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Abstract

The PM H'-ATPase gene family consists of 12 members in
Arabidopsis thaliana denoted to Auto-inhibited H'-ATPase 1-12
(AHA1-AHA12). This gene family performs crucial roles in many
aspects of plant growth and development such as ion and metabolite
transportation, pollen development, stomatal opening, signalling
process, and adaptation to abiotic stresses especially thermal
changes. The H'-ATPase action dynamically fluctuates during
thermal changes in order to enhance adaptation strategies in plants.
Based on the fact that surface temperature on average is typically
warmer in lower latitudes and cooler in higher latitudes, the
association of PM H*-ATPase genetic variants (SNPs) with latitude
intervals was studied using chi-square testing of 1001 Genomes
project data. The results indicated a significant association between
nucleotide substitution and latitude interval, and therefore a
geospatial paradigm of PM H'-ATPase nucleotide substitution was
established. A>T and T>A substitutions showed a close positive
association with higher latitudes (cold climate) and negative
association with lower latitudes (warm climate), and vice versa for
A>G. Most of the nucleotide substitutions were associated with
extreme cold and warm climates while cold climate had more impact.
The most significant signal of PM H"™-ATPase genes strategy for
adaptation to cold climate was A>T nucleotide substitution. Also, the
results showed that the most high-impact SNPs were identified in
coding regions and related to premature stop codons.
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1. Introduction

The P-type superfamily of ion pumps can be divided into six subfamilies: P1B, P2A, P2B, P3A, P4
and P5, based on their ion transportation [1, 2]. Among them, P3A (Plasma membrane H'- ATPase
(PM H'-ATPase)) pumps, which are membrane-localized proteins and plant cell master enzymes,
play an important role in both the physiology and biochemistry of plant [3]. In this way, H*-ATPase
pumps extrude H* ions from the cell providing the driving force for secondary transporters to uptake
and efflux ions and metabolites across the plasma membrane [4]. Based on the importance of H'-
ATPase activity in generating a proton electrochemical gradient and a membrane potential [5-8], it
is expected that plants cope with the environmental changes via PM H*-ATPase modulation [9, 10].

PM H*-ATPase genes are found in plants, fungi, protista, and archaea, but not in animals
[11], and the activity of the genes is regulated by the post translational phosphorylation of various
amino acid residues [12]. P3A group in Arabidopsis thaliana consists of 11 very closely related
members (AHA1-AHA11) and a truncated gene, which might be a pseudogene or might be one that
has alternative functions (4HA12) [13]. Ueno et al. [14] displayed eight expressing AHA genes in
green leaves (AHAIL, 2, 3, 5, 7, 8, 10, and 11), eight ones in roots (AHAI, 2, 3,4, 7, 8, 10, and 11),
and three ones in all tissues (AHA!, 2 and /1) using RT-PCR. Also, the roles for AHA! in steroid
signaling, AHA2 in iron transport, AHA3 in pollen development, AHA4 in salt stress, and AHA10 in
vacuole biosynthesis, have been reported using genetic analysis [15-17]. Therefore, from the
physiological and biochemical points of view, PM H"-ATPase performs a crucial role in nutrient
uptake, stomatal opening, cell growth as well as plant adaptation to stresses [18]. PM H'-ATPase
resistance mechanisms can be activated in response to various abiotic stress conditions such as
temperature, light, salt, and so on [18].

Many studies have shown the gene expression changes of the PM H-ATPase in response
to low and high temperatures. For example, according to White et al. [19], PM H*-ATPase activity
increased at low temperature, followed by an increase in unsaturation fatty acid, particularly linoleic
acid in rye roots. Similarly, in chilling-tolerant plant Oryza sativa, PM H*-ATPase activity increased
at low temperature whereas a slight decrease in enzyme activity was observed in chilling-sensitive
plants [20]. Moreover, Martz et al. [21] indicated that the activity of PM H'-ATPase and fatty acid
composition increased more than twofold following cold acclimation in Pinus resinosa. The activity
of the fatty acid-regulated plasma membrane proton pump is involved in the cellular response
underlying cold acclimation and de-acclimation as a resistant response. On the other hand, the
activity of PM H*-ATPase pump changes in exposure to cold temperature based on the length of
imposed cold stress. Short time cold decreases the pump activity while longer time cold increases
the activity [22, 23]. For high temperature, Liu et al. [24] found that heat (38°C) increased the
accumulation of the PM H'-ATPase transcript and protein after 1 h of high-temperature treatment
in pea leaves, and then after 3 h, the amount reduced. Therefore, the low/high temperature ranges
during plant growth can lead to dynamic changes the components of the cell membrane in order to
increase adaptation strategies [25]. By virtue of plants constant nature, the evaluation of their
adaptation mechanism is ideal for researchers to study or improve plant characteristics via genetic
information or geospatial genetic variation studies.

In the study of genetic variation, single nucleotide polymorphisms (SNPs) are an important
source of genetic information which is used in phylogenetics [26], cancer and other human disease
identification [27], climatology and geography [28, 29], marker study [30] and many other areas of
biology. SNPs are ubiquitous genomic variants that result from the substitution of only a single base
(nucleotide substitution) in DNA [31]. A study of SNPs in 4. thaliana, as the most important model
organism [32] and the first completely sequenced plant, caused researchers to shift towards
identifying genetic variants that contributed to phenotypic variation in different accessions
worldwide and to survey changes in genomes in terms of their spatial adaptation. For this purpose,



1001 Genomes project was developed. It provides a rich genetic resource that includes a whole-
genome map of SNPs in A. thaliana which included 1,135 genomes of naturally inbred lines
(accession) from North America, Asia, North Africa and Europe, from 15.1 to 68.8 degree of latitude
and -123.2 to 136.3 degree of longitude [33].

Despite the knowledge that environmental factors such as the temperature gradient effect
in the dynamics of PM H'-ATPase pumps are enhancers of adaptation strategies and plant
acclimation, studies of the effects of different latitude on nucleotide substitution within this plasma
membrane gene family in 4. thaliana are scarce. Therefore, the present study was conducted to
understand the effect of latitude on nucleotide substitution in PM H*-ATPase family on account of
thermal gradients that coordinate with global latitudinal position using the accessions of the 1001G
Project as the geo-references. The results of such studies would be the first report that provides new
insights into the finding of a plausible signal of adaption at the level of nucleotide substitution.

2. Materials and Methods

In order to conduct a survey of an association between nucleotide substitution in PM H*-ATPase
genes and latitude intervals, genomic annotation of the PM H*-ATPase gene family in 4. thaliana
was retrieved from Araportl1 database [6]. SNP sites were identified within PM H*-ATPase genes
based on A. thaliana Col-0 reference genome via HDFS file from the 1001 Genomes Project using
Python interpreter in 1135 strains (accessions). The type of SNPs was determined using “Polymorph
1001 online variant browser (http://tools.1001genomes.org/polymorph/). All types of nucleotide
substitutions (12 types) were studied; denoted as A>C (reference A that altered to C), A>G, A>T,
C>A, C>G, C>T, G>A, G>C, G>T, T>A, T>C and T>G. Moreover, high-impact SNPs were
identified utilizing Polymorph 1001.

Subsequently, the geographic coordinate (longitude and latitude) data for each accession
was obtained from the 1001 genome data base (https://1001genomes.org/). In spite of the fact that
the SNP data of all 1135 accessions were available, five accessions were filtered out due to the lack
of geographical information. Latitudes were divided by 5 degrees into 12 intervals from 15 to 70
degree in the Northern Hemisphere, and then the relevant accessions were spatially identified in
latitude intervals (Table 1). Based on the geographical distribution of 1001 genome accessions
(Figure 1), down-stream analysis was performed with six latitude intervals including 35-40°, 40-
45°,45-50°, 50-55°, 55-60° and 60-65°, each of which contained more than 30 accessions. The other
intervals with less than 30 accessions were discarded (Table 1). Random sampling was conducted
in terms of the disparate number of accessions 91, 355, 222, 173, 205 and 73 in latitude intervals of
interest. Random sampling was carried out in size of 73 without replacement in five replications in
latitude intervals by R data processing. Hence, all the accessions in a latitude interval were allowed
to have an equal chance of selection. The reason for selecting this sample size was that the interval
latitude 60-65° which was important with 73 accessions as the candidate for high-latitude interval
and cold climate zone and therefore, it was preferred.

Afterwards, three Pearson's chi-square tests of independence were implemented
considering the total length (both coding and non-coding), coding region and non-coding (Introns
and Utrs) region of the genes. The tests were performed with two variables in R programming
language. Nucleotide substitution and latitude intervals were denoted as variables with 12 and 6
categories, respectively. Null hypothesis (Ho) of the test was that the nucleotide substitutions within
the H""ATPase gene family occur independently in each accession inside different latitude



Table 1. Count of accessions that were associated with SNPs occurrence in the genes encoding PM
H'-ATPase pumps in 4. thaliana varied in different latitude intervals

Latitude 5. 20. 25 30-  35- 60-  65-
interval 20 25 30 35 40 40-45 45-50 50-55 55-60 65 70
Count of

. 0 1 8 91 355 222 173 205 73 1
Accessions
Sample

Size - - 73 73 73 73 73 73 -
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Figure 1. Geospatial mapping of accessions that were associated with SNPs occurrence in PM H'-
ATPase genes in 4. thaliana from 1001 Genomes project

intervals. The mean count of SNPs within the H"ATPase gene family obtained from random
sampling (5 replications without replacement) of accession inside the latitude intervals were
considered as observed values (Table 2). The expected value for each cell of Table 2 was calculated

using the following formula (equation 1) [34]:
E= (MR x MC)/N (1)

where E is expected value of the cell, MR and MC are row marginal and column marginal of the

respected cell, respectively and N denotes the total size.
For the purpose of testing the null hypothesis, the chi-square statistic (¥*) was calculated
with the following formula [34], where O is observed value and E is expected value.

i« =2(O-E) /E 2

In order to interpret the association between latitude interval and nucleotide substitution,
the residuals of Pearson's chi-square (R) were calculated as in the formula below (equations 3) [35].
The R value assesses the difference between observed (O) and expected (E) variables.

R=(O-E) / sqtr (E) 3)



Table 2. Contingency table of observed data: Each main cell presents the mean count of SNPs within
the H"-ATPase gene family which obtained from random sampling of accessions in latitude intervals
(sample size =73) with 5 replications without replacement. Marginal cells present the total mean
counts of rows and columns

A>C A>G A>T C>A C>G CT G>A G>C G>T T>A T>C T>G  Sum

Lat60_65 1175.0 1646.0 1427.0  556.0 582.0 1838.0 1838.0  758.0 835.0 874.0 2835.0 654.0 15018.0
Lat55_60 1084.4 1642.8 15564  596.6 607.2 1682.4 17312 7528 711.2 855.6 2581.8 670.2 14472.6
Lat50_ 55 8778 14258 9732 411.8 501.0 1373.8 14512 586.8 616.0 619.8 2242.0 546.6 11625.8
Lat45_ 50  868.4 1324.8 1023.6 4464 457.6 1454.4 13824 609.8 596.8 618.8 2065.2 530.4 11378.6

Lat40_45 9386 1580.6 11652 5234 516.0 1478.6 1507.8  644.6 690.4 583.0 2371.8 571.6 12571.6
Lat35 40 9484 1544.6 10250 5108 500.0 1495.8 16022  642.8 711.2 636.2 2283.6 599.0 12499.6

Sum 5892.6 9164.6 7170.4 3045.0 3163.8 9323.0  9512.8 3994.8 4160.6  4187.4 14379.4 3571.8 77566.2

Then, contribution of each latitude interval and nucleotide substitution to the total chi-
square statistic was calculated to uncover the nature of dependency between latitude interval and
nucleotide substitution using the following formula (equation 4) [35, 36], where C% is
contribution in percentage, R is residual value and y%indicates the chi-square statistic. In other words,
the C value represents which variable levels contributes the most to the association.

C% = (R?/ %) x 100 4)

The distribution of accessions that conveyed high-impact SNPs was broad, although some
latitude intervals had very few individuals. Therefore, the chi-square test was not performed on those
intervals. The data was reported as frequency of accession in each latitude interval (Table 3). Finally,
the results were visualized by corrplot [36], sf [37], rgeos [38], rnaturalearth [39], and ggplot2 [40]
packages in R.

Table 3. Count of accessions that integrated with high-impact SNPs occurrence in coding and non-
coding regions of the genes encoding PM H™-ATPase pumps in A. thaliana through the different
latitude intervals

A)- Coding region B)- Non-coding region

A> (>4 G> G>

C A>T A C>T A G>T A>T C>T A G>T
Lat60-65 2 4 0 0 4 0 Lat60-65 2 0 0 0
Lat55-60 4 0 0 4 5 Lat55-60 0 0 2 0
Lat50-55 0 0 0 1 2 1 Lat50-55 0 0 0 0
Lat45-50 1 0 1 0 3 1 Lat45-50 0 0 1 0
Lat40-45 2 0 1 7 8 28 Lat40-45 0 0 5 2
Lat35-40 0 0 0 1 2 1 Lat35-40 1 1 1 0




3. Results and Discussion

The present study was conducted to evaluate whether nucleotide substitution within the H*-ATPase
gene family was associated with latitude intervals in the Northern Hemisphere. For this purpose,
1119 of 1135 accessions from 1001 Genomes project were considered in six latitude intervals from
35 to 65° N, which were divided by 5 degrees. The reason for the elimination of 16 accessions from
1135 was the lack of geographical information for five, and location inside latitude intervals with
less than 30 individuals (incongruent sample size) for the remaining eleven accessions. Then, a set
of 3657 SNP sites was identified within total length of 12 H*-ATPase genes in comparison to A.
thaliana Col-0 reference genome, which classified 1506 sites in coding regions and 2151 in non-
coding regions. From the window of SNPs percentage in total length of the gene, AHA12, AHA6
and AHA10 genes with 13.9, 11.4 and 7.8% were ranked first to third, respectively (Table 4). The
lowest frequencies belonged to AHAY (3.5%), AHA2 (2.8%) and AHA7 (2.7%) (Table 4). Moreover,
the nucleotide substitutions C>T and C>G had the highest and lowest frequencies in the total length
of H'-ATPase genes, respectively (Figure 2).

Geographical distribution of 1001 Genomes accessions integrated with nucleotide
substitution occurrence within total length of the genes encoding H*-ATPase pumps is illustrated in
Figure 1. Europe was the distribution centre of the accessions and lower levels of distribution
were assigned to Central Asia and North America. It should not be forgotten that the most accessions
of 1001 Genome project were collected from Europe and consequently, this part is
recognized as the central zone. To determine the relationships between the geographical
distributions of accessions (latitude intervals) and nucleotide substitutions within total length,
coding and non-coding regions of the PM H'-ATPase gene family, three Pearson's chi-square tests
were performed.

The results of the total chi-square tests were 168.64, 114.52, 206.35 in total gene length,
coding region and non-coding region, respectively (Table 5). Highly significant chi-square p-values
of all tests demonstrated strong signals of association between latitude intervals and nucleotide
substitutions. In order to elucidate the association between 6 latitude intervals and 12 nucleotide
substitutions, the residuals of Pearson's chi-square tests were calculated. Based on the total length
of the gene test, A>T nucleotide substitution showed the strongest both positive and negative
association with 55-60° and 35-40° latitude intervals, respectively. Similarly, T>A substitutions had
a positive association with higher latitudes and negative association with lower latitudes. Moreover,
A>G showed positive and negative associations with higher and lower latitudes, respectively. The
lowest association of substitution with all latitude intervals was observed in A>C. Also, the
substitutions C>T and T>C showed positive associations with central latitude intervals of 45-50°
and 50-55° (Figure 3A).

In respect of coding region, the association for higher intervals is more impressive than of
both middle and lower latitude intervals. Substitutions C>T and A>T within 60-65° latitude interval,
A>T, G>A and C>G in 55-60° latitude interval as well as G>T and C>A inside the lower interval
latitudes had a positive strong association with latitude. Nonetheless, the highest negative
associations were observed in G>A nucleotide substitution with higher interval. Actually, A>T
showed significant positive association with higher latitudes and negative association with central
and lower latitudes (Figure 3B). In the non-coding region category, A>T and T>A nucleotide
substitutions had positive and negative associations with higher and lower latitudes, respectively.
By comparison, A>G showed negative and positive associations with higher and lower latitudes,
respectively (Figure 3C). Thus, nucleotide substitutions within middle latitude intervals showed less



Table 4. Araportl 1 annotation of PM H*-ATPase genes in A. thaliana Col-0

Gene

SNP

No.of No.of No.of Percent-age
in total

S Gene position in CDS position in Str- SSNP site SNP S.NP site length of

ymbol  Gene ID Chr. Length Chr. Chr. and 11n total s1te. in in non- theg e
(bp) ength of coding coding g
the gene region region (%)

AHAI AT2G18960 8221514: 8227622 6109 8221858: 8227268 Chr2 1 276 67 209 4.5

AHA2  AT4G30190 14770395:14776247 5853 14770820:14775920  Chr4 -1 165 44 121 2.8

AHA3  ATS5G57350 23230874:23236682 5809 23231208:23236381 Chr5 -1 298 73 225 5.1

AHA4  AT3G47950 17692666:17697999 5334 17693015:17697801  Chr3 1 348 134 214 6.5

AHAS5  AT2G24520 10414963:10420029 5067 10415522:10419730  Chr2 1 304 129 175 6.0

AHA6  AT2G07560 3169908:3174102 4195 3170394:3173952 Chr2 -1 480 267 213 11.4

AHA7  AT3G60330 22298373:22303718 5346 22298763:22303509  Chr3 1 141 41 100 2.6

AHA8  AT3G42640 14724103:14728327 4225 14724309:14728062  Chr3 1 310 172 138 7.3

AHA9  AT1G80660 30315964:30320197 4234 30316227:30319948  Chrl -1 150 73 77 3.5

AHAI0  AT1G17260 5904058:5908898 4841 5904058:5908898 Chrl 1 379 149 230 7.8

AHAIlI  AT5G62670 25159208:25165209 6002 25159495:25164957  ChrsS 1 260 71 189 43

AHAI2  AT4G11730 7067035:7070968 3934 7067035:7070968 Chr4 1 546 286 260 13.9

Total - - - - - - 3657 1506 2151 -
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Figure 2. Number of different nucleotide substitution sites within total length of the H*-ATPase
gene family (AHAI-AHA12), and 3657 SNP sites within total length of the genes classified into
1506 and 2151 sites within coding and non-coding regions, respectively

Table 5. Chi-square statistic of three tests; one for total length of the H*-ATPase gene family, second
for coding region of this family and the last for non-coding region

Chi-squared df P-value
Total length of gene 168.64 55 1.81E-13 **
Coding region 114.52 55 4.52E-06 **
Non-coding region 206.35 55 <2.2e-16 **

Note: ** indicates significant level at 1% of probability

power of association than both lower and higher latitude intervals, probably due to latitude effect.
Furthermore, A>G, A>T, G>A and T>A had more obvious association with interval latitudes than
the others. In the context of geospatial pattern, unlike the A>G substitution, A>T and T>A exhibited
a close positive association with higher and negative association with lower latitudes.

Accordingly, the nature of dependency between latitude interval and nucleotide
substitution was determined using their contribution to the value of chi-square. The most
contributing cell to the chi-square value was 55-60°/ A>T with 21.16% and then, 35-40°/A>T, 40-
45°/ T>A, 50-55°/A>T and 60-65°/A>G ranked second to fifth with 8.74%, 8.0%, 5.69% and
5.51%, respectively in total length of the genes. In the coding regions, latitude 60-65°/G>A (8.66%),
55-60°/A>T (7.24%), 60-65°/C>T (6.11%), 40-45°/G>T (5.58%), 55-60°/G>A (5.12%), 55-
60°/C>T (5.02%) and 35-40°/C>G (3.87%), gave large contributions to the chi-square test. In the
non-coding regions, the nucleotide substitutions A>T, T>A, A>G and G>A gave the greatest
contribution in both higher and lower latitudes as follows; 55-60°/A>T (10.58%), 35-40°/A>T
(7.71%), 55-60°/T>A (4.14%), 40-45°/T>A (12.32%), 60-65°/A>G (8.41%), 40-45°/A>G (5.25%),
60-65°G>A (4.0%) and 55-60°/G>A (5.35%) (Table 6).
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Figure 3. The pattern of Pearson’s chi-square residuals for 12 nucleotide substitutions within 6
latitude intervals in A: Total length, B: Coding region and C: Non-coding region of the PM H*-
ATPase gene family in A. thaliana. For a given cell, the size of the circle is proportional to the
amount of the cell contribution. Positive residuals are in blue, which present positive association
between the corresponding genetic variants and latitudes. Negative residuals are in red, which
present negative association between the corresponding genetic variants and latitudes.
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Table 6. Contribution in percentage considering the total length, coding and non-coding region of

the genes encoding the PM H* ATPase pumps in 4. thaliana
A) Total length of the genes

A>C A>G AT CA CG T GA GC GT T>A T>C T>G | Sum
Lat60_65 | 0.60 551 064 1.13 090 036 001 018 064 293 055 121 | 14.66
Lat55_60 | 0.12 1.56 21.16 085 029 111 064 004 324 419 226 001 | 3548
Lat50 55 | 0.02 1.18 569 258 090 024 027 014 006 006 207 0.14 | 13.33
Lat45_50 | 0.0l 0.17 045 0.00 005 326 007 057 0.8 002 055 005 | 539
Lat40_45 | 0.17 3.62 0.0l 1.07 001 041 044 001 023 800 043 006 | 1446
Lat35.40 | 0.00 1.84 874 049 0.1 002 185 000 147 131 029 0.57 | 16.69
Sum 0.93 13.88 3668 6.2 227 540 328 095 580 1650 6.16 2.03 | 100.00
B) Coding region of the genes

A>C A>G A>T CA G T GA GC GT T>A T>C T>G | Sum
Lat60_65 | 0.42 0.01 215 237 3.69 611 866 138 073 1.04 001 0.07 | 26.63
Lat55_60 | 0.69 086 724 000 383 502 512 021 359 045 195 0.15 | 29.10
Lat50_55 | 0.00 0.7 159 1.13 040 111 032 051 032 00l 095 030 | 720
Lat45_50 | 0.00 0.07 290 0.5 0.69 059 001 035 000 003 08 162 |725
Lat40_45 | 0.95 0.01 059 338 043 225 096 030 558 097 112 044 | 1695
Lat35_40 | 036 0.0l 0.66 1.60 387 179 151 126 000 174 0.07 000 | 12.88
Sum 241 153 1513 863 1292 1686 1657 401 1022 424 492 258 | 100.00
C) Non-coding region of the genes

A>C A>G AT CA CG T GA GC GT T>A T>C T>G | Sum
Lat60_65 | 027 841 0.5 007 002 176 400 217 227 256 057 097 | 23.20
Lat55_60 | 0.85 083 1058 1.15 027 031 535 001 147 414 050 0.02 | 2548
Lat50_55 | 0.02 0.66 3.75 1.54 055 002 005 000 030 007 119 040 | 855
Latd5 50 | 0.02 044 012 006 1.67 248 043 020 0.2 020 015 0.00 | 590
Lat40_45 | 0.02 525 0.0 0.00 008 015 000 010 061 1232 002 001 | 18.65
Lat35.40 | 0.12 278 771 000 147 143 063 057 180 035 076 062 | 1822
Sum 129 1836 2241 283 406 615 1046 3.05 655 19.63 3.19 2.02 | 100.00

10
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Totally, the remarkable association with latitude intervals belonged to A>T, T>A and A>G
in total length of the genes (Figure 4B). Furthermore, C>T, G>A, A>T, C>G and G>T were the
most dependent substitutions to the latitude intervals in the coding region (Figure 4D), while A>T,
T>A, A>G and G>A were substantially associated with latitude intervals in the non-coding region
(Figure 4F). Also, the results showed that the latitude interval 55-60°N had the most certain
association with the nucleotide substitution (Figures 4A, 4C and 4E).

Additionally, high-impact SNPs in the H*-ATPase gene family were identified, and the
results of coding region showed that 2 missense substitutions occurred at the stop codon of AHAI2
(Table 7). Consequently, the stop codon was lost within coding region of AHAI2 with only 2
accessions that were located in the 60-65° latitude interval. Furthermore, 14 nonsense substitutions
were determined in the coding region of AHA4, 9, and 11 resulted in premature stop codons (Table
7). The nonsense substitutions were found in 81 accessions that were scattered in all latitude
intervals and the highest number of accessions appeared in the 40-45° latitude interval. In the non-
coding region, nucleotide substitutions impacted the 8 acceptor splicing sites as well as 3 donor
splicing sites of the 6 genes AHA3, 4, 8, 9, 11 and 2 (Table 7). Nucleotide substitutions in
acceptor and donor sites were identified in 15 accessions which were spread over all the latitude
intervals where the greatest number of accessions was found in the 40-45° latitude interval.

SNPs are the most abundant source of genetic variation as a useful tool to study association,
especially in available fully sequenced genomes [26]. Owing to the SNPs importance, we defined a
geospatial paradigm of nucleotide substitution within the PM H*-ATPase gene family in 4. thaliana.
In the present study, a paradigm emerged based on chi-square method as two main factors. The first
factor was six latitude intervals from 35 to 65° in the Northern Hemisphere representing thermal
gradient in large scale (5 degrees of latitude) and second factor was genetic variants as single
nucleotide substitutions from the 1001 Genomes project. The results displayed a significant
association and consequently, the null hypothesis was rejected. Therefore, this meant that nucleotide
substitution within the H"ATPase gene family was dependent on different latitude intervals.
Actually, 3657 SNPs were identified inside the window of 60.949 Kb of A. thaliana genome
including 12 H*-ATPase genes of which 41.2% occurred in coding regions and 58.8% occurred in
non-coding regions.

Considering the total length of the genes, the most recognizable patterns were identified in
A>T, T>A and A>G. Both A>T and T>A elucidated a positive association with accessions that were
located in higher latitudes (55-65°N) and negative association with lower latitude (35-40°N).
Particularly, A>T and T>A were abundant in the higher latitudes in spite of being rare in lower
latitudes. The behaviour of A>G was vice versa in comparison to both A>T and T>A and frequently
presented in lower latitudes but was rare in higher latitudes. The explained patterns depicted that
these nucleotide substitutions were specifically related to large-scale latitude intervals.

Mean annual surface temperature is generally warmer in lower latitudes and cooler in
higher latitudes because the radiation angle varies with latitudes [41]. Based on latitudinal gradient
of temperature, the six studied latitude intervals were categorized into three groups. The first group
was considered as cold climate including the higher latitudes 55-60° and 60-65°, the second one was
classified as moderate climate containing middle latitudes; 45-50° and 50-55°, and the third class
with both 35-40° and 40-45° lower latitude intervals was classified as warm climate. Considering
the geospatial pattern of SNP types, the most significant substitutions were identified in cold, then
warm and moderate climates, respectively. In particular, extreme climates, such as cold and warm
climates, shared the greatest association with nucleotide substitutions within H-ATPase genes. PM
H'-ATPase genes play an important role in the dynamics of plants during thermal changes like high
and low temperatures in order to improve the adaptation mechanisms [22, 23, 25].

It can be demonstrated that the high frequency of nucleotide substitutions within H-
ATPase genes in cold and warm climates is related to plant adaptation strategies to various thermal
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Figure 4. The cumulative contribution in percentage to the total value of chi-square, where A, C
and E indicate contribution of latitudes and B, D and F denote the contribution of nucleotide
substitutions in the total length, coding region and non-coding region of the PM H*-ATPase gene
family in A4. thaliana, respectively. The bar-plots represent the marginal values of Table 6.

conditions. More specifically, both A>T and T>A substitutions are dominant in cold climate and
these substitutions are vital to cold adaptation, while A>G substitutions are abundant in warm
climate and they are the major candidate for driving strategies for warm climate adaptation. It should
be noted that, as demonstrated by research in Homo sapiens, SNPs significantly correlated with
winter adaptation and share a plausible contribution to adaptation [42].

An interesting result that was highlighted in the coding regions was that nucleotide
substitutions such as C>T had a strong positive association with 60-65° latitude whilst showing a
strong negative association with 55-60°. Both mentioned latitude intervals were recognized as
higher latitudes and had a difference of only 5°. Also, such patterns were observed for C>G and
G>A with strong positive and negative associations in higher latitudes (Figure 3B). Such
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Table 7. A report of the number of high-impact SNPs in the H-ATPase gene family. Missense
substitutions denoted as MS and Nonsenses as NS. SA is Splice-Acceptor which substitution occur
at 3- AG splice site while, SD is Splice-Donor which substitution occur at 5~ GT splice site

Region Gene A>C A>T C>A C>T G>A G>T Sum
AHAI2 2(MS) 1(NS) 1(NS) 4(NS) 1(NS) 1(NS) 10
Coding AHA4 0 0 0 INNS) I(NS) I(NS) 3
AHA9 O 0 INS) INNS) INS) O 3
AHAII 0O 0 0 0 1(SA) O 1
AHAI2 0O 1(SA) 0 0 2(SA) 1(SA) 4
Non-coding AHA3 0 0 0 0 1(SA) O 1
AHA4 0 0 0 0 2(SD) 0 2
AHA8 0 1(SA) 0 0 0 0 1
AHA9 0 0 0 1(SD) 1(SA) O 2
Sum - 2 3 2 7 10 3 27

observations can prove the hypothesis of the present study, which is that nucleotide substitutions
are not only associated with latitude but are also highly sensitive to intervals and temperature range.
The changes affect PM H'-ATPase as the part of membrane proteins family which is involved in
functions that are crucial to the appropriate growth of plant and adaption mechanisms under various
environmental conditions [43]. This is consistent with the results studied by Kim et al. [25] that the
H*-ATPase action dynamically changes during thermal intervals in order to enhance adaptation of
plant strategies. Geospatial patterns in the non-coding regions are very similar to the patterns for the
total length of the gene. This possibly related to the fact that non-coding regions share a higher
number (2151) in comparison to coding regions (1506) of the total SNPs (3657).

From 3657 SNPs in total, 16 and 11 high-impact SNPs were identified in coding and non-
coding regions, respectively. In coding regions, 14 nonsense nucleotide substitutions resulted in the
presence of premature stop codons. A premature stop codon occurring within the normal coding
sequence leads to the creation of an incomplete protein and consequently, truncated proteins are
formed. Moreover, 2 missense substitutions including tAa>tCa that stop codon altered to serine
amino acid as well as taA>taC substitutions that stop codon altered to tyrosine were identified within
AHAI2 coding region in only 2 accessions. AHA12 is considered as a truncated gene in A. thaliana
Col-0 reference genome while these 2 types of missense substitutions make it elongated. Introns are
removed during the splicing process by cleavage at splice sites. Splice sites are conserved sequences
identified as 5- GT (Splice donor site) and 3- AG (Splice acceptor site) occurring at the both ends
of introns [44]. Nonetheless, different splice sites could be used for the splicing process apart from
GT or AG [45]. Nucleotide substitution in non-coding regions within splice sites of introns results
in alternative splicing through exon skipping or inclusion of the introns and alters gene coding
sequence [46]. Thus, the final return of high-impact SNPs within H-ATPase genes can be a
truncated, elongated or alternative spliced gene which was observed in 98 accessions of the 1001
Genomes project. As reported in Table 3, the highest frequency of accessions that conveyed splice-
variants and nonsense substitutions were found in warm climate areas and only 2 accessions bearing
missense substitutions in H'-ATPase genes appeared in cold climate areas.

Generally, substitutions such as A>T and T>A, and higher latitude intervals such as 55-
60° and 60-65° that were cold climate areas made a large contribution to the chi-square statistics. In
fact, 55-60°/ A>T was the greatest contributing cell to the value of chi-square. Therefore, 55-60°
latitude interval and A>T substitution were the most influential variables in this study.
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4. Conclusions

The explicit findings of the study showed T>A substitution contributed to the value of chi-square
more powerful than others, and as well it had a robust significant positive association with cold
climate and a negative association with warm climate. Actually, it can be concluded that PM H*-
ATPase gene family utilize the T>A substitution more than other substitution types as a general
strategy through the adaptation to cold climate. High-impact SNPs resulted in truncated, elongated
and alternative splicing proteins, and it can be concluded that such high-impact SNPs act as
regulators in the dynamics of the H*-ATPase gene family in order to facilitate adaption mechanisms
under various environmental conditions. In spite the fact that this study found a reasonable signal
of adaptation into thermal changes in the level of nucleotide substitution, further investigation in the
area of gene functional annotation is needed to better explain the role of the PM H*-ATPase family
in adaptation mechanisms.
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