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ARTICLE INFO ABSTRACT

In Arabidopsis thaliana, primary metabolic genes (PMGs) are more evolutionarily conserved and intron-rich than
secondary metabolic genes. We observed that PMGs are more primitive and pan-taxonomically persistent as
compared to secondary (SMGs) and non-metabolic genes (NMGs). This difference in primitiveness and persis-
tence is primarily correlated with intron number and is independent of gene expression level. We propose a
twofold explanation behind higher intron enrichment in PMGs. Firstly, introns might increase protein versatility
amongst PMGs through alternative splicing, providing selective advantage of PMGs and making them more
persistent across diverse plant taxa. Also, multifunctional PMGs may acquire functional domains by increasing
the intronic burden. Additionally, single nucleotide polymorphisms (SNPs) accumulate at a higher rate in introns
as compared to exons. Moreover, a strong negative correlation between cumulative exonic SNPs density and
intron number indicates that introns may protect the exonic regions against the deleterious effect of these
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mutations, making them more conserved.

1. Introduction

Introns are non-coding sequences that interrupt the coding regions
of eukaryotic genes. They act as a hallmark of eukaryotic protein coding
genes [1-3] and are important components of genome adaptation [4].
Although, spliceosomal introns are common amongst eukaryotic gen-
omes, their density varies greatly across genomes as well as genes
within the same genome [5] and deciphering the uneven phylogenetic
distribution of introns is a major challenge for evolutionary genomics
[4]. Understanding the function and evolution of introns have gained
much attention since its discovery in the late 1970s [6]. The rapidly
accumulating fully sequenced eukaryotic genomes are also allowing
high-resolution reconstruction of evolutionary history of introns [7].

However, introns are thought to impose a considerable burden to
the host [7], and there could be at least three possible deleterious ef-
fects on gene expression [4]: First, spliceosomal introns requires a
spliceosome [7] and thus, splicing multiple introns is biologically ex-
pensive [8,9]. Second, intron transcription is costly in terms of time and
energy [10-12]. Third, malfunction of any of the snRNPs will have a
general detrimental effect on the cell [7]. Moreover, some studies
showed that highly expressed genes are compact, especially, concerning
intron size [13,14]. Finally, the mutational hazard hypothesis says that
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non-coding sequences have slightly deleterious effects on fitness be-
cause of the hazard of accumulating deleterious mutations [15-17].
Thus, to minimize the mutational hazard, selection would preferentially
remove the excess DNA from genomes [5].

On the other hand, some recent studies highlight various advantages
of having introns [7,18]. It has been reported that introns increase the
protein diversity by exon shuffling and alternative splicing [5,19,20].
Some introns also regulate gene expression [5]. Moreover, introns play
a pivotal role in mRNA export, transcription coupling, splicing, etc.
[21] and also give rise to non-coding RNAs that participate in reg-
ulatory processes [22]. Introns can also boost the gene expression, and
this positive effect is called intron-mediated enhancement (IME) [23].

Indeed, the relationships between gene expression and intron
numbers have been a matter of debate. For example, Vinogradov
showed that in humans, housekeeping genes and tissue specific genes
differed in their genomic complexities and regulation [24]. While the
former category harbored compact, broadly and highly expressed
genes, the later was tissue specific. Such observations on the properties
of housekeeping genes were assessed using an older dataset. However, a
different trend was observed in the model plant Arabidopsis thaliana,
where primary metabolic genes, being mostly housekeeping in nature
exhibited not only elevated expression but also higher intron number
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[25].

Some recent studies have indicated that the relation between gene
expression and introns are much more complex than previously
thought. While in animals like Caenorhabditis elegans and Homo sapiens,
highly expressed genes contain less and compact introns [14], in plants
like Oryza sativa and Arabidopsis thaliana, it was found that highly ex-
pressed genes contained more and longer introns than genes expressed
at a low level [26]. However, when the intron length between model
plant and animal were compared, the introns were found to be rela-
tively shorter in the model plant Arabidopsis thaliana than the mam-
malian mouse model, indicating the cost of transcription is negligible
[4], which may favor intron retention. Previous studies indicated that
variation of intron size is influenced by various factors [27]. The me-
tabolic requirements and spatiotemporal economy might also act as
selective forces to resume surplus DNA [27]. For example, house-
keeping genes that are required to express at a certain level in every cell
comprise shorter introns than other genes in humans [28]. On the
contrary, Gorlova et al. [20] showed that evolutionary conserved and
primitive genes are more functionally important and have a more intron
enrichment in human, which opens up the opportunity for novel
functions. Genes expressed in pollens of A. thaliana have smaller introns
than genes expressed in sporophytes [29]. However, it is unclear to
what extent the genomic configuration of plant has been shaped by
functional requirement and natural selection [13].

It was earlier reported that in Arabidopsis thaliana, primary meta-
bolic pathway genes contain significantly more introns than secondary
metabolic pathway genes [25]. Additionally, the primary metabolic
pathway genes are evolutionary more conserved than secondary me-
tabolic pathway genes on the basis of the ratio of synonymous and non-
synonymous substitution rates (dn/ds). However, no correlation has
been found between dy/ds and intron number. This may not be sur-
prising as dy/ds, by definition, addresses the evolutionary rate of the
coding regions. Thus, the difference of intron number of these two ca-
tegories of genes in A. thaliana is still enigmatic. So, to address this
issue, we have taken a different approach here. Encouraged by the work
of Gorlova et al. [20], we have introduced, in this study, two new in-
dices named Persistence Index (PI) and Age Index (Al) to see whether this
intron number variation is correlated with the evolutionary history as
well as the taxonomic distribution of the concerned gene within the
plant kingdom. We have taken this approach as in plants, primary
metabolic pathways are almost omnipresent while secondary metabolic
pathways are restricted to specific plant groups [30]. Moreover, a gene's
level of evolutionary conservation reflects its functional significance
[31,32].

Thus, the objective of our study is to find whether higher intron
enrichment of primary metabolic pathway genes (PMGs) over sec-
ondary metabolic pathway genes (SMGs) confer any selective ad-
vantages to them which can answer the primitiveness and pan-taxo-
nomic distribution of PMGs. For analysis of PI and Al, we have selected
six other plant species along with A. thaliana whole genome sequences
are available. These include one dicot and two monocot species, one
species each from pteridophyta, bryophyta and algae. Our analysis
showed that in A. thaliana, these two indices differ in PMGs, SMGs and
NMGs (Non Metabolic pathway Genes) and both PI and Al are sig-
nificantly correlated with intron number. Moreover, introns accumulate
more single nucleotide polymorphisms in PMGs than SMGs as well as
NMGs and may act as buffer to protect the coding region of the genes to
accumulate mutations. Our study shows that introns confer some ad-
vantages for evolutionary conservation of primary metabolic pathway
genes in A. thaliana.

2. Materials and methods
2.1. Dataset preparation

We collected the whole genome data of Arabidopsis thaliana from
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Biomart interface [33] of Ensembl Plants [34] (http://plants.ensembl.
org/). The metabolic gene dataset was prepared from KEGG Database
(http://www.genome.jp/kegg) [35]. Initially, we obtained a dataset of
2512 metabolic genes out of which 2030 were PMGs and 482 were
SMGs. We filtered out 209 metabolic genes from our dataset which
participated in both primary and secondary metabolism. Finally, we
had 1821 PMGs and 273 SMGs. The rest of the protein coding genes
that did not participated in metabolism were categorised as non-me-
tabolic genes or NMGs. We compiled a dataset of 24,903 NMGs. The
complete gene list of PMG, NMG and SMG are provided in the Sup-
plementary file 1.

2.2. Estimation of conservation of genes

We used the pan-taxonomic distribution of metabolic genes as a
measure of conservation of the metabolic genes of A. thaliana rather
than the protein level conservation. Previously, Gorlova et al. have
formulated the conservation index as a measure of genes' degree of
preservation [20]. The concept of Conservation index as perceived by
Gorlova et al. [20] was further redefined by us as persistence index (PI)
and age index (AI) to study the pan-taxonomic distribution of A.
thaliana genes amongst the various plant taxa. PI reflects the distribu-
tion of orthologous genes of A. thaliana between the other plant taxa
while Al denotes the primitiveness of the orthologous genes. We have
detected orthologous set of genes in six of the below mentioned plant
species: A. lyrata (dicot), Sorghum bicolor (monocot), Oryza sativa var.
japonica (monocot), Selaginella moellendorffii (lycophyte), Physcomitrella
patens (moss) and Chlamydomonas reinhardtii (alga) [36]. These species
were ranked on the basis of their evolutionary distance from A. thaliana.
We assigned rank 0 to those genes which are unique to A. thaliana while
rank 6 was assigned to those genes which have orthologs on C. re-
inhardtii. Persistence index (PI) = Xx; /(N — 1), where x; represents
the count of orthologous gene across the selected plant taxa and N is the
total of plant species selected apart from A. thaliana. Age index (AI)
= x; /(N — 1), here x; represents the rank where the primitive most
ortholog of A. thaliana genes could be traced. The indices value ranges
from O to 1. ‘O’ depicting the genes confined only to A. thaliana and
recent origin while ‘1’ representing the most persistent and orthologs
that could be traced to all other groups and hence more primitive. To
explain the indices better, we put a hypothetical example where a gene
of A. thaliana is present in 3 other groups so its PI is 0.5, now if the most
primitive ortholog could be traced to Chlamydomonas, and then the Al
is 1. We also checked the primitiveness of the A. thaliana genes by using
Phylostratography (https://lighthouse.ucsf.edu/proteinhistorian/).
Here, we have categorised the A. thaliana genes according to their
phylogenetic origin into three groups-Arabidopsis (recent), Magnolio-
phyta (medium) and Viridiplantae (ancient).

2.3. Gene expression

Microarray expression data for A. thaliana was obtained from
PLEXdb (www.plexdb.org/) [37]. The accession number of expression
dataset is AT40 and the microarray platform used was ATH1-121501.

2.4. Intron enrichment

Both intron counts within each gene along with the intron length
considered separately for studying the intron enrichment of the re-
spective genes. The intronic coordinates were obtained from Biomart of
Ensembl Plants (http://plants.ensembl.org/biomart).

2.5. Other genomic parameters
Intron count, intron length, transcript length, GO terms accessions

and Pfam accessions were downloaded from Biomart of Ensembl Plant
(http://plants.ensembl.org/biomart).
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Multifunctionality was calculated by summing up the number of GO
biological process terms assigned to each gene identifier [38]. Domain
number was obtained by summing up the Pfam [39] accession against
each gene identifier.

2.6. Single nucleotide polymorphism (SNPs)

Data for Single Nucleotide polymorphism (SNPs) of the genome of
A. thaliana was also obtained from Biomart of Ensembl Plants. The
coordinates of the SNPs were mapped to both the exonic and intronic
positions of genes of A. thaliana. The mapping of coordinates was done
by using in-house PERL script.

2.7. Statistical tests

Statistical analyses were performed using SPSS v.13. Mann-Whitney
U test [40] was used to compare the average values of different vari-
ables between two classes of genes since the values were not normally
distributed in our dataset. For correlation analysis, we performed the
Spearman's rank correlation coefficient p [41], where the significant
correlations were denoted by P < 0.05. Z-test was also carried out to
study the proportion difference between groups.

3. Results and discussions

3.1. PMGs are more intron rich than SMGs and NMGs in A. thaliana as well
as in other plant groups

A previous study showed that PMGs are more intron-rich than SMGs
in A. thaliana [25]. Here, we have also studied the non-metabolic genes
of A. thaliana to get a complete picture of the intronic distribution in A.
thaliana regarding metabolic and non-metabolic genes. We have con-
sidered a total of 2094 genes as metabolic genes and 24903 genes as
non-metabolic genes (NMGs). Of these metabolic genes, 1821 genes are
associated with primary metabolism while 273 genes are related with
secondary metabolism. It was observed that PMGs on an average have
higher intron number as compared to NMGs and SMGs (Fig. 1) (Mann-
Whitney U test, P < 10~ ).

We then, analysed whether this trend (PMGs have higher intron
number than SMGs and NMGs) is present in other groups of plants too.
We have studied the differences between the average intron number in
NMGs, PMGs and SMGs in all the seven species (Fig. 2). For this, we
have considered the PMGs, SMGs and NMGs of A. thaliana and their
orthologous genes from the other six species. It was found that in all the
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Fig. 1. Bar diagram showing the difference of intron number amongst different groups,
PMGs, NMGs and SMGs. ** denotes P < 0.01, * denotes P < 0.05 and NS denotes Not
significantly different values.
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investigated species, PMGs always showed more introns than SMGs and
NMGs. However, in C. reinhardtii (an aquatic alga), there is no sig-
nificant differences between the three groups while in P. patens, S.
moellendorffii and in the two monocot species, significant difference was
found between NMGs and PMGs. However, in the two species of Ara-
bidopsis, significant differences between PMGs and NMGs as well as
between PMGs and SMGs have been found with respect to intron
number. From these results, it can be concluded that PMGs gathered
significantly more introns than NMGs or SMGs over time. It was also
clear that early land plants showed a similar pattern before the
monocot-dicot divergence. After that, these two groups showed sig-
nificant differences with respect to intron number in PMGs, SMGs and
NMGs.

3.2. PMGs are more primitive and conserved than SMGs and NMGs in A.
thaliana

We have estimated taxonomic distribution of PMGs, SMGs and
NMGs using two unique indexes, i) Persistence index and ii) Age index.
It was observed that in Arabidopsis, protein coding genes showed a
marked variation in their degree of persistence across different plant
species. The persistence index as well as age index of a given gene
ranges from O (present only in Arabidopsis and of most recent origin) to
1 (present in all the investigated species and genes with most ancient
origin). It was observed that primary metabolic genes (PMGs) show
higher level of primitiveness and persistence as compared to NMGs and
secondary metabolic genes (SMGs) (Fig. 3 A and B). Although, PMGs
possessed significantly higher PI as well AI values compared to NMGs
and SMGs (P < 0.01), SMGs did not show any significant difference of
PIs and Als as compared to NMGs (P > 0.05) (Fig. 3). It was observed
that there was a significantly strong positive correlation (Spearman's
p=0.993, P = 10~ %, N = 26997) between PI and Al indicating that
genes with most ancient origin are the ones that are more persistent
across wide range of plant genomes. We also checked the phyletic age
of the metabolic genes using Phylostratography (https://lighthouse.
ucsf.edu/proteinhistorian/). It was observed that majority of the genes
of PMGs have ancestral origin than SMGs and NMGs. However, the
proportion of PMGs decrease gradually with the gene age. We also
observed that the NMGs are mostly quite recent in their origin (Fig. 4).
As PMGs in A. thaliana are more ancient in terms of their origin, as
showed more PI, Al and ancient phyletic origin than the other two
groups and they also retained more introns over time, there must be
some selective advantage of retaining more and more introns in PMGs.
Therefore, from here onwards, we would investigate the role of intron
number in guiding the persistence of Arabidopsis genes.

3.3. Intron number is correlated with persistence index in A. thaliana

We observed a strong positive association between persistence index
and intron enrichment (Spearman's number = 0.297,
P <10°°% N = 26997, Spearman's  Pprintron  length = 0.225,
P < 107 % N = 26998). In animal genomes, previous studies sug-
gested that persistence of genes or its conservation is highly correlated
to its intron enrichment [20,42]. In agreement with these studies, our
study also found a strong association between intron enrichment and
gene persistence index. In addition to it, our study also showed that
genes that are older and has wider pan-taxonomic distribution, have
higher intron enrichment as compared with genes of more recent origin.
Next, we intended to find out whether total intron lengths or intron
number was the more prominent predictor of persistence. Intron
number per gene was found to correlate highly with total intron length
(Spearman's p = 0.809, P < 10~ %, N = 26997). So, we performed a
partial correlation between PI and intron number after controlling for
total intron length (Spearman's p = 0.113, P < 10~ °) and observed
that there was a significant impact of intron number over PI. On the
contrary, when intron number was controlled and correlation between

PPL-intron
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Fig. 2. Comparison of intron number between PMGs, SMGs
and NMGs across diverse taxonomic plant groups.** de-
notes P < 0.01, * denotes P < 0.05 and NS denotes Not
significantly different values.

A. thaliana A. lyrata O. sativa

~13 Mya ~50-70 Mya

total intron length and conservation was noticed, it was observed that
there was a very weak significant correlation between them (Spear-
man's p = 0.044, P < 10~ °). Thus, the effect of intron length was
negligible over conservation.

3.4. Difference in conservation of PMGs, NMGs and SMGs in A. thaliana is
independent of gene expression levels

Gene expression level has been shown to be a major determinant of
protein level conservation in plants and animals [43]. Henceforth, we
were interested to study the effect of intron number over gene ex-
pression level of A. thaliana. It has been previously proposed that intron
number negatively influences gene expression level in animals [20,42].
However, we obtained a strong positive correlation between intron
number and gene expression level (Spearman's p = 0.253 P < 105,
N = 21049). Our results are in agreement with previous work [26]
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which also showed that highly expressed genes in plants contain more
introns. Hence we were interested to study the effect of expression over
conservation of PMGs. It was observed that PMGs have significantly
higher expression level as compared to NMGs and SMGs. It was also
observed that gene expression level positively correlates with PI
(Spearman's pp; = 0.312 P < 10~ %). Next, we intended to explore
whether the difference of PI between PMGs, NMGs and SMGs were due
to their difference in the expression level. In this context, we binned
gene expression values into four bins-Binl (containing genes having
gene expression value 2.00-5.00), Bin2 (gene expression value
5.00-8.00), Bin3 (gene expression value 8.00-11.00) and Bin4 (gene
expression value > 11.00). Bin4 also showed absence of any SMGs. It
was observed that in each bin, PMGs has significantly higher persis-
tence as compared to NMGs and SMGs except Bin3 where expression
level of PMGs and SMGs were insignificant (Fig. 5A).This indicates that
difference of PI between PMGs and NMGs as well as PMGs and SMGs
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Fig. 3. Bar diagram showing the significant difference of (A) Persistence index and (B) Age Index, amongst different groups, PMGs, NMGs and SMGs.** denotes P < 0.01, * denotes

P < 0.05 and NS denotes Not significantly different values.
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Fig. 4. Proportion of genes in three categories of phyletic age. All the proportions are
significantly different (Chi-square test, P < 0.001).

are independent of expression level. It is also noticeable that there is a
constant rise in PI up to category 3 of expression level and at category 4
(Highest expression values) there were no SMGs, so we could only
compare PMGs and NMGs at this category. Interestingly, category 4
showed a lower magnitude of conservation level. This once again in-
dicated that relationship between gene expression and conservation is
non-linear. Next we analysed whether intron enrichment has an influ-
ence in governing the PI difference between PMGs, NMGs and SMGs.
For this we binned intron number into four bins-Bin1 (containing genes
having intron number 1-10), Bin2 (intron number 11-20), Bin3 (intron
number 21-30) and Bin4 (intron number > 30). Bin 1 represented the
group of genes with least number of introns, while Bin4 had genes with
highest intron numbers. Bin3 and Bin4 also showed absence of any
SMGs. It was observed that PI of PMGs, NMGs and SMGs did not follow
any particular trend (Fig. 5B). This once again revealed that intron
enrichment has a role in determining the conservation of the genes.

We propose a two-fold explanation behind such an observation.
Firstly, it has been proposed earlier that older genes are under more
complex regulation [44]. Introns have a definitive effect over gene
expression regulation in both animals [45] and plants [46]. Hence,
acquisition of large number of introns in plants could be due to the
result of more complex regulation of older and highly persistent genes.
Given the fact that intron number is correlated with gene conservation
and intron number gradually increases with increase in degree of per-
sistence, it is questionable that, what roles introns have in maintaining
gene's degree of conservation.
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3.5. Introns increase protein versatility

Previously it has been proposed that gradual segmentation of a
given gene into smaller exonic regions interrupted by introns may fa-
cilitate alternative splicing and thus might increase protein versatility
of the concerned gene [47]. It is quite obvious that genes with high
protein diversity would tend to be more conserved than genes that yield
fewer number of protein isoforms [20]. In other words, as genes grew
older with time, it acquired many different number of spliced variants
which increases its diversity in both transcript and protein level [48].

Intron enrichment is considerably higher in PMGs and they also
acquire higher number of spliced variants as compared to NMGs and
SMGs. As PMGs are older and are more persistent across diverse plant
taxa, it is more likely for them to gain different molecular functions
with time. It has been previously proposed that PMGs are more multi-
functional in nature as compared to SMGs [25]. This high multi-
functionality may be attributed to higher number of spliced variants
and increased protein versatility. Previous studies have suggested in-
tron number might increase protein versatility through alternative
splicing [49]. Here we investigated that whether introns in A. thaliana
increases protein diversity by the mechanism of alternative splicing. In
this context, we estimated the number of unique proteins and unique
transcripts per gene of PMGs, SMGs and NMGs respectively. It was
observed that PMGs possessed significantly higher splice variant and
protein diversity as compared to SMGs and NMGs (Table 1). We found
that transcript and protein diversity (measured as number of unique
transcript ids/protein ids) has a significant strong positive correlation
with intron number (Spearman's pingon no-transcript count = 0.214
P < 10~ % Spearman's pintron no-protein count = 0.210 P < 10~ ®). The
increased diversity in transcript and protein level could be due to al-
ternative splicing of these genes. It was also revealed that PI is also
correlated with multifunctionality (Spearman's pprmuitifunctionality USing
GO biological process terms = 0.219, P < 10~ % Spearman's pprmult-
functionality USing Pfam domain number = 0.017, P = 1.2 x 10~ 2) and
transcript count (Spearman's pprranscript count = 0.117, P < 10~ ).
Overall our data suggests that acquisition of large number of introns
could eventually increase protein versatility through exon shuffling
mechanisms which may ultimately cause conservation of genes in A.
thaliana.

In order to gain multiple functions, primary genes might harbour
elevated number of functional domains within them. It was observed
that PMGs were indeed enriched in functional domains as compared to
the SMGs (Mann-Whitney U Test, P < 10~ %). Thus, we hypothesize
that intron enrichment in primary genes could be correlated with
functional domain acquisition. In agreement to our hypothesis, we
observed a significant correlation between functional domain count and
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Fig. 5. Bar diagram showing the difference of Persistence index between PMGs and NMGs in each bin of (A) gene expression and (B) intron number. The expression values were divided
into 4 bins: 2.0 < Binl < 5.0, 5.0 < Bin2 < 8.0, 8.0 < Bin 3 < 11.0, Bin 4 > 11. The intron numbers were divided into 4 bins such that: 1 < Binl < 10, 11 < Bin2 < 20,
21 < Bin3 < 30, Bin 4 = 30. ** denotes P < 0.01, * denotes P < 0.05 and NS denotes Not significantly different values.

314



D. Mukherjee et al.

Table 1
Details of Mann Whitney U test of transcript and protein diversity between PMGs, NMGs
and SMGs of A. thaliana.

PMGs NMGs SMGs P-values

Transcript diversity

Mean 1.44 1.28 1.25 Ppmg-nmg = 107°
Standard deviation 0.78 0.64 0.57 Ppmc-smg = 107°

Pxmcsmg = 0.53

Protein diversity

Mean 1.43 1.30 1.25 Ppmcmg = 107°
Standard deviation 0.79 0.69 0.57 Pomc-smg = 107°

Pnmc-smg = 0.46

intron number in PMGs (Spearman's pdomain no-intron no = 0.176,
P < 10™%). Our results thus, indicate that introns increase protein
function by acquisition of functional domains, and thus plays important
role in protein multifunctionality.

3.6. Introns may serve as buffer for mutations in coding regions

Another probable explanation behind acquisition of high number of
introns could be the fact that introns being themselves non-coding
might retain mutational disturbances and thus buffers the coding exons
from mutations, as explained by Jo and Choi [18]. We, thus, analysed
the single nucleotide polymorphisms (SNPs) as the mutational force. A
strong negative correlation between intron number and exonic SNP
density (Spearman's p = —0.312, P < 10~ °) accompanied by a sig-
nificantly higher enrichment of SNPs in the intronic regions as com-
pared to exonic ones suggest that along with alternative splicing, intron
enrichment is helpful for persistence of old genes to protect themselves
from mutations. On the other way round, SNPs in intronic region could
also guide splicing as observed in many different previous studies [50].
In this study, we have also found that intronic SNP density is sig-
nificantly correlated with transcript count (Spearman's p = 0.155,
P < 10~ % in A. thaliana. These results show that SNPs do have a role
in alternative splicing mechanisms. Moreover, exonic SNP density was
found to have a slight yet significant negative correlation with tran-
script count (Spearman's p = — 0.074, P < 10~ ®). Thus, proteins with
fewer number of splice variants have a slightly more chance of gath-
ering SNPs in the exonic regions. Thus, we have searched the intronic
regions for the presence of SNPs and tried to understand their role in
conservation.

Previous studies [51] suggested that mutation through single nu-
cleotide polymorphisms (SNPs) are more in the intronic regions of the
genes as compared to the exonic counterparts. It has also been sug-
gested that introns could possibly buffer mutations and protect the
exons [18]. In this study, we hypothesized that introns may absorb
more mutational shocks which allow the genes to retain normal protein
function and hence be conserved. To elaborate this, we studied the
distribution pattern of SNPs. We have observed a significantly higher
count of SNPs in the introns than exons in all the groups (Mann-
Whitney U test, P < 0.01). Here, we observed introns of PMGs have
highest SNP density followed by NMGs and least in SMGs and NMGs
have significantly more exonic SNPs than PMGs and SMGs (Fig. 6 A and
B). However, exonic SNP density of PMGs and SMGs did not vary sig-
nificantly. In addition to it, as shown above, we obtained very strong
negative correlation between total exonic SNPs density and intron
number, indicating introns could possibly absorb the mutational load of
the genes, which is also supported by the previous notion of Jo and Choi
[18]. Finally, intronic SNP density showed a slight yet significant cor-
relation with PI (Spearman's p = 0.079, P = 2.35 x 10~ 9). However,
there was no correlation of total exonic SNP density with PI (Spear-
man's pp; = 0.011, P = 0.362). This shows that intronic SNPs indeed
have a role in evolutionary conservation of genes. To further authen-
ticate the study, we generated the SIFT score of the SNPs of the coding
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exons of PMGs, NMGs and SMGs using the webserver (SIFT 4.0) [52].
Density of deleterious mutations (no. of deleterious mutations/cds
length) was highest in SMG (0.01), followed by NMG (0.008) and PMG
(0.006) (Sig at P < 0.01, Mann-Whitney U test). Moreover, intron
number is significantly negatively correlated with this density of dele-
terious mutations (Spearman's rho of —0.036, P < 0.001). We have
also showed that intron number is highest in PMG, followed by NMG
and SMG. Surprisingly, this is also true for density of tolerated muta-
tions (no. of tolerated mutations/cds length). It was highest in SMG
(0.05), followed by NMG (0.048) and PMG (0.041) (Sig at P < 0.01,
Mann-Whitney U test). Moreover, intron number is significantly nega-
tively correlated with this density of deleterious mutations (Spearman's
rho of —0.167, P < 0.001). Thus, it is clear that more number of in-
trons somehow preventing the gene from accumulating more mutations
(be it deleterious or tolerated) in the coding regions. However, it may
be the fact that as introns rich genes are highly expressed, mutation
accumulation is less [26]. We also conducted the cause and effect es-
timation of intron number and deleterious/tolerated mutations to un-
derstand the influence of the factors based on van der Lee et al. [53].
The result in both cases reveals the number of introns to be the cause of
mutations be it deleterious or tolerated (Table 2) The presence of in-
trons within the coding regions brings down the overall mutation of the
exons, leading to the functional conservation of vital primary metabolic
genes.

4. Conclusions

Primitiveness and conservation of metabolic genes is largely corre-
lated with intron number and is expression independent. Unlike that of
animal genomes, where housekeeping genes possesses shorter introns
and have compact genetic architecture; Primary metabolic genes of A.
thaliana (which has a basic housekeeping functionality) represent quite
a different and unique set of characters. As a matter of fact PMGs share
a combination of features that partially resembles both housekeeping
and tissue specific genes. PMGs are pan-taxonomically conserved like
that of housekeeping genes, but unlike animal housekeeping genes
entails higher intron enrichment. Plants being autotrophic can harness
their own energy. Hence, energy cost for processing large number of
introns might not be a limitation amongst PMGs. At the same time
primary genes, in course of evolution could give birth to secondary
metabolic genes, which are again tissue specific. Thus, primary genes
represent a complex trade-off between housekeeping and tissue specific
genetic architectures in A. thaliana.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ygeno.2017.12.003.
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Table 2
Conditional probability study between intron number and Tolerated/Deleterious muta-
tions.

Tolerant mutation

High (Ty) Low (Ty)
Intron number High (Iy) 4077 7432 11509
Low (I) 9138 5788 14926
13,215 13220
Deleterious mutation
High (Dg) Low (Dy)
Intron number High (I 5983 5559 11542
Low (Ip) 7337 8057 15394
13320 13616

Event(E) Condition (C) Probability (Event | Condition)
= P(EnC)/P(C)
A Deleterious High intron P(DL|Iyy) = 5559 _ .482
mutation low number 11542
High intron Low deleterious P(I;|Dy) = 5559 _ 0.408
number mutation 13616
B  Tolerant mutation High intron P(Ty|Iyy) = 7432 _ 0644
low number 11542
High intron Low tolerant P |Ty) = 7432 _ 562
number mutation 13220
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