C->V
CG 41,607 633,520
CH 183,849 3,838,041
OR=1.37

# D=A,G,orT (i.e.notC); B=notA; V=not T; H=not G.

(b)

< Observed G-C Skew —

<« Equilibrium G-C Skew —

Fig. 4. Stationary vector (predicted) and observed compositions across tetranucleotide contexts. Compositions are (a) A-T skew, (b) G-C skew, and (c)
A+ T content. The equality line for each plot is shown in black. To illustrate the relationship between flanking base content and evolutionary
trajectory, contexts are colored depending on the composition of the 2 bases immediately flanking the substitution. In (a) and (b), the contexts with no
purines immediately flanking the substitution are shown in red while those with 2 purines immediately flanking the substitution are shown in blue. In
(c), the contexts with a + T =0 content in the 2 bases immediately flanking the substitution are shaded red, while those with an A + T =2 content in the

2 immediately flanking bases are shaded blue.
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Fig. 5. Transition and transversion rates in relation to the content of the N3 dinucleotide (the nucleotide pair 3 sites removed from the substitution as
described in the text), for the internal tetranucleotides AA[Y]AA and CC[Y]CC. Substitutions from T (red) are differentiated from substitutions from C
(blue). Closed circles represent the internal tetranucleotide AA[Y]AA and open circles represent the internal tetranucleotide CC[Y]CC. Some specific

contexts are indicated.

consistent with a CG effect in cpDNA, as would be expected if
there is a significant level of methylation at CG sites, although
the results are not direct evidence for methylation. It should be
noted that the analysis was limited to intergenic regions over 70
nucleotides in length. If the frequency of CpG methylation within
an intergenic region were associated with the length of that re-
gion, such as would be the case if sites closer to coding regions
tend to be methylated at a higher frequency, then the measure of
any CG effect could be biased.

The data suggest that there could be CpG methylation in non-
coding cpDNA of flowering plants and that this contributes to
some of the variation in substitutions across contexts that is ob-
served in the data. However, the exclusion of those heptanucleo-
tides with a potential substitution of a methylated cytosine does
not change the general patterns in Figs. 1 and 2 and so the gen-
eral context effects are not driven solely by any CG effect.
Furthermore, although local A+ T content, purine/pyrimidine ar-
rangement, and a potential CG effect all contribute to the varia-
tion across contexts, the data in Figs. 1 and 2, in particular the
wide range of Tv rate across contexts with an ATI of 28 (blue in
Fig. 1, a and c), indicate that there must be additional factors that
influence variation in substitutions.

Context and composition equilibrium

Along with analyses of rates, it is informative to compare substi-
tution dynamics more generally across contexts by converting
each substitution matrix to a transition matrix IT and then deter-
mining the stationary vector ¢ for which ¢ = ¢II (Morton 2003,
2022a). This represents the equilibrium base composition of sites

evolving within that context, which provides information about
the evolutionary trajectories of sites in different contexts as well
as the degree to which we expect compositional variation at dif-
ferent neutral sites. A similar approach using simulation showed
an excellent agreement between predicted and observed context-
dependent composition in bacteria (Sung et al. 2015). In our study,
complementary matrices are redundant and so only one of each
pair was included in this analysis. A comparison of predicted
equilibrium A+ T context, G-C skew, and A-T skew to the ob-
served composition in each hexanucleotide context is shown in
Supplementary Fig. 3. However, many of these vectors have pre-
dicted base composition of 0% for one of more nucleotides be-
cause of low sample number in that context. Therefore, the same
comparisons are shown in Fig. 4 for just the tetranucleotide con-
texts (i.e. excluding the information in the N3 neighboring pair),
which have a larger sample size and also show the same general
trends as the hexanucleotide contexts.

The data show several interesting features. First, there is a
great deal of heterogeneity in the evolutionary trajectories of the
substitution dynamics in different contexts: predicted equilib-
rium A+ T content ranges from 36.4% to 82.8%, predicted G-C
skew ranges from —77.4 to 72.2, and predicted A-T skew ranges
from —63.9 to 68.2. Second, this variation is associated with the
compositional features of the context. As seen in Fig. 4, the A+ T
content of the immediate neighboring pair (the N; pair) is associ-
ated with the predicted equilibrium A + T content, and the R con-
tent on the same strand at the 2 immediately neighboring sites is
associated with predicted skew, with sites surrounded by a pu-
rine on the same strand on each side expected to evolve to a
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Fig. 6. Predicted and observed A + T content across the 16 different N dinucleotides. Only contexts with at least 100 total substitutions are included.
Each of the 4 plots controls for a different internal tetranucleotide context as indicated. Tetranucleotide contexts are shown as N,N;[No]N;N, where N,
indicates the substitution site. The N3 dinucleotide is composed of the 2 nucleotides immediately flanking this tetranucleotide, one 5 and one 3.

stronger R-Y skew. The latter is consistent with the R[Y]R rate ef-
fect described above. Most intriguing, there is a very strong corre-
lation, as well as a strong agreement, between the predicted and
observed context-dependent composition across contexts, al-
though for all 3 composition features analyzed, the agreement
between predicted and observed shows more deviation in con-
texts at the extremes of the composition range.

The heterogeneity observed in Fig. 4 illustrates the importance
of understanding context dependency of mutations and/or sub-
stitutions. In particular, measurements of selection that rely on a
nucleotide substitution model could be significantly misled if
they do not account for context (see also Sung et al. 2015). This
was demonstrated recently for analyses of codon usage in chloro-
plast genes (Morton 2022a) and there could be much broader
implications.

Effect of the N; and N, neighboring pairs on
substitutions

An association between substitutions and the neighboring bases
up to with 4 nucleotides removed from the substitution site has
been observed in other studies (Aggarwala and Voight 2016; Zhu
et al. 2017; Simon and Huttley 2020; Morton 2022b). To study the
direct influence of neighbors that are further removed requires
that we control for the influence of the nucleotides that are closer
to the substitution (Simon and Huttley 2020; Morton 2022b). As
defined in the Materials and Methods, the N3 neighboring pair is

composed of the 5" and 3’ flanking nucleotides that are 3 bases
removed from the substitution site. Internal to this pair is a pen-
tanucleotide composed of the substitution site within a tetranu-
cleotide context. The direct effect of the N3 pair on substitutions
is examined here by comparing substitutions to the composition
of the 16 N3 dinucleotides surrounding any specific pentanucleo-
tide, which has the effect of controlling for the internal context.
Rate variation across the 16 N5 contexts is shown in Fig. 5 for the
internal pentanucleotides AA[T]JAA, CC[T|CC, AA[CJAA, and
CCIC]CC, which are at the extremes of the range of A+ T and pu-
rine contents of the internal tetranucleotide context. In all 4
cases, there is significant variation across N5 contexts in both Ts
and Tv rates. In general, the AA[NJAA context has a higher Tv
rate than CCIN|CC, and AA[CJAA has a higher Ts rate than
AA[T]AA. For the latter 2 pentanucleotides, the N3 pairs with the
highest A+ T content are associated with higher transversion
rates. Figure 6 compares the equilibrium composition and the ob-
served composition across N3 contexts for the internal contexts
AA[NJAA, AC[N]AC, CA[N]CA, and CC|N]CC. In all cases, there is
significant variation across N5 contexts in substitution dynamics
as measured by equilibrium base composition and this variation
agrees well with the observed composition.

A similar analysis of the effect of what we can call the Ny pair
shows that these 2 nucleotides also directly influence substitu-
tions. Using the same approach described for heptanucleotides,
substitution matrices were generated by treating sites as the
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centers of nonanucleotides, providing data on the octonucleotide
context. Controlling for the internal hexanucleotide context lim-
its the number of matrices that have a large enough sample size
but there were several, particularly for A+ T-rich internal hexa-
nucleotide contexts, that could be utilized. The data for the 16 Ny,
dinucleotides surrounding each of the AAA[Y]JAAA and
TTT[Y]TTT heptanucleotides show that the composition of the
N, pair is associated with rate variation (Fig. 7). Most noticeably,
higher rates of transversion from the sequences AAA[T]AAA and
AAA[C]AAA are associated with higher A+ T content of the Ny
pair. Although there are not enough data to give us information
about an influence of the Ny pair across all internal contexts, the
data indicate that there is some level of influence of these 2
nucleotides on substitutions.

Figures 6 and 7 show that both the N3 and Ny pairs have a
significant influence on substitutions beyond any influence of,
or compositional correlation with, the nucleotides closer to
the substitution site. The data discussed above showed no evi-
dence for a relationship between local helix stability, as mea-
sured by the method of Santalucia and Hicks (2004) that is
based on the AG contributions of dinucleotides in dsDNA mol-
ecule. Thus, it does not seem to be the case that the N3 and Ny
pairs have an effect through an influence on stability, al-
though it is possible that these AG values do not accurately
measure stability of the new dsDNA molecule during replica-
tion at the site of incorporation or during DNA repair. One pos-
sibility is that the N3 and N, pairs have an influence on repair,
such as mismatch repair, via sequence/structural features
that interact with repair enzymes. Overall, however, it is not
clear how the composition of these nucleotides affects substi-
tution dynamics.

Conclusions

Substitutions within intergenic regions display a complex rela-
tionship with the octonucleotide context in which they occur.
The data demonstrate that the A+ T content, the arrangement of
purines vs pyrimidines along 1 strand of the octonucleotide, and
the existence of a CpG at the substitution site, which could be the
result of, are all associated with variation in substitution rate and
bias. The context-dependent variation in substitution patterns is
likely to be the result of a context dependency of the underlying
mutations. Although there are probably selective constraints on
some intergenic sites, it is expected that the vast majority of sub-
stitutions are the result of random fixation. Most importantly, se-
lective constraints on some sites cannot generate the observed
context dependency at those sites that vary, particularly the rela-
tionship between context and transition:transversion bias and
between context and equilibrium composition.

This variation results in very different evolutionary trajecto-
ries at different sites, such that there is a wide range in predicted
equilibrium composition across contexts. If we accept that these
dynamics reflect the context variation of underlying mutations,
then the composition of sites will vary dramatically in the ab-
sence of selection. This has profound implications for a number
of analyses, particularly methods used to assess selection. As
demonstrated recently, the study of selective pressure on codon
usage, which is based on an expected neutral codon usage,
requires that the context dependency of mutation be taken into
account (Morton 2022a). Phylogenetic reconstruction and analy-
ses of rate variation among lineages are also potentially biased if
they fail to account for an influence of context.

Why and how the influence of context differs in different
genomes remains unclear, but the evidence here that local helix
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stability shows no correlation with variation in substitution rate
suggests that there may not be universal features of how context
affects substitution bias. The influence of context observed here
shows some similarity to what has been observed in other
genomes (Huttley 2004; Sung et al. 2015; Aggarwala and Voight
2016; Simon and Huttley 2020), but it has also the case that con-
text dependency varies across plastid lineages (Morton 2022b). It
is possible that differences in polymerase misincorporation and/
or proofreading, as well as differences in repair systems all con-
tribute to context effects, and that these evolve over time.
Although the full set of relationships between context and muta-
tion remains somewhat uncertain, this analysis of context de-
pendency demonstrates the importance of understanding how
mutation rates vary across sites and how this variation affects se-
quence analyses that require a mutation model. The matrices
generated here also provide a context-dependent model that can
be applied in further studies of selection in cpDNA or other analy-
ses that utilize a substitution model.

Data availability

Alignment data are available at https://doi.org/10.5061/dryad.
j69573x5.
Supplemental material is available at G3 online.
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