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ABSTRACT: We introduce software, Numericware i, to compute identical by state (IBS) matrix based on genotypic data. Calculating an IBS
matrix with a large dataset requires large computer memory and takes lengthy processing time. Numericware i addresses these challenges
with 2 algorithmic methods: multithreading and forward chopping. The multithreading allows computational routines to concurrently run on
multiple central processing unit (CPU) processors. The forward chopping addresses memory limitation by dividing a dataset into appropriately
sized subsets. Numericware i allows calculation of the IBS matrix for a large genotypic dataset using a laptop or a desktop computer. For
comparison with different software, we calculated genetic relationship matrices using Numericware i, SPAGeDi, and TASSEL with the same
genotypic dataset. Numericware i calculates IBS coefficients between 0 and 2, whereas SPAGeDi and TASSEL produce different ranges of
values including negative values. The Pearson correlation coefficient between the matrices from Numericware i and TASSEL was high at .9972,
whereas SPAGeDi showed low correlation with Numericware i (.0505) and TASSEL (.0587). With a high-dimensional dataset of 500 entities by
10 000 000 SNPs, Numericware i spent 382 minutes using 19 CPU threads and 64 GB memory by dividing the dataset into 3 pieces, whereas

SPAGeDi and TASSEL failed with the same dataset. Numericware i is freely available for Windows and Linux under CC-BY 4.0 license at

https://figshare.com/s/f100f33a8857131eb2db.
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Background

The inbreeding, identical by descent (synonymous to IBD,
kinship, and coancestry), and identical by state (IBS) coef-
ficients are central parameters in population genetics.! By
definition, (1) the inbreeding coefficient refers to a pro-
portion that a pair of alleles in an entity is identical in
origin and state,? (2) the IBD coefficient between 2 enti-
ties equals twice the inbreeding coefficient for their virtual
offspring,® and (3) the IBS coefficient between 2 entities
equals twice a proportion that a pair of alleles in their vir-
tual offspring is identical in state. The IBD matrix is a
conventional indicator to represent genetic relationship
among entities in a population, for which pedigrees are
available. Emik and Terrill’® suggested a systematic method
for calculating a numerator relationship matrix (NRM)
that displays IBD coefficients among every pair of entities
in a population. Because the NRM is based on pedigrees, it
represents genetic relationship from the genealogical
perspective.

High-throughput genotyping technologies provide abun-
dant DNA profile that is useful to calculate the IBS matrix as
a genetic relationship matrix. Some references*® introduced a
method for computing the IBS matrix. Although the concept
about the IBS matrix is general and simple, the IBS matrix is
not widely used. Presumably, it might be due to the notori-
ously heavy computing burden. In this paper, we present

software referred to as Numericware i. In order to deal with
heavy workload, Numericware i supports parallelization and
data management to avoid low memory.

Implementation

IBS coefficient
The IBS coefficients*> can be calculated:

1 P(al=bl)+P(al=b2)

IBSA:B - 5 +P(a2 = b1)+ P(a2 = b2) (1)

where IBS, z=the IBS coefficient between A and B; al, a2=a
pair of chromosomes for A; b1, b2=a pair of chromosomes for
B; P(al=bl)=the probability that al and bl are homozygous;
P(al=b2)=the probability that al and b2 are homozy-
gous; P(a2=b1) =the probability that a2 and b1 are homozygous;
and P(a2=b2) =the probability that a2 and b2 are homozygous.

The IBS coefficient for parents equals twice the homozy-
gote coefficient (H) for their offspring. Thus, the H can be
calculated:

1 [ P(al=bl)+P(al=b2)

He=y +P(a2=bl)+P(a2=b2) @
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where C=the offspring of A and B; Hc=the homozygote
coefficient for C; al, a2=a pair of chromosomes for A; b1,
b2=a pair of chromosomes for B; P(al=b1)=the probability
that al and bl are homozygous; P(al=b2)=the probability
that al and b2 are homozygous; P(a2=b1)=the probability
that a2 and b1 are homozygous; and P(a2=b2) = the probabil-
ity that a2 and b2 are homozygous.

As the cost for producing genotypic data is becoming less
expensive, the dimensions of genotypic datasets are rapidly grow-
ing. The amount of computing workload can be represented:

w=n’m )

where w=the amount of computational workload; 7=the num-
ber of entities in a population; 72 =the number of markers.

According to equation 3, the growing dimension of geno-
typic dataset causes 2 computational challenges: (1) lengthy
computational time and (2) low memory.

Functionality of Numericware i

Numericware i, written in C++, has a simple user
interface. The software provides 2 special functionalities:

Algorithm 1. Forward Chopping algorithm.

multithreading and forward chopping. The multithreading
enables the computer to distribute the workload into
multiple CPU threads. The forward chopping chops a
dataset into multiple pieces that will not overextend mem-
ory capacity. Algorithm 1 shows the forward chopping
algorithm.

Numericware 1 provides users with more conveniences:

1. Imputation not needed: The IBS computation is count-
ing based. Numericware i skips counting missing geno-
typic data, assuming that the remaining genotypic data
are of sufficiently large amount.

2. IBS computation for a haplotype: This allows com-
putation of the IBS matrix for a partial genomic
block.

3. Dataset integrity checking: This helps prevent a failure
in the middle of analysis by checking the integrity of
dataset at the beginning of work.

4. Dataset summary: This provides users with overview of
genotypic data.

5. Supporting multiple types of datasets: This significantly
reduces extraworks for formatting the dataset. Numericware
i accepts: alphanumeric, a pair of single-nucleotide poly-
morphisms (SNPs) and International Union of Pure and
Applied Chemistry IUPAC) formats.

1: | start_point=0

2: |for (j=1;j <= num_pieces; j++){

3: | if (j <= width % num_pieces) {

4: chopped_width = ceil(width / num_pieces)
5: | Jelse{

6: chopped_width =floor(width / num_pieces)
701}

8: | start_point=start_point + 1

9: | end_point=start_point + chopped_width - 1
10: | for (string line; getline(data, line)) {

11: count=1

12:|  while (getline(line, temp, ) {

13: if (count >= start_point) {

14: row.push_back(temp)

15: }

16: if (count == end_point) { break }

17: count++

18: | }

19: table.push_back(row)

20 row.clear()

21: | }

22: | /I

23: | IBS matrix computation with ‘table’
WESWITrG

25:| table.clear()

26 start_point=end_point

27: |}

// num_pieces =the total number of chopped pieces
// width = the total number of columns
// chopped_width = the width of a chopped piece

// start_point=the first column coordinate of a chopped dataset

// end_point=the last column coordinate of a chopped dataset
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6. Transposing the dataset.

Regarding item 5, details about dataset formats are described
in the user manual, and example datasets are included in the
software package. Numericware i completes the IBS matrix by
copying the upper diagonals to the lower diagonals based on its
symmetric property to reduce workload.

Application of the IBS matrix

Homozygote coefficient index. A diagonal value for an entity A
(IBS, ») intheIBSmatriximpliesthe H, as IBS, , =1+H,

,and IBS , p represents twice the H, in which C = the offspring
of A and B.These principles can be useful in controlling homo-
zygote level of progenies in a breeding program.

Best linear unbiased prediction. As a statistical model, the best
linear unbiased prediction (BLUP)® is widely used to esti-
mate breeding values. The BLUP requires the genetic rela-
tionship matrix, for which Henderson® suggested using the
NRM. The IBS matrix is superior to the NRM in the fol-
lowing aspects. First, the IBS matrix fully has values greater
than 0, whereas the NRM includes an identity matrix for a
base population. The identity matrix results in underestima-
tion of IBD coefficients within the NRIM. Second, the IBS
matrix provides an objective measure based on genotypic
data whereas the NRM is based on statistical expectation. As
the BLUP expands to genome-wide association study and
genomic prediction, the IBS matrix can apply to these stud-
ies.”! The IBS matrix will be useful especially for plants
since plant pedigrees are often unknown and imprecise.!?
Previous studies reported that the BLUP outperforms with
genome-based genetic relationship matrices than the
NRM.13-18 In this context, the IBS matrix will be useful in
improving the BLUP accuracy.

Results and Discussion

Negative effect of marker screen to IBS matrix

Marker collections generally consist of markers screened based
on allele frequency. Marker screening secures allele diversity
but causes an ascertainment bias in calculating the IBS matrix
because the removed markers must be informative in repre-
senting the identical genomic state between entities. Thus, it is
recommended to use all markers in calculating the IBS matrix.

Similarity between IBD and IBS

The IBD and IBS coefficients range between 0 and 2 in com-
mon. If it is assured that any identical alleles at the same locus
from different entities were generated not independently but
inherently, the IBS and IBD coefficients should be equal.*
We hypothetically assume numerous unique mutations might
inherently have flourished genetic diversity because the prob-
ability of the same mutations coincidentally occurring on the

same loci of multiple genomes could be extremely low. If this
assumption is true, the IBS and IBD matrices can be equal.

Comparison of results from Numericware i,

SPAGeDi, and TASSEL

The IBS matrix can be expanded by computing the NRM based
on pedigrees of entities within the IBS matrix. The expanded
IBS matrix will have overall increased elemental values than the
NRM solely based on pedigrees. The expansion of IBS matrix
can be calculated using Numericware N.1 Other popular soft-
ware, SPAGeDi 20 and TASSEL,? implement different algo-
rithms for calculating the genetic relationship matrix, causing
their results to have different characteristics, such as negative
values (SPAGeDi and TASSEL) or mono-diagonal values
(SPAGeDi with 0s). Thus, the resulting matrices from SPAGeDi
and TASSEL cannot be expanded by the NRM algorithm. For
comparison, we applied Numericware i, SPAGeDi,and TASSEL
to the same dataset of 20 entities by 2000 SNPs (included in
Supplementary file). The algorithms used by SPAGeDi and
TASSEL are the ones by Loiselle et al*! and Yang et al?, respec-
tively, and widely used for calculating the genetic relationship
matrices.”»?326 Tables 1 to 3 are the resulting matrices. Pearson
correlation coefficients among the 3 matrices (Table 4) indicate
that the results from Numericware i and TASSEL are highly cor-
related at .9972, whereas the result from SPAGeDi shows low
correlation coefficients with the results from Numericware 1
(0.0505) and TASSEL (0.0587). This illustrates that the results
from Numericware i and TASSEL are substantially comparable,
whereas SPAGeDi is not.

Performance

In our test, Numericware i took 382 minutes in computing an
IBS matrix with a simulated dataset of 500 entities by 10 000
000 SNPs using 19 CPU threads (Intel Xeon processor
E5-2600 v4) and 64 GB memory. For this test, the whole
dataset was chopped into 3 pieces to circumvent the low mem-

ory, whereas SPAGeDi and TASSEL failed with the same

dataset due to the low memory.

Conclusions

The IBS matrix can be useful as: (1) a foreseeing index about
the homozygote coefficients for hybrid lines based on the IBS
coefficient for parents being equal to twice the homozygote
coefficient for an offspring, (2) an assessment of homozygote
coefficient to an entity itself based on IBS, 4 being equal to
1+H,,and (3) a component of the BLUP. Thus, Numericware
i can be an essential tool for breeding. The multithreading and
forward chopping reduce computing time and allow process-
ing of extremely large amount of data. In contrast, other soft-
ware are often limited by the physical memory size, and only a
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Kim and Beavis

Table 4. Pearson correlation coefficients among results from
Numericware i (Table 1), SPAGeDi (Table 2), and TASSEL (Table 3) for
the same dataset.

NUMERICWARE | SPAGeDi TASSEL
Numericware i 1 0.0505 0.9972
SPAGeDi 0.0505 1 0.0587
TASSEL 0.9972 0.0587 1
single CPU is supported. Numericware i is freely

available for Windows and Linux under CC-BY 4.0 license
and can be downloaded from https://figshare.com/s/
£100£3328857131eb2db.

Author Contributions
BK built software. BK and WDB analyzed, discussed, and wrote.
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