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2D random walk representation of Begonia x tuberhybrida multiallelic loci
used for germplasm identification
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Abstract

In this study, we wanted to inspect whether the evolutionary driven differences in primary sequences could correlate,
and thus predict the genetic diversity of related marker loci, which is an important criterion to assess the quality of any
DNA marker. We adopted new approach of quantitative symbolic DNA sequence analysis called DNA random walk
representation to study multiallelic marker loci from Begonia x tuberhybrida Voss. We described significant correlation
of random walk-derived digital invariants to genetic diversity of the marker loci. Specifically, on the 3D-contour plot of
multivariate principal component analysis (PCA), we revealed statistical correlation between the first two PCA factors
and the number of alleles per marker locus. Based on that correlation, we suggest that DNA walk representation may
predict allele-rich loci solely from their primary sequences, which improves current design of new DNA germplasm
identificators.

Additional key words: bioinformatics, information entropy, Markov chain, primary sequence analysis, principal component analysis.

Mathematical descriptors of DNA sequences and their
use in rationalizing biological properties encoded in DNA
follow from the structure-property similarity principle
and represent a newly emerging field of bioinformatics
(Nandy et al. 2006).

Visual methods illustrate how DNA sequences are
read and provide alternative approach to understanding of
the underlying genomic information. By handling purine
and pyrimidine bases as the elements of a discrete
evolutionary-derived time signal, various digital signal
processing techniques can be employed for bioinformatic
analysis of DNA sequences (Bai et al. 2007). Using DNA
walk representations and by applying the frequency
domain transformations, non-random behavior of primary
sequences is revealed. Such DNA walk representation
can be used to extract useful non-trivial characteristics
from sequence data, which are then applicable to
evolutionary sequence comparisons or delineation of yet-
unknown genetic function and diversity (Berger et al.
2004).
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There are several methods to convert DNA sequences
into the digital sequences with various statistical
approaches like DNA walk digitization with root-mean-
square fluctuation, information entropy, Fourier trans-
form or wavelet analysis (Peng ef al. 1992, Tsonis et al.
1996, Dodin et al. 2000). These techniques were
developed for the multidimensional mapping from the
2-D Cartesian space to quite complex 6-D space (Berger
et al. 2004). This digitization approach opened quite new
way for the quantitative analysis of evolutionary and
functional links to yet unrevealed genetic function solely
on the information encoded within the primary DNA
sequence. Any set of sequences may be analyzed this way
whether they are orthologs or be related only by their
application like a group of genetic markers, which is also
the case of our study.

DNA markers and germplasm identificators are for a
long time routinely used in identification and genetic
analysis of crop germplasm collections (Griga et al. 2007,
Cordeiro et al. 2008). Therefore, it is of the general
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economic interest to understand the hidden nature of
marker polymorphism (Li et al. 2008). Especially, the
question  frequently arises about how  genetic
characteristics of marker loci like their observed
heterozygosity (H,) or allelic composition might be
related to their DNA primary sequence.

Here, we adopted new approach of quantitative
symbolic DNA sequence analysis called DNA random
walk, on the multiallelic marker loci which we have
isolated recently for effective identification of Begonia x
tuberhybrida Voss. germplasm (Wiesner and Wiesnerova
2008). In this study, we wanted to inspect whether the
evolutionary driven differences in primary sequences
could correlate, and thus predict, the genetic diversity of
related marker loci, which would be an important
criterion to assess the quality of any DNA marker.

Genetic diversity, i.e. number of alleles per a locus for
analyzed 18 Begonia marker loci, was obtained
previously (Wiesner and Wiesnerova 2008) from the
genetic analysis of the panel of 62 ornamental cultivars
and breeding genotypes of Begonia x tuberhybrida Voss.
maintained at the BEGOBIO germplasm collection of
Biology Centre AS CR Ceské Budg&ovice, and in the
Begonia collection of Sempra Flora, Holice, Czech
Republic. Analyzed DNA primary sequences of all 18
marker loci were published in GenBank under the
following accession numbers: D83opa0l (3 alleles,
EF606692); D89%0pa02 (2 alleles, EF606693); D670pa03
(3 alleles, EF606694); D620opa04 (4 alleles, EF606695);
D40opa05 (3 alleles, EF606696); D31opa07 (2 alleles,
EF606698); D46opalla (3 alleles, EU035986);
D46opallb (4 alleles, EU035986); D570pal3 (2 alleles,
EF606698); D43opal4 (4 alleles, EF606699); D48opal6
(2 alleles, EF606700); D220opal8 (2 alleles, EF606701);
D49opal9a (4 alleles, EU035987); D490opal9b (6 alleles,
EU035987); D9lopab05a (2 alleles, EU035990);
D91opab05b (2 alleles, EU035990); D770px05 (2 alleles,
EU035988); D800pz20 (4 alleles, EU035989).

Statistical computations like single-factor ANOVA and
multivariate principal component analysis (PCA) were
performed using Statistica 8.0 (StatSoft Inc., Chicago,
USA). Necessary calculations for DNA random walk
representation were performed using the script written by
authors in Per/ 5.8 equipped with BioPerl toolkit (Stajich
et al. 2002).

In order to generate digital random walk
representation of DNA primary sequences of 18 marker
loci from B.x tuberhybrida genome (Wiesner and
Wiesnerova 2008), we divided according to Bai et al.
(2007) four bases A, T, C, G into the three transform
classes t (where t = RY or t = MK or t = WS) with
[-1, +1] digital mapping defined as follows:

I) If t = RY transform (purine <> pyrimidine) and RY
refers to:

R={A, G}

Y={C, T}

then R-Y DNA walk is defined as:
Y=, if X' eR;or
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RY

Yl=a,  if X ey,
where X ¢ seq (X)) denotes a base X; from the i-th
position of DNA sequence seq (X))

2) If t = M-K transform (amino < keto group) and MK
refers to:

M= {A, C}

K={G, T}

then M-K DNA walk is defined as:

) g +1, if X" e M; or

YU =, if XD ek,

where X: & seq (X;) denotes a base X; from the i-th

position of DNA sequence seq (X;)

3) If t = W-S transform (weak <> strong H-bonds) and
WS refers to:

W= {A, T}

S={G,C}

then W-S DNA walk is defined as:

Y" = +1, if XTMSW;

or Y =1, if X gs,

where X' ¢ seq (X;) denotes a base X; from the i-th

position of DNA sequence seq (X;) .
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Fig. 1. RY, MK, and WS DNA random walk curves of
D490pal9b locus. Along the sequence base position (X;), i-th

DNA walk value ¥ (Yi & {-1;+1}), and t ¢ {RY;MK;WS})
directs the next step. RY refers to purine«>pyrimidine
transform; R = {A,G}; Y = {C,T}; MK refers to amino«keto
group transform; M = {A,C}; K = {G,T}; WS refers to
weakestrong H-bond transform; W = {A,T}; S = {G,C}.Yﬁ
DNA walk values around zero values indicate random sequence
(here, in the sequence of the locus D49opal9b, RY walk is
close to randomness) while increasing negative distance from
zero level during DNA walk along X indicates significant bias
in sequence (here WS walk) given by the prevalence of GC

bases (¥ =-1) over AT bases (¥ =+1).
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Then, the generation of X! Y, Y IMK, and ¥ " values was
called DNA random walk of a point jumping one unit of
the negative or the positive direction (y-axis) successively
along DNA sequence base after base (X; X, . X X;on
x-axis) with starting point [Xo;yo] = O (see Fig. 1 for the



example).

It was proven earlier (Bai ef al. 2007) that digitized
sequence Y produced by [-1,+1] digital mapping, i.e.
YRY, YM® or YWS derived from primary DNA sequence is
also homogenous Markov chain, which means that any

Y, mapping value is uniquely determined from its mother
primary DNA sequence and have no relationship with

other Y values.

By the above definition of three types of digital
mapping we could generate three different random walk
curves corresponding to the same DNA primary sequence
according to three mappings t ~ RY, MK, and WS. Fig. 1
illustrates 2D DNA random walk representation of the
Begonia D490opal9b locus with six alleles.

Because this way generated random walk curve
represents a homogenous Markov chain, we could further
quantified these walk curves by the unidimensional
invariant of average information content expressed as the
transition information entropy Hy:

Hp = -1/L'Z p; In(pi)

where p; -the transition probability in a digitized
sequence, L - the length of [-1,+1] transformed sequence.

Individual transition probabilities p;: [-1 — -1], [-1 —
+1], [+1 — -1], [*1 — +1] were then calculated as the
following conditional probabilities:

P [[1>-117 P{Yi+1 = '1|Yi = -1}

P 1o+ =P{Yiy =-1Y;=+1}

prY 1511 =P{Yiy =+1Y;=-1}

prY (11 >+11 = P{Yi = +1]Y; = +1}

Transition probabilities of MK and WS transforms were
calculated in the similar way.

In addition, we used mean square deviation D(Y") of a
random walk for each of three Y' transforms (t = RY, MK
or WS) as another numerical invariant to characterize
digitized DNA sequences:

D(Y') =[1LE (Y - (Y

where pu( Y)) is the mean of DNA random walk t over all
the length of primary sequence and L is the length of
[-1,+1] transformed sequence.

Combining all 12 one-step transition probabilities
[RY(-1,-1); RY(-1,1); RY(1,-1); RY(1,1); MK(-1,-1);
MK(-1,1); MK(1,-1); MK(1,1); WS(-1,-1); WS(-1,1);
WS(1,-1); WS(1,1)] with three transition entropies
[H,(RY); Hy(MK); Hy(WS)], and three mean square
deviations [Dev(RY); Dev(MK); Dev(WS)] of random
walk sequence representation, each of 18 primary
sequences of Begonia marker loci could be represented
by 18 invariants written in the form of 18-component
vectors.

All data were then represented by 18 x 18 matrix, the
panel of 18 random walk invariants generated for each of
18 multiallelic locus sequence. Using this matrix, we first
verified overall statistical significance of differences
between these 18 loci according to new random walk
invariants using ANOVA F-statistics.

Single-factor ANOVA was performed with the
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factorization according to the number of alleles per a
locus in that as the low-allelic were classified the loci
with 0 - 3 alleles while the high-allelic were those loci
with 4 - 6 alleles per a locus. ANOVA prerequisite of
homogeneity of variances was confirmed by Levene’s
test, which allowed to continue with ANOVA itself, which
confirmed the differences between loci described by
18-component vectors (F;,16 = 9.5886, P = 0.0069). We
found that especially the invariants of RY and WS
transition probabilities significantly differ when compare
between low-allelic versus high-allelic group of loci.

In the next step, we calculated sequence dissimilarity
(distance) matrix and applied the multivariate method of
principal component analysis (PCA) to compare 18
marker loci by DNA walk representation in more detail.
Results of PCA analysis are given in Fig. 2, where PCA
factor 1 (x-axis) explained 25.0 %, and factor 2 (y-axis)
18.9 % of total variability among Begonia marker loci
represented by 18 random DNA walk invariants.

We further analyzed possible interpretations of
complex PCA factor 1 and PCA factor 2 in relation to
original 18-component vector. Even if interpretation of
individual invariants is often difficult in multivariate
space, we revealed the statistically significant
correlations. Particularly, we found that PCA factor 1 was
correlated to WS mapping (i.e. classification between
weak H-bond, W = {AT}, and strong H-bonds,
S = {G,C}). Mean square deviation, Dev(WS) was
correlated to PCA factor 1 with negative correlation
coefficient » = -0.8032 significant at P = 0.0154. This
indicates that the higher is PCA factor 1, the lower is AT
content or the higher is GC content in a primary
sequence.

In similar way, we revealed that PCA factor 2 was
correlated to vector components related to MK mapping
(i.e. classification between amino group M = {A,C}, and
keto group K = {G,T}. Namely, mean square deviation,
Dev(MK) was correlated to PCA factor 2 with positive
correlation coefficient » = +0.6997 significant at
P =0.0092. This indicates that the higher is PCA factor 2,
the higher is also AC content or the lower is GT content
in a primary sequence.

In order to reveal possible correlations of newly
obtained random walk invariants to genetic diversity of
the marker loci, we constructed 3D-contour plot (Fig. 2).
3D-contour plot of PCA factor 1 (x-axis), PCA factor 2
(y-axis), and number of alleles per a locus (z-axis)
revealed statistical correlation between PCA factors and
number of alleles per a locus. This important relationship
was defined by multiple correlation coefficient
R(z/xy) = +0.7602, statistically significant at P = 0.0137.

Contour plot of the number of alleles per marker locus
(Fig. 2) may be interpreted within the framework of two
ultimate situations. First, if smooth linear relationship
would exist, then we would see the continuous color
gradient from green to dark red on the contour plot
without any local (relative) extremes. In the opposite
situation where no relationship would ever exist, we
would see that the contour lines can not be constructed at
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all using distance weighted least squares approximation
method.

Clearly, our actual contour plot (Fig. 2) represents the
case in between of both extremes. On the left lower
corner of the contour plot (lower values of factor 1 and 2),
there are located low-allelic loci while we can see the
trend of high-allelic loci to be located on the upper right

PCA Factor 2

v

—RweOO®

EECCHEN

-5 -4 -3 -2 -1 0 1 . 3 4
PCA Factor 1
Fig. 2. 3D contour plot of the number of alleles per a locus
against principal component analysis (PCA) factor 1 and 2.
Contour plot was constructed by distance weighted least squares
approximation. Legend coding refers to color areas to which the
loci with identical number of alleles per a locus are mapped.
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