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Abstract

Background: Compared to medium-density single nucleotide polymorphism (SNP) data, high-density SNP data con-
tain abundant genetic variants and provide more information for the genetic evaluation of livestock, but it has been
shown that they do not confer any advantage for genomic prediction and heritability estimation. One possible reason
is the uneven distribution of the linkage disequilibrium (LD) along the genome, i.e, LD heterogeneity among regions.
The aim of this study was to effectively use genome-wide SNP data for genomic prediction and heritability estimation
by using models that control LD heterogeneity among regions.

Methods: The LD-adjusted kinship (LDAK) and LD-stratified multicomponent (LDS) models were used to control

LD heterogeneity among regions and were compared with the classical model that has no such control. Simulated
and real traits of 2000 dairy cattle individuals with imputed high-density (770K) SNP data were used. Five types of
phenotypes were simulated, which were controlled by very strongly, strongly, moderately, weakly and very weakly
tagged causal variants, respectively. The performances of the models with high- and medium-density (50K) panels
were compared to verify that the models that controlled LD heterogeneity among regions were more effective with
high-density data.

Results: Compared to the medium-density panel, the use of the high-density panel did not improve and even
decreased prediction accuracies and heritability estimates from the classical model for both simulated and real traits.
Compared to the classical model, LDS effectively improved the accuracy of genomic predictions and unbiasedness
of heritability estimates, regardless of the genetic architecture of the trait. LDAK applies only to traits that are mainly
controlled by weakly tagged causal variants, but is still less effective than LDS for this type of trait. Compared with the
classical model, LDS improved prediction accuracy by about 13% for simulated phenotypes and by 0.3 to ~ 10.7% for
real traits with the high-density panel, and by ~ 1% for simulated phenotypes and by — 0.1 to ~6.9% for real traits with
the medium-density panel.

Conclusions: Grouping SNPs based on regional LD to construct the LD-stratified multicomponent model can effec-

tively eliminate the adverse effects of LD heterogeneity among regions, and greatly improve the efficiency of high-
density SNP data for genomic prediction and heritability estimation.

Background

: Since genomic prediction was proposed [1], the meth-
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genetic backgrounds. Nevertheless, with the develop-
ment of quantitative genetics and genome sequencing
technologies, there is still room for further optimization
of genomic prediction methods. Currently, many statisti-
cal learning methods such as the Bayesian methods [2, 3]
and machine learning methods [4, 5] have been applied
to genomic prediction. Most of these methods focus on
improving the estimates of marker effects to optimize the
prediction accuracy of the model, but little attention is
paid to some other key factors that affect genomic pre-
diction, such as linkage disequilibrium (LD) between sin-
gle nucleotide polymorphisms (SNPs).

In general, LD information between markers is used
to pre-select markers or construct LD-based haplotypes,
but these processes have little impact on the accuracy
of genomic prediction [6-8]. However, another factor
that seems to have a greater impact on genomic predic-
tion is the uneven distribution of LD along the genome,
i.e. the LD heterogeneity among regions. Contributions
of genetic variance are overestimated for causal variants
in regions of high LD and are underestimated in regions
of low LD. Several methods have been developed to
eliminate the adverse effects of LD heterogeneity among
regions on the unbiasedness of heritability estimates,
among which LD-adjusted kinship (LDAK) [9] and LD-
stratified multicomponent restricted maximum likeli-
hood estimation (GREML-LDS) [10, 11] are widely used.
LDAK constructs an LD-weighted genomic relation-
ship matrix (GRM) by assigning small weights to SNPs
in high LD regions and large weights to SNPs in low
LD regions [9]. GREML-LDS groups SNPs by regional
[10] or individual [11] SNP LD score and constructs the
GRM with SNPs in each group separately. Previous stud-
ies have shown that LDAK and GREML-LDS can bet-
ter ensure the unbiasedness of heritability estimates for
human complex and disease traits [11, 12]. Other stud-
ies have found that controlling LD heterogeneity among
regions can also improve the unbiasedness of heritability
estimation [13] and the accuracy of genomic prediction
[14] of the marker effect model. However, there are few
studies on genomic selection methods for controlling
LD heterogeneity among regions in livestock. Although
a previously proposed LD-corrected GRM achieved good
results in heritability estimation and genomic prediction,
this method seems to be suitable only for low-density
SNP panels [15].

Whole-genome sequence (WGS) data and high-density
SNP data have been used in animal genetic evaluation
[16, 17]. Compared with SNP chip data (i.e., medium-
density SNP data), high-density SNP data provide more
information, but how to use this information effectively
remains a challenge. Recent studies have found that,
compared with medium-density SNP data, the use of
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high-density SNP data has no advantage or even results
in a decline in genomic prediction [7, 18, 19]. The GRM
constructed in the classical genomic prediction model
can accurately capture the relationship between indi-
viduals using medium-density markers. However, with
the increase in marker density, this method to construct
GRM does not seem to be able to explain the relationship
between individuals more accurately. Therefore, classi-
cal genomic prediction methods cannot make full use of
the information provided by high-density SNP data and
need to be further optimized. Since the LD between adja-
cent SNPs in high-density panels is stronger than that
in medium-density panels, an important reason for the
unsatisfactory genomic prediction results obtained with
high-density SNP data may be that they are more affected
by LD heterogeneity among regions.

It is generally assumed that the greater is the heritabil-
ity (genetic variance) captured by the model, the higher
is the prediction accuracy of the model. However, studies
have shown that the variation of the estimates of herit-
ability is not consistent with the variation of genomic
prediction accuracy, i.e. the genomic prediction accuracy
does not necessarily increase or it even decreases as the
estimates of heritability increase [18]. This makes the
results of many methods difficult to understand [20-22].
Therefore, it is necessary to further study the relationship
between the estimates of heritability and genomic predic-
tion accuracy.

In this study, we compared a series of models that con-
trol LD heterogeneity among regions with the classical
model [23] to: (1) find effective models to eliminate the
adverse effects of LD heterogeneity among regions and
to optimize genomic prediction and heritability estima-
tion, (2) determine whether the models that control LD
heterogeneity among regions are more effective with
high-density SNP data, and (3) determine why genomic
prediction accuracy and estimates of heritability vary
inconsistently, and find a unified indicator to measure the
model’s performance in genomic prediction and SNP-
heritability estimation.

Methods

Population and genotypes

This study used a German dairy cattle population of
2000 bulls from Vereinigte Informationssysteme Tier-
haltung Wirtschaftlicher Verein, which has previously
been described in [24]. All individuals were genotyped
with the Illumina Bovine SNP50 Beadchip (~54,000
SNPs). One of our previous studies used Beagle 4.0 [25]
to impute the 2000 bulls genotyped with 54K SNP chip
data to 770K SNP data [16], which were also used in this
study. Genotype imputation was based on a multi-breed
reference population that included 1577 cattle from the
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fifth run of the 1000 Bull Genomes project [26], of which
474 were Holstein breed. WGS data are available for all
the individuals in this reference population. In our impu-
tation process, first we extracted the corresponding loci
on the Illumina BovineHD (~770,000 SNPs) from the
WGS data to construct a 770K high-density reference
panel, and then used this high-density reference panel to
impute 54K chip data to 770K SNP data. The consistency
rate of the genotype imputation was 0.99 through masked
analysis. The masked analysis was implemented by ran-
domly masking the genotypes of 100 loci in the 54K chip
and calculating the consistency between the imputed
and the true genotypes (repeated 20 times). After geno-
type imputation, SNPs with a minor allele frequency
(MAF) lower than 0.01, a genotype call rate lower than
0.9, or that deviated from Hardy—Weinberg equilibrium
(p<107°) were removed; after filtering, 336,977 SNPs
(referred to as the 300K SNP panel hereafter) remained
for further analyses.

Phenotypes

Simulated phenotypes

We established a series of simulation studies to explore
the effects of LD heterogeneity among regions on
genomic prediction and heritability estimation. The
real dairy cattle genotypic data were used as a base for
the simulations. Heritability and number of causal vari-
ants were fixed at 0.8 and 100, respectively. Using
Zﬁlr}i as a measure of the tagging of SNP j [27],
where rli denotes the squared correlation between
SNPs j and k, M the number of SNPs in the 10-Mb
region centered on SNP j, we defined those in the bot-
tom 40 and 20% of values for this sum as weakly and
very weakly tagged SNPs, respectively, and those in the
top 40 and 20% as strongly and very strongly tagged
SNPs. We selected the causal variants from weakly, very
weakly, strongly, and very strongly tagged SNPs,
respectively. At the same time, SNPs were randomly
selected throughout the genome to obtain causal vari-
ants with average tagging levels. Thus, five scenarios of
phenotypes with causal variants of different tagging
levels (very weak, weak, average, strong, very strong)
were produced. The above-method of selection of
causal variants refers to an earlier study [9]. The pheno-
typic variance 8; was set to 1. The allele substitution
effect of the i-th causal variant a; was calculated as
ai = (2pi(1 — pi) ™25/ /m, 8g = /82 x h?
represents the genetic standard deviation caused by all
causal variants, p; is the frequency of a given allele of
the i-th causal variant, and m is the total number of
causal variants. All GRM in this study were constructed
based on the method proposed by Yang et al. [23]. This

where
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method to construct GRM assumes that all the causal
variants contribute equally to heritability, i.e., all
h? =2p;(1 —pi)zz% are equal. Our simulation of the
allele substitution effect was designed to satisfy this
assumption. This simulation method avoids the bias of
heritability estimates caused by inconsistency between
the simulated and assumed effect of causal variants
during GRM construction. Therefore, only the LD level
of the causal variants had an effect on heritability esti-
mation in the simulation study. Environmental effects
were drawn from a normal  distribution
N(O, (1 — h2)8§). The simulated phenotype of an indi-
vidual was calculated as the sum of the effects of its
causal variant and an environmental effect, each sce-
nario was repeated 100 times. Our phenotypic simula-
tion scripts are available at https://github.com/
SCAU-AnimalGenetics/LD-heterogeneity/tree/main/
simphe.

Previous studies have shown that the genomic pre-
diction accuracy of medium-density panels (20 to 50K)
with SNPs evenly distributed throughout the genome
is higher than that of high-density SNP panels [18]. In
the simulation study, we constructed a medium-density
panel (50K) using evenly distributed SNPs and com-
pared the medium- and high-density panels in terms of
genomic prediction and heritability estimation. In this
part of the study, the causal variants in the medium-
and the high-density panels were removed. In the study
on real traits, we used the 54K commercial SNP panel
(Illumina Bovine SNP50 Beadchip) as the medium-den-
sity SNP panel.

Real dairy cattle traits

Pedigree-based estimated breeding values (EBV) for milk
yield (MY), milk protein yield (PY), milk fat yield (FY),
milk protein percentage (PP), milk fat percentage (FP)
and somatic cell score (SCS) were available for all the
bulls. Additional file 1: Table S1 presents the descriptive
statistics of the EBV and their reliabilities and shows that
the reliability of the EBV of all the traits is high (mean
reliability ranging from 0.942 to 0.973), and that the vari-
ation in reliability is small (standard deviation ranging
from 0.016 to 0.039), thus there was no obvious hetero-
geneity in EBV reliability. In this study, we standardized
EBV for each trait so that the mean value of EBV was
zero and the variance was 1. Since for most individuals
in this population, only their own EBV are available and
not those of their parents, we used g;/ ri2 to calculate der-
egressed EBV of each individual, where g; represents the
EBV of the i-th individual and r? represents the reliability
of g; [28]. Deregressed EBV were used as phenotypes in
this study.
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Models for genomic prediction and heritability estimation
Genome-wide complex trait analysis (GCTA) model

The GCTA model [23] was used as the benchmark method
in this study. It includes a single random genetic effect and
is as follows:

where y is the vector of phenotypes, p is a vector of the
overall mean, g is a vector of individual genetic values
captured by all SNPs in the panel, Z is the design matrix
of genetic values, and e is a vector of residuals. The ran-
dom genetic and residual values are assumed to be inde-
pendent normally distributed values: g ~ N (0, Goé) and
e ~ N(0,1062), where cé and o2 are the additive genetic
variance and residual variance, respectively.

The additive G matrix, also known as the genomic rela-
tionship matrix (GRM), was constructed using all the
SNPs in the panel:

),0.¢
GRMGcra = — 2)
where  matrix X  has the general term

xij = (myj — 2pj)/+/2pj(1 — p;), with p; being the fre-
quency of a given allele at SNP j, m;; is the genotype of
the j-th SNP in the i-th individual, which is represented
by 0, 1 and 2. N is the number of SNPs in the panel.

Linkage disequilibrium adjusted kinship (LDAK) model

Due to LD, SNPs will be repeatedly tagged. Using the
LDAK software [9], we calculated the level of replicate
tagging of SNPs, which represents the real contribution
of SNPs to genomic relationships in the GRM that do not
control LD heterogeneity among regions. In the GCTA
model, the genetic variance of the causal variants in high
LD regions is overestimated, while the genetic variance in
low LD regions is underestimated [9]. To offset this
adverse effect, we used an LD-weighted GRM to replace
the GRM in Eq. (2). Such LD weighting eliminates the
overestimation of heritability in high LD regions and the
underestimation of heritability in low LD regions by giv-
ing a small weight to markers in high LD regions and a
large weight to markers in low LD regions. We used

w]?“ = wj% to represent the LD weight of SNP j, for the

derivation and calculation of wj, please refer to Speed
et al. [9]. The LD-weighted GRM is constructed as
follows:

Xwx'

GRM| pak = N 3)
where W is the diagonal matrix with elements w}. To
generate the LDAK model, the GRMgcra in Eq. (1) is
replaced by the GRM| pak-
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GREML-LDS model

In addition to constructing the LDAK model, we also
used the LD-stratified multicomponent model to offset
the influence of LD heterogeneity among regions. In this
study, the regional SNP LD score was used to divide SNPs
into five equal groups, corresponding to SNPs with very
high, high, moderate, low and very low LD levels, respec-
tively. The SNPs in each group were used to construct the
respective GRM and then a multi-component model was
established [10]:

T

Y=+ Zg +e (4)
t

where y, p and e are the same as for Eq. (1). g; is a vec-
tor of the genetic values of the individuals captured by
the SNPs in the ¢-th group, and g; ~ N (O, Gtcét), with
cét being the additive genetic variance explained by the
SNPs in the t-th group, and G; the GRM constructed
by the SNPs in the ¢-th group. The G; was constructed
by Egs. (2) or (3), respectively, and the corresponding
models are called the GCTA-LDS model or LDAK-LDS
model, respectively.

In this study, we used the mean LD score to repre-
sent the regional LD. The mean LD score was fitted
with ~ 100-kb segments using a sliding window approach
[10], and the LD score of each SNP is calculated as the
sum of the LD r? values for the target SNP and all SNPs
within the 10-Mb region centered on the target SNP [27].
Our method to calculate the mean LD score is avail-
able on https://github.com/SCAU-AnimalGenetics/LD-
heterogeneity/tree-save/main/regional-LD. The GCTA,
LDAK, GCTA-LDS and LDAK-LDS models used in
this study only consider additive genetic effects, so the
GCTA-LDS and LDAK-LDS models did not consider the
covariance of genetic effects corresponding to different
GRM.

Model assessment

In this study, variance components and genetic val-
ues were estimated using the LDAK software [9]. For
each simulation repeat, 1800 individuals were randomly
selected as the training population and the residual 200
individuals as the validation population. The prediction
accuracy is the Pearson’s correlation coefficient of the
true genetic values and genomic estimated breeding val-
ues (GEBV) of the validation individuals. For real traits,
the 10 x tenfold cross-validation was used to evalu-
ate the models, and the genomic prediction accuracy is
expressed as Pearson’s correlation coefficient of the dere-
gressed EBV and GEBV. For each trait, a one-way analysis
of variance was applied to determine whether there were
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Fig. 1 Distribution of mean LD score and level of replicate tagging
for SNPs in high- and medium-density panels. a The mean LD score is
used to represent the regional LD, which was fitted by segment with
an average length of 100 kb using a sliding window approach, and
the LD score of each SNP is calculated as the sum of the LD r? values
for the target SNP and all SNPs within the 10-Mb region centered on
the target SNP. b The level of replicate tagging was calculated using
the LDAK software to show that SNPs were repeatedly tagged due
tolD

any statistically significant differences in prediction accu-
racy, heritability estimate and model fit (Akaike Infor-
mation Criterion, AIC) between the different models; if
the null hypothesis was rejected using the significance
level of 0.05, the multiple paired ¢-tests were conducted
between all models, with P values adjusted by Bonferroni
correction.

Results

Linkage disequilibrium heterogeneity among regions

and uneven tagging of SNPs

The mean LD score used to represent the regional LD
ranged from 3.8 to 347.9 for the high-density panel
(Fig. 1a), which indicates large differences in LD among
genomic regions. The mean LD score calculated by the
medium-density panel was relatively low, ranging from
1.2 to 52.9 (Fig. 1a). The level of replicate tagging of SNPs
ranged from 1 to~100.2 for SNPs in the high-density
panel and from 1 to~4.9 for SNPs in the medium-den-
sity panel (Fig. 1b). After adding LD weights, the level of
replicate tagging of SNPs in both the high- and medium-
density panels was around 1 (see Additional file 2: Fig.
S1). We divided SNPs into five levels according to their
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mean LD score, corresponding to the genome regions
with very high, high, moderate, low and very low LD,
respectively (Table 1). The SNPs in each LD level were
used to construct the GRM in the GREML-LDS, respec-
tively. Therefore, the GCTA-LDS and LDAK-LDS used in
this study have five independent genetic effects. For the
high-density panel, the difference in mean LD score of
SNPs in adjacent LD levels ranged from 20 to 50, while
for the medium-density panel, it was between 3 and 8
(Table 1). Differences in the level of replicate tagging of
SNPs between LD levels were significant for the high-
density panel and almost null for the medium-density
panel (Table 1).

Performance of the different models in terms of genomic
prediction and heritability estimation

The GCTA, LDAK and GREML-LDS models were origi-
nally proposed to improve the unbiasedness of herit-
ability estimates. In this study, the performance of each
model in terms of genome prediction, heritability estima-
tion and model fit were analyzed simultaneously to fully
evaluate the effectiveness of each model in dealing with
LD heterogeneity.

Figure 2a represents the genomic prediction accuracy
of each model for phenotypes that are controlled by
causal variants with different tagging levels. Compared
with GCTA, LDAK increased the genomic prediction
accuracy of phenotypes that are controlled by weakly (or
very weakly) tagged causal variants, but decreased that
for phenotypes controlled by strongly (or very strongly)
tagged causal variants. Therefore, LDAK is only suitable
for genomic prediction of phenotypes that are mainly
controlled by weakly tagged causal variants. Compared
with GCTA and LDAK, GCTA-LDS and LDAK-LDS
can greatly improve the genomic prediction accuracy

Table 1 Genomic regions with different LD levels partitioned by
mean LD score

LD levels High-density panel (300K Medium-density panel

SNPs) (50K SNPs)

Mean LD Replicate Mean LD Replicate

score? tagging score tagging

level level

Very high 1869 (33.0) 0)° 269 (15.7)° 27.1(4.7) 2.5(1.0)
High 136.3 (8.0) 21.2(12.2) 19.7(1.2) 2.5(1.0)
Moderate 1123 (6.1) 184 (10.6) 16.1 (0.9) 24(1.0)
Low 913(6.2) 16.3(9.7) 13.0(0.9) 24(0.9)
Very low 62.8(13.5) 14.0 (8.5) 87(2.1) 2.3(0.9)

@‘Mean LD score was used to represent regional LD
b Average mean LD score of SNPs at each LD level (standard deviation)

¢ Average replicate tagging of SNPs at each LD level (standard deviation)
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regardless of whether the phenotype is controlled by
weakly or strongly tagged causal variants. For pheno-
types that are controlled by evenly distributed causal
variants along the genome (causal variants are averagely
tagged), the genomic prediction results of the four mod-
els were very similar. Figure 2b shows the heritability
estimates obtained with the different models. GCTA and
LDAK underestimate the heritability of phenotypes that
are controlled by weakly (or very weakly) tagged causal
variants and overestimate the heritability of phenotypes
that are controlled by strongly (or very strongly) tagged
causal variants. The heritability estimates of GCTA-LDS
and LDAK-LDS were unbiased. The model fit (AIC) was
closely related to the accuracy of genomic prediction and
the unbiasedness of heritability estimates (Fig. 2a—c), i.e.,
the higher the genomic prediction accuracy, the better
the unbiasedness of heritability estimates, the lower the
AIC, and vice versa. In general, GCTA-LDS and LDAK-
LDS can effectively eliminate the adverse effects of LD
heterogeneity among regions, and improve the unbi-
asedness of heritability estimation and the accuracy of
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genomic prediction, regardless of the genetic architec-
ture of the trait. Considering that most economically-
important traits in livestock have a heritability estimate
lower than 0.5, we also simulated and analyzed traits with
a heritability of 0.5 and found that the trend was the same
as with a heritability of 0.8 (see Additional file 2: Fig. S2).

Impact of marker density on genomic prediction

and heritability estimation

Figure 3a—c represents the results of genomic predic-
tion, SNP-based heritability estimation and model fit of
each model for phenotypes that are controlled by weakly
tagged causal variants. LDAK, GCTA-LDS and LDAK-
LDS have advantages over GCTA with both medium-
and high-density panels, and the advantages are more
obvious with the high-density panel. Compared with
GCTA, GCTA-LDS achieved an improvement of ~13%
in genomic prediction accuracy based on the high-den-
sity panel, but of only ~ 1% based on the medium-density
panel (Fig. 3a). For GCTA, the genomic prediction accu-
racy based on the high-density panel was significantly
lower than that of the medium-density panel (Fig. 3a). By
controlling the LD heterogeneity among regions, GCTA-
LDS and LDAK-LDS can effectively use high-density
SNP data and significantly improve genomic prediction
accuracy compared to medium-density data (Fig. 3a). The
heritability estimates of LDAK, GCTA-LDS and LDAK-
LDS were higher than those of GCTA but still lower than
the true value (Fig. 3b).

Figure 3d-f represents the results of genomic pre-
diction, SNP-based heritability estimation and model
fit of each model for phenotypes that are controlled by
strongly tagged causal variants. Using GCTA, the high-
density panel can improve genomic prediction accuracy
compared to the medium-density panel (Fig. 3d). As for
the results in Fig. 2, LDAK does not apply to phenotypes
that are controlled by strongly tagged causal variants.
Compared with GCTA, GCTA-LDS and LDAK-LDS
improved genomic prediction accuracy by 7.3% when
using the high-density panel and by 1.3% when using the
medium-density panel (Fig. 3d). GCTA and LDAK over-
estimated the heritability, and the heritability estimates
of GCTA-LDS and LDAK-LDS were almost unbiased
(Fig. 3e). Model fit can be used to reflect the accuracy of
genome prediction and the unbiasedness of heritability
estimates of the model (Fig. 3c and f).

Application to real dairy cattle traits

Additional file 2: Fig. S3 shows the heritability enrich-
ment of simulated phenotypes for each LD level. The
estimates of heritability enrichment from GREML-LDS
are consistent with the true value, which means that it
is a reliable method to estimate the genetic contribution
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of SNPs at each LD level. Regardless of the genetic vari-
ance not captured by the 300K SNP data, GREML-LDS
was used to estimate the contribution of SNPs at each LD
level to the genetic variance of dairy cattle traits (Fig. 4).
For the FP, FY and MY traits, the SNPs that contribute
most of the genetic variance (72.1 to 86.5%) are those in
LD levels 4 and 5, which means that most of the causal
variants are located in regions of the genome of relatively
low LD. For PY and SCS, the heritability estimates were
almost evenly distributed among all the LD levels. For
PP, SNPs in LD levels 1 and 2 contributed 50.9% of the
genetic variance, which indicates that most of the causal
variants are located in regions of the genome of relatively
high LD. Thus, the causal variants of these quantitative
traits were not evenly distributed among LD levels, and
LD heterogeneity among regions should be considered
when conducting genomic prediction and heritability
estimation.

Figure 5 shows the genomic prediction accuracy of the
models that control LD heterogeneity among regions
compared to the GCTA model for dairy cattle traits.

The results of Fig. 5 combined with those of Fig. 4 show
that more the distribution of the causal variants is une-
ven at each LD level, more does the advantage of the
models that control LD heterogeneity among regions
become obvious. This is consistent with the results of the
simulation study (Fig. 2). When the high-density panel
was used, the genomic prediction accuracy of LDAK,
GCTA-LDS and LDAK-LDS was higher (0.3 to 10.7%)
than that of GCTA for all traits (Fig. 5). When using the
medium-density panel, both the advantage of the mod-
els that control LD heterogeneity among regions and
the improvement in genomic prediction accuracy (— 0.1
to 6.9%) decrease. Similarly, for real traits, the higher is
the genomic prediction accuracy of the model (see Addi-
tional file 1: Table S2), the better is the model fit (see
Additional file 1: Table S3).

Discussion

Currently, studies on LD heterogeneity among regions
have focused on the estimation of the heritability of
human complex traits and diseases [9, 10]. However, how
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does LD heterogeneity among regions affect genomic
prediction and heritability estimation of livestock quan-
titative traits, and how can its adverse effects be elimi-
nated are rarely investigated in the literature. In this
study, we used LDAK, GCTA-LDS and LDAK-LDS to
control LD heterogeneity among regions, and tested their

levels

effectiveness for genomic prediction and heritability esti-
e ]l Fv [ mv JL ey J[ scs J Pe mation in dairy cattle. We found that GCTA-LDS and
* # LDAK LDAK-LDS can effectively eliminate the adverse effects
8 = CAK-LDS z of LD heterogeneity among regions, and improve the
= 4 accuracy of genomic prediction and unbiasedness of her-
4 " g itability estimates. Furthermore, the models that control
58 I ) == § LP hetero.geneity among regions are more effective with

ol e T ____l__l_*_-l_-*:g___ _® high-density SNP data.

Controlling LD heterogeneity among regions improves
genomic prediction and heritability estimation

In this study, all GRM were constructed based on the
method proposed by Yang et al. [23]. This method
assumes that all causal variants contribute equally to
heritability. The contribution of a causal variant to herit-
ability can be divided into two parts: the genotype vari-
ance (2p;(1 — p;)) and the effect variance (a%). The equal
contribution of all causal variants to heritability means
that 4> = 2p;(1 — pi)a% of all causal variants are equal.
In Eq. (2), all genotypes of each locus were standard-
ized first, and then XX'/N was used to construct GRM,
which ensured the assumption that each locus contrib-
uted equally to heritability [23]. In this study, the simula-
tion of the effect of the causal variant is consistent with
this assumption (see the Methods section). Therefore,
in the simulation study, if there are no other influencing
factors apart from the allele frequency and the effect of
the causal variant, the GCTA model constructed by the
method of Yang et al. [23] should be unbiased for herit-
ability estimation. As shown by Fig. 2b, when the causal
variants of simulated phenotypes had an average tagging
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level, ie., the causal variants were not affected by LD
heterogeneity among regions, the heritability estimates
based on the Yang et al’s GRM were basically unbiased.
However, when the causal variants of simulated pheno-
types were in either the high LD regions (strongly tagging
level) or low LD regions (weakly tagging level), i.e., the
causal variants were affected by LD heterogeneity among
regions, the estimates of heritability obtained with the
GCTA model were not unbiased (Fig. 2b).

Due to LD heterogeneity among regions, the genetic
contribution of causal variants was overestimated in
high LD regions and underestimated in low LD regions
[9, 29, 30]. Using LDAK to construct the LD-weighted
GRM can increase the weight of weakly tagged SNPs [9],
which is beneficial to genomic prediction and heritability
estimation for traits that are mainly controlled by weakly
tagged causal variants (Fig. 2a, b). LDAK can reduce the
weight of strongly tagged SNPs [9], which is unfavora-
ble for genomic prediction and heritability estimation of
traits that are mainly controlled by strongly tagged causal
variants (Fig. 2a, b). Previous studies have confirmed that
increasing the weight of markers near the causal variants
is beneficial for genomic prediction [22, 24, 31]. For the
simulated phenotypes in this study, all the causal variants
had the same genetic variance, which is consistent with
the assumption of GCTA [23]. Therefore, in the simula-
tion study, MAF does not affect the genetic variance, and
LD heterogeneity among regions has to be accounted
for in the construction of the GCTA-LDS and LDAK-
LDS models [10]. Compared with GCTA and LDAK,
GCTA-LDS and LDAK-LDS can improve the accuracy of
genomic prediction and the unbiasedness of heritability
estimates, regardless of the genetic architecture of the
trait (Fig. 2a, b).

This result confirms that GREML-LDS is effective for
heritability estimation and proves that GREML-LDS is
also beneficial to genomic prediction for livestock popu-
lations. Thus, GCTA-LDS and LDAK-LDS can be used
as reliable models to control LD heterogeneity among
regions, and the LD stratified genomic best linear unbi-
ased prediction (GBLUP) or the single-step GBLUP
models can be constructed based on these methods to
eliminate the adverse effects of LD heterogeneity among
regions and improve the accuracy of genomic prediction
in livestock.

It is generally assumed that the greater is the genetic
variance (or heritability) explained by the model, the
higher is the genomic prediction accuracy [20]. However,
in the literature, there are exceptions to this relation-
ship and for example, Ren et al. [18] reported estimates
of heritability that increased while the genomic predic-
tion accuracies remained unchanged or even decreased.
By performing a joint analysis of the performance of each
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model in terms of genome prediction and heritability
estimation, we found that more the heritability estimates
were unbiased, the higher was the genomic prediction
accuracy (Figs. 2 and 3). Therefore, it is difficult to judge
the prediction performance of the model based on the
heritability estimate, because in reality, the true herit-
ability is difficult to obtain. At the same time, we found
that model fit can be a reliable indicator of model perfor-
mance in genomic prediction and heritability estimation.
That is, the better is the performance of the model for
genomic prediction and heritability estimation, the bet-
ter is the model fit (Figs. 2 and 3). In fact, studies based
on the heritability model usually select models based on
model fit [32].

Models that control LD heterogeneity among regions are
more efficient with high-density data
Due to LD, the level of replicate tagging of SNPs is une-
venly distributed along the genome (Fig. 1b) and (see
Additional file 2: Fig. S1). SNPs in low LD regions have
a lower level of replicate tagging and those in high LD
regions have a higher level of replicate tagging (Table 1).
With the higher-density panel, the differences in the
level of replicate tagging between SNPs in high and low
LD regions increase (Table 1). Thus, increased marker
density leads to underestimation of the genetic variance
of the causal variants in low-LD regions, which results in
reduced genomic prediction accuracy (Fig. 3a) and her-
itability estimates (Fig. 3b). This may be the reason why
previous studies found that genomic prediction accuracy
and heritability estimates decreased as marker density
increased [18, 19]. Similarly, the relative weights of SNPs
in high LD regions of the high-density panel are larger
than those of the medium-density panel. For phenotypes
that are mainly controlled by strongly tagged causal vari-
ants, the genetic contribution of the causal variants in
the high-density panel was overestimated compared to
that in the medium-density panel (Fig. 3e). Therefore, LD
heterogeneity among regions is more obvious in high-
density SNP data and has a greater impact on genome
prediction and heritability estimation based on a high-
density panel. Thus, to efficiently use high-density SNP
data for genomic prediction or heritability estimation, LD
heterogeneity among regions needs to be controlled. The
use of GCTA-LDS or LDAK-LDS to control LD hetero-
geneity among regions can greatly improve the efficiency
of high-density SNP data in genomic prediction and her-
itability estimation (Fig. 3). In contrast, controlling for
the adverse effects of LD heterogeneity among regions
with medium-density SNP data results in less improve-
ment in genomic prediction and heritability estimation
(Fig. 3). Therefore, models that control LD heterogeneity
among regions are more efficient with high-density SNP
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data, which can be used to effectively exploit the poten-
tial of high-density SNP data in genomic prediction and
heritability estimation.

Controlling LD heterogeneity among regions improves
genomic prediction accuracy for dairy cattle traits

The results of the estimation of variance components
based on GREML-LDS showed that the causal variants
of quantitative traits are not evenly distributed among
LD levels (Fig. 4). As discussed above, with an increase in
marker density, the genetic variance of the causal variants
in the low LD regions will be underestimated and that
of causal variants in the high LD regions will be overes-
timated, resulting in a decrease in genomic prediction
accuracy of the models that do not control LD heteroge-
neity among regions. Compared with the medium-den-
sity panel, the genomic prediction accuracies obtained
with the high-density panel decreased by —0.4 to 5.8%,
and the heritability estimates decreased by —1.3 to 3.8%
when using GCTA (see Additional file 1: Tables S2 and
S4). Compared with the simulated traits (Fig. 3a—c), the
prediction accuracies and heritability estimates of some
of the real traits decreased more severely, which may be
due to the complex genetic architecture of real traits.
This is in agreement with results in the literature [18, 30],
which suggest that the use of classical methods that do
not take LD heterogeneity among regions into account
will lead to an increased bias in heritability estimates as
marker density increases. Therefore, classical models are
not appropriate when using whole-genome sequence
data or high-density SNP data.

In contrast to the simulated traits, LDAK-LDS gave the
best genomic prediction results for almost all of the real
dairy traits. In this case, SNPs should not only be grouped
according to LD heterogeneity among regions but the
SNPs in low LD regions should have a greater weight.
Generally, SNPs in low LD regions also have a low MAF,
and this is also true in the bovine genome data (see Addi-
tional file 2: Fig. S4). This means that loci with a low MAF
need a greater weight, which may be related to negative
selection, i.e. the lower the MAF, the larger the effect of
the SNP. Previous studies have found that negative selec-
tion occurs frequently for human [12, 32-34] and cattle
[35] complex traits. LDAK increased the weights of SNPs
in the low LD region and also increased the weights of
SNPs with a low MAF, which may be the reason for the
outstanding performance of LDAK-LDS on real traits.
Although LDAK and GREML-LDS were originally pro-
posed to improve the unbiasedness of heritability esti-
mates [9, 10], these models seem to be more effective
for genomic prediction. For example, controlling for LD
heterogeneity among bovine genomic regions, increased
genomic prediction accuracy based on high-density
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SNP data by 0.3 to 10.7% (Fig. 5), while heritability esti-
mates ranged from — 1.67 to 5.01% (see Additional file 1:
Table S4), with a larger variation in genomic predic-
tion accuracy than in heritability estimates. This may be
because, in the GCTA model, the genetic variance in low
LD regions that is underestimated, is compensated for
by the genetic variance in high LD that is overestimated,
which results in a smaller difference between the herita-
bility estimates obtained with the models that control LD
heterogeneity among regions and the estimates obtained
with the GCTA model. Previous studies have found simi-
lar results [9]. For genome prediction, it is more impor-
tant to accurately assess the genetic contribution of each
genomic region than to estimate the total heritability.
Models that control LD heterogeneity among regions
can avoid underestimation of the genetic contribution
of low LD regions and overestimation of that of high LD
regions, which is very important for genome prediction.

Controlling for LD heterogeneity among regions sig-
nificantly improved the accuracy of genomic predic-
tion based on the high-density panel (Fig. 5), but it did
not improve much compared to that obtained with the
medium-density panel (see Additional file 1: Table S2).
Therefore, for real traits, in addition to LD heterogeneity
among regions, other key factors that affect the accuracy
of genomic prediction and the unbiasedness of herit-
ability estimates should be investigated. For example, the
contribution of rare causal variants to genetic variance
[12, 36], the presence of major genes [37], the distribution
of marker effects [38] and the application of functional
annotation in genomic prediction [39]. In addition, the
combination of the effective methods to control LD het-
erogeneity investigated in this study, with trait-specific
weighting methods [31], is expected to further improve
the accuracy of genomic prediction and unbiasedness of
heritability estimation.

Conclusions

LD heterogeneity among regions has an adverse effect on
genomic prediction and heritability estimation. Dividing
SNPs into multiple LD levels based on regional LD and
constructing an LD-stratified multi-component model
can effectively eliminate the adverse effects of LD het-
erogeneity among regions and improve the accuracy
of genomic prediction and the unbiasedness of herit-
ability estimates. For WGS or high-density SNP data, the
adverse effect of LD heterogeneity among regions is more
obvious, and the LD-stratified multi-component model
can greatly improve the efficiency of using high-density
data in genomic prediction and heritability estimation. In
addition, the model fit can be used as a reliable indica-
tor to measure the performance of the model in genomic
prediction and heritability estimation.
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Additional file 2: Figure S1. Replicate tagging of SNPs on chromosome
29 without and after LD weighting. (a) Represents replicate tagging of
SNPs without LD weighting in the high-density panel (300K). (b) Repre-
sents replicate tagging of SNPs after LD weighting in the high-density
panel. (c) Represents replicate tagging of SNPs without LD weighting in
the medium-density panel (50K). (d) Represents replicate tagging of SNPs
after LD weighting in the medium-density panel. (e) Represents the distri-
bution of replicate tagging of SNPs without LD weighting in the high-den-
sity panel. (f) Represents the distribution of replicate tagging of SNPs after
LD weighting in the high-density panel. (g) Represents the distribution of
replicate tagging of SNPs without LD weighting in the medium-density
panel. (h) Represents the distribution of replicate tagging of SNPs after LD
weighting in the medium-density panel. Figure S2. Performance of GCTA,
LDAK, GCTA-LDS and LDAK-LDS in terms of genomic prediction (a), herit-
ability estimation (b), and model fit (c) for simulated phenotypes that are
controlled by causal variants with different tagging levels. The heritability
of all simulated phenotypes was 0.5. Paired t-test was applied to compare
the difference between models, with P values adjusted by Bonferroni
correction. ***indicates significant differences at P<0.001, ** significant
differences at 0.001 <P<0.01, * significant differences at 0.01 <P <0.05,
and ns indicates no statistically significant difference. Figure S3. Estimated
heritability enrichment of simulated phenotypes in five LD groups.
Phenotypes in (a) to (e) were controlled by very weakly, weakly, averagely,
strongly, and very strongly tagged causal variants, respectively. Estimates
of heritability enrichment were calculated from the GREML-LDS model.
SNPs in the high-density panel were used to construct the GRM used in
GREML-LDS. The red lines represent the true median of heritability enrich-
ment for simulated traits. Figure S4. Relationship between LD score and
minor allele frequency. The 336,977 SNPs in the high-density panel were
used to calculate the LD score. The red line is the regression line across all
336,977 SNPs, its positive gradient, is especially apparent for SNPs with a
MAF <0.2.

Acknowledgements

Thanks to the editor and the two reviewers for their careful review and valu-
able comments, which were of great significance to improve the manuscript
quality. We thank the National Supercomputer Center in Guangzhou for its
computing support. We thank the Vereinigte Informationssysteme Tierhaltung
w.V. for providing the German Holstein dairy cattle data.

Author contributions

77 conceived the study, DR carried out the formal analysis and developed the
methodology, JL and ZZ supervised the study, DR analyzed the results and
wrote the original draft, XC, HY, ZZ, JT and QL supervised the writing and the
editing of the manuscript versions, XD carried out the genotype imputation.
All authors read and approved the final manuscript.

Funding
This research was funded by the National Natural Science Foundation of China
(32022078) and the China Agriculture Research System (CARS-35).

Availability of data and materials

Publicly available datasets were analyzed in this study. The SNP chip data and
the EBV of the 2000 bulls are available at: https://www.g3journal.org/conte
nt/suppl/2015/02/09/93.114.016261.DC1 (accessed on 5 February 2015). The
phenotype simulation script and the regional LD calculation script used in

Page 11 of 12

this study are available at: https://github.com/SCAU-AnimalGenetics/LD-heter
ogeneity/tree/main/simphe and https://github.com/SCAU-AnimalGenetics/
LD-heterogeneity/tree-save/main/regional-LD.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Guangdong Provincial Key Lab of Agro-Animal Genomics and Molecular
Breeding, College of Animal Science, South China Agricultural University,
Guangzhou 510642, China. 2Key Laboratory of Animal Genetics and Breeding
of the Ministry of Agriculture and Rural Affairs, National Engineering Labora-
tory for Animal Breeding, College of Animal Science and Technology, China
Agricultural University, Beijing 100193, China.

Received: 12 November 2021 Accepted: 15 June 2022
Published online: 27 June 2022

References

1. Meuwissen TH, Hayes BJ, Goddard ME. Prediction of total genetic value
using genome-wide dense marker maps. Genetics. 2001;157:1819-29.

2. Erbe M, Hayes BJ, Matukumalli LK, Goswami S, Bowman PJ, Reich CM,
et al. Improving accuracy of genomic predictions within and between
dairy cattle breeds with imputed high-density single nucleotide poly-
morphism panels. J Dairy Sci. 2012;95:4114-29.

3. Fernando RL, Dekkers JC, Garrick DJ. A class of Bayesian methods to
combine large numbers of genotyped and non-genotyped animals for
whole-genome analyses. Genet Sel Evol. 2014;46:50.

4. Yin'L, Zhang H, Zhou X, Yuan X, Zhao S, Li X, et al. KAML: improving
genomic prediction accuracy of complex traits using machine learning
determined parameters. Genome Biol. 2020;21:146.

5. AnB, Liang M, Chang T, Duan X, Du L, Xu L, et al. KCRR: a nonlinear
machine learning with a modified genomic similarity matrix improved
the genomic prediction efficiency. Brief Bioinform. 2021;22:bbab132.

6. LiH, ZhuB, XuL, Wang Z, Xu L, Zhou P, et al. Genomic prediction using

LD-based haplotypes inferred from high-density chip and imputed

sequence variants in Chinese Simmental beef cattle. Front Genet.

2021;12: 665382.

Ye S, Gao N, Zheng R, Chen Z, Teng J, Yuan X, et al. Strategies for

obtaining and pruning imputed whole-genome sequence data for

genomic prediction. Front Genet. 2019;10:673.

Araujo AC, Carneiro PLS, Oliveira HR, Schenkel FS, Veroneze R, Lourenco

DAL, et al. A comprehensive comparison of haplotype-based single-

step genomic predictions in livestock populations with different

genetic diversity levels: a simulation study. Front Genet. 2021;12:

729867.

Speed D, Hemani G, Johnson MR, Balding DJ. Improved heritability

estimation from genome-wide SNPs. Am J Hum Genet. 2012;91:1011-21.

10. Yang J, Bakshi A, Zhu Z, Hemani G, Vinkhuyzen AA, Lee SH, et al. Genetic
variance estimation with imputed variants finds negligible miss-
ing heritability for human height and body mass index. Nat Genet.
2015;47:1114-20.

11. Evans LM, Tahmasbi R, Vrieze S, Abecasis GR, Das S, Gazal S, et al. Compar-
ison of methods that use whole genome data to estimate the heritability
and genetic architecture of complex traits. Nat Genet. 2018;50:737-45.

12. Speed D, Cai N, UCLEB Consortium, Johnson MR, Nejentsev S, Balding
DJ. Reevaluation of SNP heritability in complex human traits. Nat Genet.
2017;49:986-92.

0


https://doi.org/10.1186/s12711-022-00737-3
https://doi.org/10.1186/s12711-022-00737-3
https://www.g3journal.org/content/suppl/2015/02/09/g3.114.016261.DC1
https://www.g3journal.org/content/suppl/2015/02/09/g3.114.016261.DC1
https://github.com/SCAU-AnimalGenetics/LD-heterogeneity/tree/main/simphe
https://github.com/SCAU-AnimalGenetics/LD-heterogeneity/tree/main/simphe
https://github.com/SCAU-AnimalGenetics/LD-heterogeneity/tree-save/main/regional-LD
https://github.com/SCAU-AnimalGenetics/LD-heterogeneity/tree-save/main/regional-LD

Ren et al. Genetics Selection Evolution (2022) 54:47

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

Finucane HK, Bulik-Sullivan B, Gusev A, Trynka G, ReshefY, Loh PR, et al.
Partitioning heritability by functional annotation using genome-wide
association summary statistics. Nat Genet. 2015;47:1228-35.
Vilhjalmsson BJ, Yang J, Finucane HK, Gusev A, Lindstrom S, Ripke S, et al.
Modeling linkage disequilibrium increases accuracy of polygenic risk
scores. Am J Hum Genet. 2015;97:576-92.

Mathew B, Leon J, Sillanpaa MJ. A novel linkage-disequilibrium corrected
genomic relationship matrix for SNP-heritability estimation and genomic
prediction. Heredity. 2018;120:356-68.

Teng J,Huang S, Chen Z, Gao N, Ye S, Diao S, et al. Optimizing genomic
prediction model given causal genes in a dairy cattle population. J Dairy
Sci. 2020;103:10299-310.

Ye S, Song H, Ding X, Zhang Z, Li J. Pre-selecting markers based on
fixation index scores improved the power of genomic evaluations in a
combined Yorkshire pig population. Animal. 2020;14:1555-64.

Ren D, Teng J, Diao S, Lin Q, Li J, Zhang Z. Impact of marker pruning strat-
egies based on different measurements of marker distance on genomic
prediction in dairy cattle. Animals (Basel). 2021;11:1992.

Ober U, Ayroles JF, Stone EA, Richards S, Zhu D, Gibbs RA, et al. Using
whole-genome sequence data to predict quantitative trait phenotypes
in Drosophila melanogaster. PLoS Genet. 2012;8: e1002685.

Li Z, Simianer H. Pan-genomic open reading frames: a potential supple-
ment of single nucleotide polymorphisms in estimation of heritability
and genomic prediction. PLoS Genet. 2020;16: €1008995.

Gao N, Martini JWR, Zhang Z, Yuan X, Zhang H, Simianer H, et al. Incorpo-

rating gene annotation into genomic prediction of complex phenotypes.

Genetics. 2017;207:489-501.

Su G, Christensen OF, Janss L, Lund MS. Comparison of genomic
predictions using genomic relationship matrices built with different
weighting factors to account for locus-specific variances. J Dairy Sci.
2014,97:6547-59.

Yang J, Benyamin B, McEvoy BP, Gordon S, Henders AK, Nyholt DR, et al.
Common SNPs explain a large proportion of the heritability for human
height. Nat Genet. 2010;42:565-9.

Zhang Z, Erbe M, He J, Ober U, Gao N, Zhang H, et al. Accuracy of whole-
genome prediction using a genetic architecture-enhanced variance-
covariance matrix. G3 (Bethesda). 2015;5:615-27.

Browning SR, Browning BL. Rapid and accurate haplotype phasing and
missing-data inference for whole-genome association studies by use of
localized haplotype clustering. Am J Hum Genet. 2007;81:1084-97.
Daetwyler HD, Capitan A, Pausch H, Stothard P, van Binsbergen R,
Brondum RF, et al. Whole-genome sequencing of 234 bulls facilitates
mapping of monogenic and complex traits in cattle. Nat Genet.
2014;46:858-65.

Bulik-Sullivan BK, Loh PR, Finucane HK, Ripke S, Yang J, Schizophrenia
Working Group of the Psychiatric Genomics, et al. LD Score regression
distinguishes confounding from polygenicity in genome-wide associa-
tion studies. Nat Genet. 2015;47:291-5.

Garrick DJ, Taylor JF, Fernando RL. Deregressing estimated breeding val-
ues and weighting information for genomic regression analyses. Genet
Sel Evol. 2009;41:55.

Gusev A, Lee SH, Trynka G, Finucane H, Vilhjalmsson BJ, Xu H, et al. Parti-
tioning heritability of regulatory and cell-type-specific variants across 11
common diseases. Am J Hum Genet. 2014;95:535-52.

Gusev A, Bhatia G, Zaitlen N, Vilhjalmsson BJ, Diogo D, Stahl EA, et al.
Quantifying missing heritability at known GWAS loci. PLoS Genet. 2013;9:
€1003993.

Ren D, An L, Li B, Qiao L, Liu W. Efficient weighting methods for genomic
best linear-unbiased prediction (BLUP) adapted to the genetic architec-
tures of quantitative traits. Heredity. 2021;126:320-34.

Speed D, Holmes J, Balding DJ. Evaluating and improving heritability
models using summary statistics. Nat Genet. 2020;52:458-62.

Zeng J, de Vlaming R, Wu Y, Robinson MR, Lloyd-Jones LR, Yengo L, et al.
Signatures of negative selection in the genetic architecture of human
complex traits. Nat Genet. 2018;50:746-53.

Zeng J, Xue A, Jiang L, Lloyd-Jones LR, Wu Y, Wang H, et al. Widespread
signatures of natural selection across human complex traits and func-
tional genomic categories. Nat Commun. 2021;12:1164.

Zhang Q, Calus MPL, Guldbrandtsen B, Lund MS, Sahana G. Contribution
of rare and low-frequency whole-genome sequence variants to complex
traits variation in dairy cattle. Genet Sel Evol. 2017,49:60.

Page 12 of 12

36. Zhang Q, Sahana G, Su G, Guldbrandtsen B, Lund MS, Calus MPL. Impact
of rare and low-frequency sequence variants on reliability of genomic
prediction in dairy cattle. Genet Sel Evol. 2018;50:62.

37. Grisart B, Coppieters W, Farnir F, Karim L, Ford C, Berzi P, et al. Positional
candidate cloning of a QTL in dairy cattle: identification of a missense
mutation in the bovine DGATT gene with major effect on milk yield and
composition. Genome Res. 2002;12:222-31.

38. Loh PR, Tucker G, Bulik-Sullivan BK, Vilhjalmsson BJ, Finucane HK, Salem
RM, et al. Efficient Bayesian mixed-model analysis increases association
power in large cohorts. Nat Genet. 2015;47:284-90.

39. Zhang Q, Privé F, Vilhjéimsson B, Speed D. Improved genetic prediction of
complex traits from individual-level data or summary statistics. Nat Com-
mun. 2021;12:4192.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Impact of linkage disequilibrium heterogeneity along the genome on genomic prediction and heritability estimation
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Population and genotypes
	Phenotypes
	Simulated phenotypes
	Real dairy cattle traits

	Models for genomic prediction and heritability estimation
	Genome-wide complex trait analysis (GCTA) model
	Linkage disequilibrium adjusted kinship (LDAK) model
	GREML-LDS model

	Model assessment

	Results
	Linkage disequilibrium heterogeneity among regions and uneven tagging of SNPs
	Performance of the different models in terms of genomic prediction and heritability estimation
	Impact of marker density on genomic prediction and heritability estimation
	Application to real dairy cattle traits

	Discussion
	Controlling LD heterogeneity among regions improves genomic prediction and heritability estimation
	Models that control LD heterogeneity among regions are more efficient with high-density data
	Controlling LD heterogeneity among regions improves genomic prediction accuracy for dairy cattle traits

	Conclusions
	Acknowledgements
	References




