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according to the 2023-24 estimates (UPAg 2024). One 
potential cause of this substantial gap is the prevalence 
of acidic soils in the major consumer states, including the 
northeastern hill region (Majumdar et al. 2022). Soil pH 
is a critical factor that defines the differential solubility 
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India stands as the largest consumer of lentil, yet its pro-
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Abstract
Aluminium toxicity and phosphorus deficiency are co-existing characteristics of low pH stress that significantly affect the 
grain yield of crops. The increasing acidity of Indian soils potentially limits the cultivable area for lentil (Lens culinaris), 
the third most widely consumed pulse. Breeding for tolerance requires an understanding of interdependent biological 
responses, but the molecular characterization of integrated tolerance remains elusive. Therefore, this study aimed to inte-
grate high aluminium and low phosphorus stress responsive associations across the genomics, transcriptomics, proteomics, 
and metabolomics of multiple crop species. The overlapping molecular signatures were fine mapped to 23 candidates that 
serve multiple regulatory roles crucial for cellular homeostasis. Most of these genes have not been adequately discussed 
in the context of soil acidity tolerance. Thus, a multi-omics guided regulatory framework was developed to provide new 
insights into tolerance mechanisms. In silico genotyping of 29 lentil genotypes across 588 genes related to transomics 
loci yielded seven nonsynonymous and three synonymous variants likely associated with their differential response to 
stress. The results suggest comprehensive genotyping of multi-omics specific targets to identify potential candidates for 
marker-trait association studies. In conclusion, data-driven exploratory analysis of multi-omics variants highlights poten-
tial biomarkers as targets for genetically improving complex biological traits.
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Molecular signatures that translate across omics layers and crops 
under high aluminium and low phosphorus stress facilitate the 
identification of reliable molecular targets for genotyping in lentil
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of aluminium (Al) and phosphorus (P) (Zhao et al. 2023). 
Consequently, Al toxicity and P deficiency are the most sig-
nificant co-occurring problems that hinder crop productivity 
in low pH soils (Penn and Camberato 2019). As the solu-
bility of aluminium increases, the mobility of phosphorus 
decreases. This leads to high Al bound root injuries that dis-
rupt the root-soil interface, accompanied by limited plant 
growth due to low phosphorus availability under low pH 
conditions (Gessa et al. 2005). While liming and phospho-
rus fertilization may seem effective, they may not provide a 
sustainable solution in the long term (Holland et al. 2019; 
Solangi et al. 2023). Therefore, breeding improved cultivars 
that are inherently adaptable to unfavourable environments 
will pave the way for resilient and sustainable agriculture.

Associated morphological traits of tolerance primar-
ily focus on root architectural characteristics (Singh et al. 
2012; Kulkarni et al. 2021; Ramtekey et al. 2021; Aski et 
al. 2022). QTL analysis across different crops has identi-
fied major transporters that regulate uptake and transloca-
tion. Among the significant loci associated with aluminium 
tolerance in lentil, qAlt_ma (Singh et al. 2021) and qAlt_fs 
(Singh et al. 2018) were mapped for malate secretion and 
callose accumulation, respectively. Phosphorus uptake 1 
(Pup1) (Wissuwa et al. 2002) was identified for high phos-
phorus use efficiency (PUE) in rice. Several transcriptional 
regulators have been mapped as causal genetic factors of 
tolerance from transcriptome assays. Aluminum-activated 
malate transporter 1 (ALMT1) (Sasaki et al. 2004), alu-
minium sensitive 1 (ALS1) (Larsen et al. 2005), multidrug 
and toxic compound extrusion (MATE) (Magalhaes et al. 
2007), sensitive to proton rhizotoxicity 1 (STOP1) (Iuchi et 
al. 2007), sensitive to Al rhizotoxicity 1 (STAR1) (Huang et 
al. 2009), and Al resistance transcription factor 1 (ART1) 
(Yamaji et al. 2009) are the aluminium inducible genes 
reported as candidates for improving aluminium tolerance. 
Phosphorus-starvation tolerance 1 (PSTOL1) (Gamuyao 
et al. 2012), phosphate transporter 1 (PHT1) (Shin et al. 
2004), pin-formed 1 (PIN3) (Lian et al. 2023), growth regu-
lating factor 10 (GRF10) (Wang et al. 2024a, b), phosphate 
starvation response 1 (PHR1) (Rubio et al. 2001), PHO1 
(Hamburger et al. 2002), and purple acid phosphatase 
(PAP) (Tran et al. 2010) are low P inducible genes reported 
as targets for improving phosphorus deficiency tolerance.

Despite notable advancements in understanding molecu-
lar mechanisms, practical applications face various chal-
lenges. Crop yield, the ultimate goal of improvement under 
stress, is influenced by numerous constraints that operate 
both spatially and temporally (Soriano et al. 2021). Plants 
respond to these variable constraints through interdepen-
dent molecular gradients, whose relationships are similarly 
defined by spatial and temporal factors (Roychowdhury et 
al. 2023). Current molecular perspectives on Al stress are 

mostly centered around detoxification and sequestration 
(Kocjan et al. 2024), while responses to reduced phosphorus 
mobility are geared towards solubilization and reallocation 
(Ojeda et al. 2022). The exploration of overlapping genetic 
factors responsible for adaptive responses to both Al toxic-
ity and P deficiency remains uncharted territory. Addition-
ally, the efficiency of related genetic factors seems to rely 
heavily on genetic background (Gu et al. 2016). Failing to 
properly account for genetic heterogeneity can obscure the 
fundamental concept of stress biology. This oversight can 
cause our years of experimentation to yield spurious asso-
ciations and conclusions relevant to limited genetic back-
grounds. Therefore, identifying potential mechanisms for 
enhancing combined tolerance necessitates an understand-
ing of complex genetic causation.

Recently, it has been acknowledged that broadening bio-
logical inferences to a multi-modal context enhances our 
understanding of the mechanisms underlying tolerance, 
which is instrumental in developing effective resilience 
(Hasin et al. 2017; Mersha et al. 2021). In this context, the 
present study aimed to identify promising molecular targets 
for genotyping in lentil. Understanding the genetic architec-
ture of complex adaptive traits while considering biological 
heterogeneity demands a multimodal approach. Therefore, 
the objectives of this study include identifying overlapping 
molecular signals across multiple omics layers and crops in 
response to high Al and low P stress, pinpointing lentil ortho-
logs for prioritized transomics loci, and genotyping selected 
genes, including their related genes across the genome, by 
utilizing relevant Sequence Read Archive (SRA) accessions 
of lentil. Consequently, we extended our search beyond the 
Lens genus for molecular information concerning high Al 
and low P stress. Candidate genes associated with combined 
tolerance were recognized through a meta-analysis of rep-
resentative multi-omics data across various crop species. 
This investigation was further expanded to identify single 
nucleotide variants (SNVs) with predictable effects on the 
candidate loci.

Methodology

Multi-omics data retrieval, processing and filtering

A comprehensive literature mining was conducted to exam-
ine studies on low pH stress response across various crop 
species, focusing specifically on high aluminium and low 
phosphorus stress. All representative data available from the 
earliest records through 2023 were included in the search. 
Genomics, transcriptomics, proteomics, and metabolomics 
comprised the representative omics layers in this compila-
tion. The genomic datasets included associated markers, 
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QTLs (Quantitative trait loci), and causal GWAS (Genome 
Wide Association Study) variants. Differentially expressed 
genes (DEGs), differentially available proteins (DAPs), and 
differentially abundant metabolites (DAMs) represented the 
datasets for transcriptomics, proteomics, and metabolomics, 
respectively. Crop models from which data were curated 
include rice, wheat, maize, barley, Sorghum, switchgrass, 
soybean, lentil, chickpea, peanut, alfalfa, stylo, hydrangea, 
citrus, parrot’s feather, Masson’s pine, pepper, tomato, triti-
cale, aspen, Chinese fir, rapeseed, rubber, popcorn, Arabi-
dopsis, buckwheat, and common bean. Associated QTLs, 
markers, and GWAS variants for various traits responsive 
to high aluminium and low phosphorus stress were curated 
from studies across multiple crop species. Primer-BLAST 
(​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​m​​.​n​i​​h​.​g​​o​v​/​​t​o​o​​l​s​/​p​​r​i​​m​e​r​-​b​l​a​s​t​/) from 
the National Center for Biotechnology Information (NCBI) 
was utilized to identify the genomic coordinates of associ-
ated genomic variants/loci using the forward and reverse 
primer sequences of flanking/associated markers. To align 
these heterogeneous genomic intervals among distant crop 
species, the genomic data viewer (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​n​l​m​​.​n​i​​
h​.​g​​o​v​/​g​d​v) from NCBI was employed to locate the ​a​n​n​o​t​a​
t​e​d gene models present within or near associated signals. 
For crops whose genomic data were not updated in NCBI, 
respective crop specific genomic databases were used. 
These additional crop-specific databases include EMBL-
EBI (https://www.ebi.ac.uk/), Phytozome (​h​t​t​p​​s​:​/​​/​p​h​y​​t​o​​z​o​m​​
e​-​n​e​​x​t​.​​j​g​i​​.​d​o​e​.​g​o​v​/), Gramene (https://www.gramene.org/), 
rap-db (​h​t​t​p​​s​:​/​​/​r​a​p​​d​b​​.​d​n​a​.​a​f​f​r​c​.​g​o​.​j​p​/), Rice Genome ​A​n​n​o​

t​a​t​i​o​n Project (https://rice.uga.edu/), MaizeGDB ​(​​​h​t​t​p​s​:​/​/​w​
w​w​.​m​a​i​z​e​g​d​b​.​o​r​g​/​​​​​)​, BRAD (https://brassicadb.cn/), TAIR 
(https://www.arabidopsis.org/), SoyBase ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​s​o​
y​b​a​s​e​.​o​r​g​/​​​​​)​, GrainGenes (​h​t​t​p​​s​:​/​​/​w​h​e​​a​t​​.​p​w​.​u​s​d​a​.​g​o​v​/​G​G​3​
/), KnowPulse (https://knowpulse.usask.ca/), and PulseDB 
(https://www.pulsedb.org/). To reduce the computational 
burden of large datasets, DEGs, DAPs, and DAMs with 
log2FC ≥ 2 and p-value < 0.01 were designated as thresholds 
for meta-analysis. Table S1 includes the data that had been 
curated, processed, and filtered. Figure 1 illustrates the stra-
tegic workflow executed for this study.

Meta-analysis

The strategy for this multi-omics analysis was primarily 
inspired by the concept of ortho-MQTL as explored in a 
study on the dissection of meta-QTL (Khahani et al. 2021). 
Additionally, the issue of heterogeneity between the metab-
olome and the other omics datasets was addressed through 
pathway enrichment of genes involved in metabolite path-
ways, as referenced by Maan et al. (2023). To identify 
consensus gene models of associated genomic loci across 
multiple crop species, the genome of Arabidopsis thaliana 
served as the common reference. The BLASTn (​h​t​t​p​​s​:​/​​/​b​l​a​​
s​t​​.​n​c​​b​i​.​n​​l​m​.​​n​i​h​​.​g​o​v​/​B​l​a​s​t​.​c​g​i) algorithm from NCBI was ​u​t​
i​l​i​z​e​d to identify orthologous gene models between distinct 
crop species. Genomic intervals overlapping with Arabi-
dopsis gene models were defined as meta-genomic loci. The 
meta-analysis of transcriptomic responses was conducted 

Fig. 1  Graphic summary of enrichment strategy to identify multi-nodal transomics patterns
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findings have suggested tolerant model crops (Zhu et 
al. 2002; Gallon et al. 2004; Shen et al. 2006; Du et al. 
2009; Guo et al. 2009; Jessy et al. 2009; Ma et al. 2023) 
and sensitive model crops (Wang et al. 2006; Langer et 
al. 2009) for Al toxicity and P deficiency under low soil 
pH stress. Accordingly, buckwheat, rubber, stylo, and 
parrot’s feather have been considered tolerant model 
species, While barley and alfalfa are regarded as sensi-
tive models.

Based on these five modalities (Fig.  2), primary determi-
nants were prioritized from aligned loci across multiple 
omics gradients. These causal factors were considered 
MTOCL (Multi-nodal Trans-Omics based Candidate Loci).

Determination of gene orthologs and 
summarization of GO annotations

Gene orthologs of identified transomics loci in Lens culina-
ris were identified using BLASTn (​h​t​t​p​​s​:​/​​/​k​n​o​​w​p​​u​l​s​​e​.​u​s​​a​s​k​​.​
c​a​​/​b​l​​a​s​t​​/​n​u​c​​l​e​​o​t​i​d​e​/​n​u​c​l​e​o​t​i​d​e) of KnowPulse database. The 
parameters of choice for alignment were set to a maximum 
threshold for e-value (1 ×  of 1 × 10⁻⁶) and a word size of 28 
to ensure maximum coverage, as recommended by Moreno-
Hagelsieb and Latimer (2008). The top hits were regarded 
as the respective gene orthologs in lentil. Gene ontology 
(GO) annotations for these orthologs were collected from 
Phytozome (​h​t​t​p​​s​:​/​​/​p​h​y​​t​o​​z​o​m​​e​-​n​e​​x​t​.​​j​g​i​​.​d​o​e​.​g​o​v​/) and ​U​n​
i​p​r​o​t (https://www.uniprot.org/) using the gene identifiers 
provided in the gene attributes track (​h​t​t​p​​s​:​/​​/​k​n​o​​w​p​​u​l​s​​e​.​u​s​​a​
s​k​​.​c​a​​/​j​b​​r​o​w​​s​e​/​L​​e​n​​s​-​c​u​l​i​n​a​r​i​s​/​2) of the KnowPulse database. 
Concurrently, these orthologs were assigned to gene fami-
lies based on information archived in Uniprot. The BLAST-
based method (Zhang et al. 2020) was utilized to identify 
all other genes belonging to the family of the transomics-
based candidate genes. Alignment was performed using the 
default parameters of BLASTn in the KnowPulse database. 
BLAST hits with bit-scores > 80 were considered members 
of the same gene family (Table S3), which was stringent 
beyond the ideal threshold of 50 (Pearson 2013).

In silico genotyping of identified biomarkers

The investigation was further extended to identify sin-
gle nucleotide variants that predictably impact the vari-
able expressivity of multi-omics variants. Precoz, L4076, 
ILL7537, WBL77, BM4, L830, ILWL118, IPL220, and 
ILL7663 were selected as susceptible genotypes based on 
previous studies characterizing their response to Al toxicity 
and P deficiency. Accordingly, Northfield, Boomer, Cassab, 
PBA Ace, ILL6002, ILL6788, Indian Head, L4147, DPL62, 
PDL1, L4602, Digger, ILL358, ILL7979, ILL7978, JL3, 

by curating transcriptomic experiments from the past two 
decades across various crop species under high aluminum 
and low phosphorus stress. The transcript sequences of 
filtered transcripts were retrieved from crop-specific data-
bases and further analyzed for collinearity among distant 
crop models using the BLASTn algorithm from NCBI. 
The transcriptome of Arabidopsis thaliana was consid-
ered a common platform to align these distinct transcripts 
that are commonly accumulated across diverse crop spe-
cies in response to low pH stress. A similar workflow was 
employed to identify proteins that respond to low pH stress 
across plant taxa, with Arabidopsis thaliana as the reference 
proteomic platform. The BLASTp tool was used to align the 
retrieved protein sequences of DAPs. The meta-analysis of 
metabolomic datasets was conducted differently from other 
omics layers. Given that metabolomic identifiers are often 
too distinct to overlap across studies, integration focused on 
the genes involved in the biochemical pathways of DAMs. 
BioCyc (https://biocyc.org/), MetaCyc ​(​​​h​t​t​p​s​:​/​/​m​e​t​a​c​y​c​.​o​r​
g​/​​​​​)​, AraCyc (​h​t​t​p​​s​:​/​​/​w​w​w​​.​p​​l​a​n​​t​c​y​c​​.​o​r​​g​/​d​​a​t​a​​b​a​s​​e​s​/​a​​r​a​​c​y​c​/​1​
5​.​0), PlantCyc (https://www.plantcyc.org/), and PubChem 
(​h​t​t​p​​s​:​/​​/​p​u​b​​c​h​​e​m​.​​n​c​b​i​​.​n​l​​m​.​n​​i​h​.​g​o​v​/) served as reference 
databases for retrieving information on biochemical path-
ways involving DAMs. AraCyc was the primary platform 
for identifying overlapping Arabidopsis genes associated 
with the biochemical pathways of DAMs. The identifiers of 
the scrutinized meta-genomic, meta-transcriptomic, meta-
proteomic, and meta-metabolomic signals from each omics 
layer were converted into common gene identifiers using 
the ID conversion tool of the DAVID Knowledgebase (​h​t​t​p​​s​
:​/​​/​d​a​v​​i​d​​b​i​o​​i​n​f​o​​r​m​a​​t​i​c​​s​.​n​i​h​.​g​o​v​/). The processed data at each 
step of integration was tabulated in Table S2.

The common biological signals from individual omics 
layers converge through multiple nodes into single multi-
omics loci. The various nodes of this multi-modal frame-
work include:

1.	 Multiple representations across studies: The associated 
molecular variants must be frequently represented in 
various studies.

2.	 Inducibility to high Al and low P: The associated sig-
nals must be responsive to both high aluminium and 
low phosphorus stress.

3.	 Multi-omics translation: The overlapping molecular 
signals must be translated across the biological layers 
with at least three omics layers involved.

4.	 Cross-species validation: The causal factors should be 
primarily observed in legumes, followed by other crop 
species.

5.	 Pattern congruence with model species: The associ-
ated molecular patterns must align with those observed 
in low pH sensitive or tolerant crop models. Several 
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a​m​t​​o​o​l​​s​/​s​​a​m​t​​o​o​l​s​​/​i​​s​s​u​e​s​/​2​9​8), and the identified SNPs were 
filtered with the default threshold settings of bcftools (​h​t​t​
p​​s​:​/​​/​s​a​m​​t​o​​o​l​s​​.​g​i​t​​h​u​b​​.​i​o​​/​b​c​​f​t​o​​o​l​s​/​​h​o​​w​t​o​​s​/​v​a​​r​i​a​​n​t​-​​c​a​l​l​i​n​g​.​h​t​m​
l). Genotypic imputations at non-variant sites were retained 
during filtering (​h​t​t​p​​s​:​/​​/​s​a​m​​t​o​​o​l​s​​.​g​i​t​​h​u​b​​.​i​o​​/​b​c​​f​t​o​​o​l​s​/​​b​c​​f​t​o​​
o​l​s​.​​h​t​m​​l​#​e​​x​p​r​e​s​s​i​o​n​s) to compare allelic configurations 
between the individuals.

A genotypic matrix was compiled for all 29 genotypes 
using imputed data, including curated data. The allelic fre-
quencies of the reference allele (A) and SNP (B) were calcu-
lated independently for tolerant and susceptible genotypes 
using the following formula:

Frequency of A allele = Number of genotypes having A allele
Total number of genotypes

Frequency of B allele = Number of genotypes having B allele
Total number of genotypes

A chi-square test to determine significant associations was 
not performed due to the limited number of genotypes sam-
pled. Allelic frequencies exceeding the Mendelian expecta-
tion of 0.5 (Hardy 1908) were considered as deviating allelic 
frequencies, as recommended by Feller et al. (2024). SNPs 
co-segregating with more than 50% of the individuals were 

PDL2, ILL4605, ILL5722, and ILL5883 were identified as 
tolerant genotypes. The genotypic information for DPL62, 
ILL358, ILL4605, ILL5722, ILL5883, ILL7663, ILL7978, 
ILL7979, ILWL118, IPL220, and BM4 was curated using 
the genomic coordinates of genes from the genotype matrix 
browser (​h​t​t​p​​s​:​/​​/​k​n​o​​w​p​​u​l​s​​e​.​u​s​​a​s​k​​.​c​a​​/​c​h​​a​d​o​​/​g​e​n​​o​t​​y​p​e​/​L​e​n​
s) of the KnowPulse database. The genotypic information 
for the remaining 18 genotypes was imputed by assembling 
their raw sequence datasets archived in the SRA of NCBI.

Paired-end FASTQ files of SRA accessions were retrieved 
using the SRA toolkit, configured from the terminal (​h​t​t​p​​s​:​
/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​n​​c​b​i​​/​s​r​​a​-​t​​o​o​l​​s​/​w​i​​k​i​​/​0​2​​.​-​I​n​​s​t​a​​l​l​i​​n​g​-​S​R​A​-​T​o​o​l​k​i​
t). The FASTQ format was converted to FASTA for faster 
alignment using SED commands (​h​t​t​p​​s​:​/​​/​b​i​o​​i​n​​f​o​r​​m​a​t​i​​c​s​w​​o​
r​k​​b​o​o​​k​.​o​​r​g​/​d​​a​t​​a​W​r​​a​n​g​l​​i​n​g​​/​f​a​​s​t​a​​q​-​m​​a​n​i​p​​u​l​​a​t​i​​o​n​s​/​​c​o​n​​v​e​r​​t​i​n​​g​
-​f​​a​s​t​q​​-​f​​o​r​m​​a​t​-​t​​o​-​f​​a​s​t​​a​.​h​t​m​l​#​g​s​c​.​t​a​b​=​0). Raw sequence data 
was then aligned to the reference genome of lentil, Lens 
culinaris: CDC Redberry Genome Assembly v2.0 (​h​t​t​p​​s​:​/​​
/​k​n​o​​w​p​​u​l​s​​e​.​u​s​​a​s​k​​.​c​a​​/​b​i​o​_​d​a​t​a​/​2​6​9​0​9​0​4). Reference-based 
paired-end sequence alignments were performed by execut-
ing BWA commands on a LINUX terminal (​h​t​t​p​​s​:​/​​/​h​c​c​​.​u​​n​l​
.​​e​d​u​/​​d​o​c​​s​/​a​​p​p​l​​i​c​a​​t​i​o​n​​s​/​​a​p​p​​_​s​p​e​​c​i​f​​i​c​/​​b​i​o​​i​n​f​​o​r​m​a​​t​i​​c​s​_​​t​o​o​l​​s​/​a​​l​
i​g​​n​m​e​​n​t​_​​t​o​o​l​​s​/​​b​w​a​/​r​u​n​n​i​n​g​_​b​w​a​_​c​o​m​m​a​n​d​s​/). Variant ​c​a​l​
l​i​n​g was carried out using SAMtools (​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​s​​

Fig. 2  Five decisive nodes for 
prioritizing transomics based 
candidate loci

 

1 3

Page 5 of 17     52 

https://github.com/samtools/samtools/issues/298
https://samtools.github.io/bcftools/howtos/variant-calling.html
https://samtools.github.io/bcftools/howtos/variant-calling.html
https://samtools.github.io/bcftools/howtos/variant-calling.html
https://samtools.github.io/bcftools/bcftools.html#expressions
https://samtools.github.io/bcftools/bcftools.html#expressions
https://knowpulse.usask.ca/chado/genotype/Lens
https://knowpulse.usask.ca/chado/genotype/Lens
https://github.com/ncbi/sra-tools/wiki/02.-Installing-SRA-Toolkit
https://github.com/ncbi/sra-tools/wiki/02.-Installing-SRA-Toolkit
https://github.com/ncbi/sra-tools/wiki/02.-Installing-SRA-Toolkit
https://bioinformaticsworkbook.org/dataWrangling/fastaq-manipulations/converting-fastq-format-to-fasta.html#gsc.tab=0
https://bioinformaticsworkbook.org/dataWrangling/fastaq-manipulations/converting-fastq-format-to-fasta.html#gsc.tab=0
https://bioinformaticsworkbook.org/dataWrangling/fastaq-manipulations/converting-fastq-format-to-fasta.html#gsc.tab=0
https://knowpulse.usask.ca/bio_data/2690904
https://knowpulse.usask.ca/bio_data/2690904
https://hcc.unl.edu/docs/applications/app_specific/bioinformatics_tools/alignment_tools/bwa/running_bwa_commands/
https://hcc.unl.edu/docs/applications/app_specific/bioinformatics_tools/alignment_tools/bwa/running_bwa_commands/
https://hcc.unl.edu/docs/applications/app_specific/bioinformatics_tools/alignment_tools/bwa/running_bwa_commands/
https://github.com/samtools/samtools/issues/298


Functional & Integrative Genomics           (2025) 25:52 

for validation in the lentil model. Table S2 includes the pro-
cessed data at every step of the meta-analysis.

Lentil orthologs of multi-modular patterns 
may serve as potential modulators of cellular 
homeostasis

BLAST (Basic Local Alignment Search Tool) alignment of 
selected MTOCL with the Lens culinaris genome determined 
the corresponding lentil orthologs, showing a similarity per-
centage ranging from 43 to 85% (Fig. 5). The observed lower 
identity may indicate greater sequence divergence between 
Arabidopsis thaliana and Lens culinaris during evolution. 
Referring to information curated in the UniProt database, 
these 23 lentil genes were assigned to 19 distinct gene families. 
Typically, the identified transomics loci are key regulators of 
cellular homeostasis. O-methyltransferase (OMT), Glycerol-
3-phosphate 2-O-acyltransferase (GPAT), Phosphopyruvate 
hydratase (PPH), Glycerolipase (GL), Cytochrome P450 
(CYP450), Heat shock protein 70 (HSP70), Transmembrane 
and coiled-coil protein (TMCO), Tyrosine aminotransferase 
(TAT), Gibberellin receptor (GID1), Thiazole biosynthetic 
enzyme (THI), Flavin-containing monooxygenase (FMO), 
and Cinnamyl alcohol dehydrogenase-like protein (CAD) are 
genes that have not been previously discussed as key regu-
lators of soil acidity tolerance, providing novel insights into 
high Al and low P tolerance mechanisms. Meanwhile, Per-
oxidase (POD), Phenylalanine ammonia lyase (PAL), UDP-
glycosyltransferase (UGT), Glutathione S-transferase (GST), 
and Purple acid phosphatase (PAP) are the genes frequently 
mentioned among the identified multi-omics signatures. The 
roles of TMCO have yet to be characterized for their biologi-
cal relevance in this study.

Figure  6 illustrates the annotated functions and related 
pathways of these genes, with foundational information 
accessed from the Gene Ontology (GO) annotations listed 
in UniProt and pathways curated in the PANTHER data-
base. Charting the underlying signaling networks, lipid 
signaling appears to be primarily involved, followed by 
phytohormonal regulatory networks. The immediate bio-
logical implications of lipid signaling in abiotic stress may 
encompass plasma membrane integrity and secondary cell 
wall maturation. Plasma membrane integrity can be main-
tained either directly through lipid remodeling mechanisms 
or indirectly through ROS detoxification. Secondary cell 
wall maturation may be regulated by altering its composi-
tion through cutinization and suberization. Genes associ-
ated with phytohormonal activities regulate root and leaf 
growth by influencing the cell cycle and energy signaling. 
Moreover, optimal growth in the face of nutrient imbal-
ance is likely supported by inducing membrane transport-
ers responsible for nutrient mobilization. Given the various 

therefore regarded as probable associations with Al toxicity 
and a low P stress response. The impacts of SNPs on gene 
translation were predicted by translating alternate reading 
frames using the translate tool in the Sequence Manipula-
tion Suite (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​n​f​o​r​​m​a​t​​i​c​s​​.​o​r​g​/​s​m​s​2​/). The 
standard genetic code was chosen to translate on the direct 
template. Table S4 contains curated and called SNP data.

Results

Genomic and pathway collinearity based cross-
species coordination model for meta-analysis of 
multi-omics datasets

The current exploratory data analysis involved a systematic 
search for evidence on high Al and low P stress across vari-
ous crop models. A total of 134 references were curated from 
the earliest records through 2023, of which only 124 were 
included in the data integration process. The difficulty in 
retrieving genomic information and the absence of overlap-
ping patterns with other crop models led to the exclusion of 
10 studies. Information on filtered variants from independent 
studies is tabulated in Table S1. In total, 23,779 molecular vari-
ants across distinct omics platforms were sampled, of which 
only 18,759 variants were retained after filtering. The sampled 
variants were from 24 different crop models, with only four 
models (rice, soybean, maize, and wheat) represented across all 
the omics layers. Therefore, to balance these biased datasets, 
variants with multiple representations within each omics layer 
were considered for the final mapping of multi-omics loci.

Common molecular patterns identified within each omics 
scale included 6,893, 1,620, 75, and 903 from genomics, 
transcriptomics, proteomics, and metabolomics, respec-
tively. The heterogeneity resulting from cross species repre-
sentation was resolved through the genomic collinearity of 
each variant with the transcriptome of Arabidopsis thaliana. 
The overlapping top Arabidopsis hits for each variant at a 
single omics level were ultimately mapped onto 51 transo-
mics loci. The heterogeneity caused by molecular gradients 
across omics layers was addressed through pathway col-
linearity of each variant with their associated gene models 
at different biological scales. Consensus maps correspond-
ing to the respective data integration steps are illustrated in 
Fig. 3. Finally, a total of 23 candidate genes were prioritized 
over the identified transomics loci based on their validity 
across five decisive nodes (multiple representations across 
studies, inducibility to high Al and low P, variability trans-
lating through omics gradient, cross-species representation, 
and pattern congruence with crops considered as tolerant 
and susceptible models). Figure 4 presents multi-nodal tran-
somics-based candidate loci (MTOCL) that were selected 
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information was then imputed by aligning with the Lens culi-
naris: CDC Redberry genome v2 using BWA MEM codes, 
followed by SAMtools and bcftools. In addition to these fil-
tered variants from assembling SRA accessions, genotypic 
data for the remaining 12 genotypes were obtained from 
the genotype matrix browser of the KnowPulse database. 
Details of accession numbers and SNPs identified and col-
lected for each accession are tabulated in Table S4. Geno-
typic information at non-variant sites was also retained for 
comparisons between individuals. Precoz, L4076, ILL7537, 
WBL77, BM4, L830, ILWL118, IPL220, and ILL7663 
have frequently been characterized as susceptible in studies 
on high Al and low P stress. In contrast, Northfield, Boomer, 
Cassab, PBA Ace, ILL6002, ILL6788, Indian Head, L4147, 
DPL62, PDL1, L4602, Digger, ILL358, ILL7979, ILL7978, 

contributions of these genes to plastic phenotypes, members 
of the corresponding gene families were targeted to cap-
ture the underlying functional diversity. By considering bit 
scores above 80 as ideal BLAST hits for inferring homol-
ogy, all related genes within their respective gene families 
were identified, resulting in a total of 588 genes (Table S3).

Assembling low pH stress responsive SRA 
datasets calls putative SNPs likely associated with 
differential responses to stress

Paired-end FASTQ files of 17 SRA accessions with known 
responses to high Al and low P were retrieved from the 
National Centre for Biotechnology Information (NCBI) 
using the SRA toolkit configured in the terminal. Genotypic 

Fig. 3  Circos plots depicting the meta-analysis of multi-omics vari-
ants. A: Multi-genomics map illustrating high Al and low P asso-
ciations. The outer track indicates the positions of QTLs, associated 
markers, and GWAS variants corresponding to the crop genomes. 
The second track summarizes the number of studies, associated traits, 
variants, genes, multi-genomic variants, and overlaps for each crop 
in a clockwise direction. The inner track displays only the overlap-
ping multi-genomic variants across studies. B: Multi-transcriptomics 
map of high Al and low P stress responses. Bidirectional bars in the 
outer track represent log2FC values of upregulated and downregulated 
genes in red and blue, respectively. Horizontally clustered columns 
in the second track indicate the number of multi-transcriptomic vari-
ants in each crop. The inner track represents studies with overlapping 
transcriptomic responses. C: Multi-proteomics map of DAPs under 

Al toxicity and P deficiency. Bidirectional bars in the outer track 
express log2FC values of upregulated and downregulated proteins in 
red and blue, respectively. The second track presents bar graphs for 
the number of multi-proteomic variants identified for each crop. The 
inner track denotes studies with overlapping proteomic responses. D: 
Multi-metabolomics map of high Al and low P responsive metabo-
lites. Bidirectional bars in the outer track illustrate log2FC values of 
upregulated and downregulated metabolites in red and blue, respec-
tively. Horizontally clustered columns in the second track signify the 
number of multi-transcriptomic variants in each crop. The inner track 
displays each crop’s overlapping genes involved in metabolite-depen-
dent pathways. In all maps, links connect recurring patterns between 
studies. Purple and green colours distinguish high Al studies from low 
P studies

 

1 3

Page 7 of 17     52 



Functional & Integrative Genomics           (2025) 25:52 

variable phenotypic responses to stress can help identify 
markers associated with trait variation. The identified mark-
ers ultimately enhance the utility of marker-assisted selec-
tion in improving cultivars for tolerance.

Discussion

Maximizing the potential utility of legumes (Ferguson et al. 
2013) in acidic soils faces significant limitations, particularly 
in lentil, which is highly sensitive (Ryan 2018) to low pH. 
Improving resilience to low pH stress relies on interdependent 
regulatory mechanisms (Liang et al. 2013) manifested against 
high Al and low P problems (Gessa et al. 2005) of low soil 
pH. Unlike salinity and drought tolerance, tolerance to acidic 
stress has not been adequately addressed. Furthermore, lentil 
is the least studied crop among those sensitive to low pH. The 
proposed method of utilizing a multi-omics design to iden-
tify reliable targets is inherently challenging because, unlike 
human models, there are no established datasets for multi-
omics analysis in crops. Furthermore, the datasets are highly 
heterogeneous, complicating data integration with existing 

JL3, PDL2, ILL4605, ILL5722, and ILL5883 were identi-
fied as tolerant. References supporting this categorization 
are tabulated in Table 1. After comparing the alleles among 
individuals, 109 comparable sites were found, of which only 
22 sites displayed alternate alleles (reference allele/SNP) 
between the tolerant and susceptible groups. The genotype 
matrix of those variant sites is shown in Fig. 7.

Based on the differences in allelic frequencies between 
tolerant and susceptible genotypes, ten SNPs are identified 
as likely candidates for follow-up marker-trait association 
studies. The allelic frequencies of these SNPs co-segregate 
with more than 50% of individuals in both the tolerant 
and susceptible groups (Fig.  8). However, the statistical 
significance of their association has not been established 
due to the limited number of sampled genotypes. These 
ten SNPs are still valuable, as they are exonic, including 
seven non-synonymous and three synonymous SNPs, when 
their respective reading frames are translated using a bio-
informatics tool called the Sequence Manipulation Suite. 
Table 2 displays supporting impact predictions of SNPs on 
gene products. Given the wide range of possibilities, target-
ing multi-omics signatures in genotyping populations with 

Fig. 4  Circos plot illustrating the 
multi-modality representation of 
transomics loci. Track 1, featur-
ing dark purple cells, represents 
prioritized transomics loci with 
highlighted gene labels. Light 
purple cells from tracks 2 to 11 
signify the existence of repre-
sentations under high Al stress, 
low P stress, genomics, transcrip-
tomics, proteomics, metabolo-
mics, tolerant models, sensitive 
models, legume species, and 
other distant species, respectively
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Fig. 6  Gene ontology plot of 
prioritized transomics loci. Dark 
gray cells indicate biological 
functions associated with genes

 

Fig. 5  Lollipop plot illustrating 
BLASTn similarity indices of 
lentil orthologs
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Enzymes in this group are key regulators of flavonoid (Zhao 
et al. 2024) and lignin (Cai et al. 2023) biosynthesis pathways. 
They transfer methyl groups from S-adenosyl-L-methionine 
(SAM) to organic compounds found in flavonoids and lignins. 
The adaptive response may primarily include the lignifica-
tion of cell walls and vascular tissues. Additionally, there are 
changes in levels of secondary metabolites like melatonin, 
which has multiple positive effects (Khan et al. 2024) such 
as increased chlorophyll and carotenoid levels, along with 
reduced damage from oxidative stress markers. Therefore, 

correlation and Bayesian approaches. This study elucidated 
the molecular networks that regulate combined tolerance 
through a multi-omics model based on genomic and pathway 
collinearity for a crop with very few molecular references. The 
23 transomics loci identified as a result are key regulators of 
cellular homeostasis. The majority of these genes are rarely 
discussed as critical determinants of low pH tolerance, provid-
ing novel insights into tolerance, as discussed further.

OMTs are a highly represented molecular group across 
multiple studies from various omics and crop species. 

Genotypes Response to stress References
High Al Low P High Al Low P

Precoz - Susceptible Devi et al. (2021) Ramtekey et al. (2021)
Ganguly et al. (2021)

L4076 Susceptible Susceptible Singh et al. (2016)
Singh et al. (2012)

Ramtekey et al. (2021)
Ganguly et al. (2021)

ILL7537 Susceptible - Kulkarni et al. (2021)
Singh et al. (2012)

WBL77 Susceptible Susceptible Devi et al. (2021)
Singh et al. (2016)

Ramtekey et al. (2021)
Ganguly et al. (2021)

BM4 Susceptible Susceptible Devi et al. (2021)
Singh et al. (2016)
Singh et al. (2012)

Ramtekey et al. (2021)

L830 Susceptible Susceptible Singh et al. (2012) Ramtekey et al. (2021)
ILWL118 - Susceptible Ramtekey et al. (2021)
IPL220 - Susceptible Ramtekey et al. (2021)
ILL7663 Susceptible - Singh et al. (2012)
DPL62 Tolerant Tolerant Devi et al. (2021)

Singh et al. (2016)
Singh et al. (2012)

Ramtekey et al. (2021)

ILL358 Tolerant - Singh et al. (2016)
ILL4605 Tolerant - Singh et al. (2016)
ILL4605 Tolerant - Singh et al. (2016)
ILL5722 Tolerant - Singh et al. (2016)
ILL5883 Tolerant - Singh et al. (2016)
ILL7979 Tolerant - Singh et al. (2016)
PDL2 Tolerant - Singh et al. (2016)
PDL1 Tolerant - Devi et al. (2021)

Singh et al. (2016)
PBA Ace Tolerant - Kulkarni et al. (2021)
Northfield Tolerant - Kulkarni et al. (2021)
L4602 Tolerant Tolerant Devi et al. (2021)

Singh et al. (2016)
Singh et al. (2012)

Ramtekey et al. (2021)

L4147 Tolerant Tolerant Devi et al. (2021)
Singh et al. (2016)
Singh et al. (2012)

Ramtekey et al. (2021)

JL3 Tolerant - Singh et al. (2016)
Singh et al. (2012)

Indian head Tolerant - Kulkarni et al. (2021)
ILL6788 Tolerant - Kulkarni et al. (2021)
ILL6002 Tolerant Tolerant Singh et al. (2016)

Singh et al. (2012)
Ganguly et al. (2021)

Digger Tolerant - Kulkarni et al. (2021)
Cassab Tolerant - Kulkarni et al. (2021)
Boomer Tolerant - Kulkarni et al. (2021)

Table 1  Phenotypic classification 
of genotypes with supporting 
references
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regulated as a result of their role in maintaining the membrane 
structure of cell organelles (Wang et al. 2022). Several findings 
(Zangar et al. 2004; Pandian et al. 2020; Waseem et al. 2021) 
suggest that CYPs are pleiotropic regulators in the biosynthe-
sis of secondary metabolites, antioxidants, and phytohormones. 
The versatile reactions they catalyze may eventually help 
recover cells from the osmotic imbalance caused by aluminium 
toxicity and phosphorus starvation.

In response to an environmental cue, HSP70 proteins are 
known to restore the structural homeostasis of proteins, thereby 
enabling them to fulfill their intended biological roles (Anaraki 
et al. 2018). Several physiological parameters related to protein 
content can optimize plant growth and survival under stress. 
TAT significantly contributes to the biosynthesis of tocopherols, 
which are crucial for mitigating the effects of ROS (Riewe et al. 
2012) and lipid radicals (Hollander-Czytko et al. 2005). GID1 
facilitates the GA signaling pathway by degrading its repres-
sor, SLR1 (Ueguchi-Tanaka et al. 2005). GAs produced in this 
manner regulate plant growth and development. Stress-induced 
thiamine thiazole synthase accumulates thiamine differentially 
(Li et al. 2016). The accumulated thiamine provides oxida-
tive protection (Tunc-Ozdemir et al. 2009). FMOs modulate 

with supporting evidence, it is clear that OMTs help mitigate 
damage from physical and physiological injuries due to cell 
wall and membrane degradation, respectively.

The genes of GPAT are also frequently represented but not 
sufficiently featured in studies of low pH stress. Enzymes tran-
scribed from this gene family are known to catalyze the synthe-
sis of glycerol lipids (Yang et al. 2024). They are functionally 
characterized by their ability to regulate the plasma membrane 
fluidity of cells and cell organelles by altering the fatty acid 
composition of phosphatidylglycerol. This mechanism may be 
relevant in maintaining plasma membrane integrity against alu-
minium ion injuries. Additionally, the chemical reactions cata-
lyzed by these enzymes contribute to root suberization (Gully 
et al. 2024). Suberin serves as an apoplastic barrier, regulating 
water and nutrient uptake under stressed osmotic environments 
due to ionic imbalance (Franke et al. 2007). The differential 
expression of phosphopyruvate hydratase prepares the cells 
under nutrient-deprived conditions with glycolytic activity to 
generate energy (Khan et al. 2022). Glycerolipase remodels 
the lipid composition (Wang et al. 2019) of membranes in a 
stress-induced manner, preventing cellular damage caused by 
toxic elements. Photosynthetic and respiratory efficiencies are 

Fig. 7  Genotype matrix showing 
22 variant sites between toler-
ant and susceptible accessions. 
Light and dark gray genotypes 
correspond to the susceptible 
and tolerant groups, respectively. 
Dark and light blue cells indicate 
genotypes that are homozygous 
for the SNP and reference allele. 
White cells represent heterozy-
gous genotypes

 

1 3

Page 11 of 17     52 



Functional & Integrative Genomics           (2025) 25:52 

Peroxidases are recognized for their role in ROS detoxifica-
tion. Furthermore, they are involved in the synthesis of lignin 
and suberin in roots (Quiroga et al. 2000). The genes of PAL 
are functionally significant in responding to phosphorus defi-
ciency, as they catalyze the first step in the lignin and flavo-
noid biosynthetic pathway (Gho et al. 2020). Regarding Al 
tolerance, the accumulation of lignins and flavonoids enhances 
ROS scavenging ability (Yin et al. 2024). The broad spec-
trum glucosyltransferase activity of UDP glucosyltransferase 

oxidative homeostasis by adding molecular oxygen to lipophilic 
compounds and ROS (Eswaramoorthy et al. 2006). Yeast two-
hybrid screening revealed its physical interaction with CAT2 
as a positive regulator of ROS scavenging (Wang et al. 2023). 
Enzymes of the cinnamyl alcohol dehydrogenase (CAD) fam-
ily regulate cell wall lignification by catalyzing the reduction of 
cinnamaldehydes to alcohol (Preisner et al. 2018). This second-
ary cell wall modification strengthens the root cell wall against 
degradation due to metal ion injuries (Bachir et al. 2022).

Fig. 8  Allelic frequency plot 
of the reference allele (A) and 
SNP (B) across 29 differentially 
responsive lentil genotypes. Blue 
and orange bars indicate the 
frequency of the A and B alleles, 
respectively. The red dotted 
line represents the Mendelian 
expectation of 0.5. Red boxes 
highlight SNPs that segregate 
with tolerant and susceptible indi-
viduals, showing deviating allelic 
frequencies from the Mendelian 
expectation
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(Sappl et al. 2009). PAPs are essential enzymes in solubilizing 
phosphorus from organophosphates in the rhizosphere (Wang 
et al. 2012). In summary, the causal mechanisms of tolerance 
are categorized into structural and physiological homeostasis, 
as illustrated in Fig. 9.

regulates flavonoid-specific auxin levels, which may influence 
cell proliferation and expansion (Dong et al. 2020). Despite 
their general induction by multiple stimuli, GSTs play a crucial 
role in protecting plants against oxidative damage by modifying 
sensitivity through complex interactions with numerous genes 

Table 2  Predicted SNP impacts
Gene Ref/SNP Sequence position Gene Position Variant type Amino acid substitution
Lcu.2RBY.3g054640 A/T 336,566,224 Exon 4 Non-synonymous E/V
Lcu.2RBY.6g063550 T/C 400,749,980 Exon 1 Non-synonymous Q/R
Lcu.2RBY.5g000500 A/G 533,187 Exon 1 Non-synonymous A/V
Lcu.2RBY.6g059250 T/C 382,859,308 Exon 7 Synonymous D/D
Lcu.2RBY.3g065290 A/G 388,961,379 Exon 1 Synonymous G/G
Lcu.2RBY.7g077270 T/C 526,882,498 Exon 1 Non-synonymous I/V
Lcu.2RBY.2g057560 T/C 369,679,345 Exon 2 Synonymous P/P

A/G 369,679,448 Exon 2 Non-synonymous S/P
A/G 369,680,055 Exon 1 Non-synonymous M/T
A/C 369,680,160 Exon 1 Non-synonymous K/N

Fig. 9  Mechanistic insights on 
integrated tolerance to high 
aluminium and low phosphorus 
stress. Red and blue circles rep-
resent aluminium and phosphate 
ions, respectively. Causal genes 
are highlighted in red, while their 
mechanistic associations are 
denoted with dotted lines
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