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A B S T R A C T   

Germplasm is a long-term resource management mission and investment for civilization. An 
estimated ~7.4 million accessions are held in 1750 plant germplasm centres around the world; 
yet, only 2% of these assets have been utilized as plant genetic resources (PGRs). According to 
recent studies, the current food yield trajectory will be insufficient to feed the world’s population 
in 2050. Additionally, possible negative effects in terms of crop failure because of climate change 
are already being experienced across the world. Therefore, it is necessary to reconciliation of 
research advancement and innovation of practices for further exploration of the potential of crop 
germplasm especially for the complex traits associated with yield such as water- and nitrogen use 
efficiency. In this review, we tried to address current challenges, research gaps, physiological and 
molecular aspects of two broad spectrum complex traits such as water- and nitrogen-use effi-
ciency, and advanced integrated strategies that could provide a platform for combined stress 
management for climate-smart crop development. Additionally, recent development in technol-
ogies that are directly related to germplasm characterization was highlighted for further molec-
ular utilization towards the development of elite varieties.   

1. Introduction 

The 60-year-old global success story of the first green revolution (1960s) was accomplished by introducing the Rht (reduced 
height). Subsequently, the importances of allelic variation, genetic diversity, as well as conservation of plant genetic resources (PGRs) 
have been recognized worldwide. The major goals of germplasm exploration and collection are emphasized to limit the risk of essential 
genes, genetic stocks being lost to genetic erosion and utilization of important trait/gene(s) in crop breeding programs to stabilize crop 
productivity by reducing yield loss [1]. Germplasm material such as traditional crops and developed varieties, crop wild relatives, 
trait-specific genotypes, ecotypes, and wild types of species/accessions serve as a natural resource for civilization [2]. To date, an 
estimated ~1750 plant germplasm centres globally hold 7.4 million accessions; however, <2% of these assets have been used as plant 
genetic resources (PGRs) [3]. Recent studies suggested that the existing crop yield trajectory is insufficient to nourish the global 
population in 2050 [4] and, by 2050, the global food demand will be expected to increase by 70% [5]. Hence, challenges associated 
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Fig. 1. A collective model of structure, activity and utility of crop germplasm. The crop improvement program of active germplasm is divided into 
four major strategies. (A) Genetic Resource Maintenance Program: A combined model of identification, collection, characterization, registration, and 
ex-situ conservation (e.g. cryopreservation) of breeding resources. Identification of duplicates and development of different populations through 
integrated taxonomy, cytology, and marker-based approaches have been useful. Additionally, development and maintenance of unique core set 
germplasm is one of the most promising approaches for the breeding resource. A core set collection represents a reference population of total 
germplasm with unique accessions. (B) Pre-Breeding Program: An advanced pre-breeding strategy has been emphasized to reveal the potentiality of 
the core collection. Integrated omic approaches, functional trait evaluation, and different experimental datasets can be generating a database for 
plant geneticists/breeders. (C) Gene Discovery: For both complex traits and simple inheritance traits, the most challenging job is to harness beneficial 
gene dissection. GWAS, bi/multi-parental, and mutation population mapping are preferably powerful strategies for establishing genetic trait as-
sociation. Phenome QTL (phQTL), metabolome QTL (mQTL), proteome QTL (pQTL), and expression QTL (eQTL) have been extensively used to 
discover genes and functional annotation. (D) Integrated Breeding Approaches: Forward breeding, MAS/MABC, PAGE, and transgenic approach have 
been employed to illustrate and capitalize on the benefit of simply inherited traits, whereas genomic selection (GS) can be employed for the complex 
inherited trains. The aim of global sustainability will be fulfilled by this systematic evaluation of genetic resources that will simultaneously save time 
and budget expenditure. Abbreviation: WUE, water use efficiency; NUE, nitrogen use efficiency; DTI, drought stress index=(T/C)*100; C, control; T, 
treatment; GWAS, genome-wide association study; QTL, quantitative trait locus; QTN, quantitative trait nucleotide; WGS, whole-genome 
sequencing; GBS, genotyping by sequencing; ABS, array-based sequencing; MAS, marker-assisted selection; MABC, marker-assisted backcrossing; 
PAGE, promotion of alleles through genome editing; SelA/B, selfing line A/B; HetA/B, heterozygous line A/B; InB, Inbred; DH, doubled haploid. 

R. Mondal et al.                                                                                                                                                                                                        



Heliyon 9 (2023) e12973

3

with PGRs that hinder their utilization need to be considered for further development programs as well as for the conservation of 
potential germplasm materials. Additionally, to mitigate climate change imposed challenges and for further sustainability, urgent 
attention to systematically assess PGRs is essential besides the upgrading of maintenance strategies (field genebank, backup plantation, 
water harvest strategies, etc.), as well as the implementation of new technologies for the conservation of PGR (ex- and in situ). At 
present, the major challenge is how to maintain, exploit and capitalize on this abundant genetic resource. 

Increased stress, altering agro-ecosystems, invasion of pathogens and pests, as well as an increase in the frequency of extreme 
weather events are all examples of the possible negative effects (crop failure) of climate change that is already being experienced [6]. 
The evolution of crops and their complex traits—such as crop yield, rooting ability, high moisture retention capacity, and biotic and 
abiotic stress tolerance—has received significant attention when examining the effects of climate change on plants. The impact of 
climate change on physiological processes such as WUE, NUE, and photosynthesis, which are involved in plant growth and survival are 
recognized [6-8]. Hence, understanding of physiological and molecular responses of complex traits in course of stress acclimation or 
adaption is a prerequisite to drawing the mechanisms underlying climate stress conditions, especially drought, high temperature, high 
light, cold, and salinity. 

Excellent genetic and germplasm resources provide the foundation for new variety development. Breeding practice demonstrates 
that significant improvements in breeding depend on finding and utilizing potential germplasm and genetic resources. In this article, 
we emphasize the current challenges of plant genetic resources as well as physiological and molecular aspects of crop germplasm for 
further sustainability through advanced integrated methodologies that may serve as a base for future crop development research. 

2. Germplasm and current challenges 

The overall objective of PGR collection could be achieved through the conservation of maximum genetic diversity of a given gene 
pool and the maintenance of breeding resources. To achieve sustainable productivity the major activities such as long-term mainte-
nance, pre-breeding program, gene discovery, and integrated breeding approaches were manifested (Fig. 1). Despite the several 
importance of crop germplasm resources, the utilization rate of PGRs reported to be significantly low and some major challenges 
associated with potential genetic materials for sustainable development and conservation is as follows-  

(1) Accumulation of duplicates: During a long period of collection, and conservation the chances of the introduction of duplicate 
accession were increased. Hence, the estimation of duplication/uniqueness across the germplasm accessions is considered to be 
a prime aspect for improving the efficiency of breeding as well as the cost of ex situ conservation could also be reduced [9,10].  

(2) Reduction of genetic diversity: Molecular analysis suggests that changes in allele frequencies and subsequent genetic diversity 
were observed in Pisum sativum L., because of long-term domestication [11]. Evidence also suggests that productivity is also 
affected by the reduction of genetic diversity with an increase in the number of gene bank accessions [12]. One of the interesting 
consequences of a long period of crop domestication as well as artificial selection, plants have evolved a series of fundamental 
mechanisms to acclimate the environment and the genetic basis of adaptation studies suggest co-transcriptional processing, 
alternative splicing (AS) played a significant role [13]. Hence, the convolution of isoforms associated with trait plasticity creates 
further challenges to understanding adaptation.  

(3) Accumulation of deleterious alleles: Another common consequence is an accumulation of rare deleterious alleles during crop 
domestication and their mode of action also varied [14,15].  

(4) Low recombination frequency: The lower recombination frequency between the wild relatives and subsequent crop productivity 
has been considered one of the major bottlenecks for crop improvement [16].  

(5) Negative impact of climate change: The potential negative impacts are already being experienced, in the form of increasing stress, 
shifting agro-ecosystem, invasive pathogens/pests, and more frequent extreme weather events. Hence, the maintenance of 
genetic resources is challenging in the upcoming days [6].  

(6) Complication of core set utilization: The core set collections comprise the greatest diversity of total genetic resources and served as 
a reference population for additional breeding programs [10]. The core set can be used for innovative field experiments and 
subsequent parental material in the breeding program. However, the characterization of core set germplasm is further 
complicated by (a) a higher level of whole-genome duplication (WGD) or polyploidization; (b) a higher level of heterozygosity; 
(c) poor functional annotation of the plant genome; (d) lack of cell-type-specific marker, (e) lack of information of 
plant-cell-types and sub-cellular compartments across tissues and species; (f) high level of phenotypic plasticity. 

(7) Limitation of understanding complex traits: Complex traits are polygenic and highly influenced by environmental factors. Addi-
tionally, complex compartmentalization networking and multilevel-gene regulation of genes involved in complex traits further 
prevent the understanding of complex traits [17]. Remarkably, a large number of published complex trait-based experiments on 
controlled-environment conditions did not show consistency when it was executed in real field trials [17,18].  

(8) Inadequate information on below-ground traits: Insufficient information on below-ground traits (e.g. root architecture, cross- 
kingdom interaction, etc.) of germplasm resources limiting the improvement ecosystem processes, maintaining the fertility 
of the soil, maintaining microbial community and improving the stress-tolerant capacity of the plant [19,20].  

(9) Limitation of digitalization and transformation of PGR: Transforming PGR into a digital resource system is another important 
challenge for future crop improvement, because of low-quality reference genome assemblies as in crop wild relatives, chal-
lenging assemblage of pangenome, maintenance of accuracy and specificity on base editing, unavailability of specialized 
expertise especially for machine learning technique [21], in addition with inadequate information of phenomics, tran-
scriptomics, and genomics of large-scale germplasm accessions/genotypes. 
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(10) Downsize of the genome in polyploid: Importance of polyploid in the breeding program was well established as crop productivity 
across the major crops. Recent reports suggest that to reduce nitrogen and phosphate costs associated with DNA replication, 
transcription, and translation, as well as mentioned cell size from carbon fixation and water use, polyploid involved in genome 
downsize in terms of DNA loss at a rate of 4–7MB/million years and 4–482 bp/generation [22]. Hence, con-
servation/maintenance of polyploid crops need to be relooked for future ploidy breeding. 

Hence, it is understandable that precious ways of maintenance, as well as innovative utilization strategies, are required to capitalize 
on the benefit of PGRs. 

3. Physiological and molecular aspects of germplasm 

Agriculture is the world’s largest consumer of water and accounts for 70% of all water used worldwide. The ongoing global ca-
tastrophe of water is one of the major problems in the present-day climate scenarios and drought is considered the most severe abiotic 
stress affecting crop productivity at a global level [7]. Besides that, nitrogen is the most essential nutrient for plant growth, devel-
opment, and yield. Increasing trends of fertilizer application to achieving productivity, resulting in the decreasing the acquisition and 
subsequent utilization of applied nitrogen in crop plants. Additionally, the surplus amounts of inorganic and organic nitrogen fer-
tilizers often imposed drastic negative impacts on crop plants like delayed flowering and ripening, as well as on the environment [20, 
23,24]. The NUE for cereal production is ~33% globally and the unaccountable 67% corresponds to a $15.9 billion loss/year of ni-
trogen fertilizer [25,26,]. Moreover, it is estimated that ~1% increase in crop NUE could annually save $1.1 billion [17,26,27]. 
Concerned with current climatic change and improving nutritional quality and quantity, plant breeders mostly target climate resilience 
crop productivity and functional traits such as WUE and NUE [29]. To achieve greater agricultural sustainability, the development of 
crop plants with drought-tolerant and more efficient nitrogen usage is, therefore, an important research aspect. 

The primary reasons for crop failure include membrane damage, photosynthetic inhibition, oxidative stress, including other im-
pacts of stress on morphological, physiological, and growth changes/damage have been extensively studied across the agriculture, 
horticulture and other crop systems [8,30,31]. Additional research has been done on the reproductive stage of plants because it is more 
vulnerable to stress than the vegetative phases as well as negative impacts on reproductive processes that are correlate directly with 
lower yields [6]. Moreover, stress disturbs the homeostasis of plants, disrupting crucial physiological and molecular processes, sinking 
energy production, and affecting cellular integrity [6,8]. Upon exposure to stress, plants instantly modify their physiological and 
molecular responses in order to produce a new state of homeostasis, which is considered acclimatization [32]. Although, plants may 
change their anatomy, growth, and reproductive methods over extended periods through a process known as adaptation [33]. The 
acclimation or adaption responses of plants to each single stress state may necessitate a different method since different stressors may 
impact plants differently. In light of acclimatization and adaptation, an advanced understanding of the relationship between photo-
synthesis, WUE, NUE, and stress tolerance is a prerequisite to designing climate-smart crop varieties. 

Stomata represent a critical target for enhancing yield since they are crucial in controlling plant water use and carbon gain. In 
addition to that, optimum soil water, as well as coordination between nitrogen uptakes, and transport is essential for plant lifestyle. 
Recent studies suggest that each type of stress may cause a unique acclimation and/or adaptation response in plants, and these re-
sponses may consist of similar or dissimilar mechanization [6]. For example, (a) plants close their stomata during drought to reduce 
water loss, but they open them during the heat to increase transpiration and cool their leaves [34–36]; (b) stomata of many plants 
remain closed when co-occurrence of heat and drought stress is present, indicating that during a stress combination, drought-driven 
control of stomata prevails over heat stress-driven regulation [35,37]; (c) contrarily, in response to combined high light and heat stress, 
heat stress-induced stomata regulation (stomata opening) overwhelmed high light stress-induced stomata regulation (stomata 
closure), causing stomata to open under the stress-combination condition [38]. Therefore, depending on the stress condition, the plant 
may choose one acclimation/adaptation technique over another. Thus, the fundamental issue that plants experience (by the intensity 
as well as the time of exposure), when two separate and/or combined stressors are present at once is that they may call for diverse, and 
perhaps conflicting, physiological and molecular processes. 

In recent, with the aid of transgenic, genomics, transcriptomics, and performance-based phenotyping, germplasm accessions of 
Oryza sativa L. [30,39], Triticum aestivum L. [40,41], Glycine max L. [42,43], Malus domestica [44], Sorghum bicolor [45], etc. were 
studied to understand WUE. Jia et al. [44] overexpressed MdATG8i in M. domestica and exhibited higher WUE under long-term 
moderate drought conditions. Pignon et al. [45] identified a total of 77 genes involved in WUE, where 24 genes are involved in 
stomatal opening/closing, 35 genes stomatal/epidermal cell development, 12 genes leaf/vasculature development, 8 
genes-chlorophyll metabolism/photosynthesis. Additionally, the association of WUE traits and ABA signaling was reported by Arab 
et al. [46] in Juglans regia. AtDREB1C overexpressed lines of New Rice for Africa demonstrated improved growth under moderate 
drought/osmotic stress, notably by reducing water demand together with a reduction in growth time, which may be a consequence of 
increased WUE and osmotic adjustment [47]. However, an advanced understanding of the relationship between crop yield, drought 
tolerance, and WUE remains to be understood to design climate-smart crop varieties. 

Besides that, higher yield is concurrently associated with N-application, availability in soil, and utilization by plants. Developing 
varieties with higher NUE is one potential strategy to reduce N fertilizer application. Plants’ NUE is significantly impacted by genetic 
and physiological factors such as nitrogen uptake efficiency, physiological NUE, nitrogen utilization efficiency, and photosynthetic 
NUE, which in turn are associated with biomass, rapid vegetation, flowering time, germination, RuBisCO activity, leaf senescence, root 
system architecture traits as well as stress adaptation [48-54]. N-stress response and high NUE are correlated with the activation of 
transcription, phytohormone signalling, biosynthesis, assimilation and metabolism and/or catabolism of different elements [55]. 
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Several reports were available to understand NUE using O. sativa, Hordeum vulgare, T. aestivum [56], Solanum melongena [57], Solanum 
tuberosum, Brassica napus [58]. Tiong et al. [56] demonstrated that overexpression of Alanine aminotransferase (HvAlaAT) enhances 
NUE in different crops. Based on QTL analysis, Zhang et al. [59] identified DULL NITROGEN RESPONSE1 involved NUE by 
auxin-mediated signaling. Mauceri et al. [57] identified genes like light-harvesting complex, ferredoxin–NADP reductase, catalase, and 
WRKY33 are associated with high-NUE genotypes. However, a large number of genes are involved in phytohormone signaling, 
N-uptake and assimilation, amino acid metabolism, fatty acid biosynthesis, photosynthesis, C assimilation, starch biosynthesis and 
carbohydrate catabolism are associated with N-stress response and high NUE also reported [55]. Zhang et al. [59] reported nitrogen 
deficiency decreased the activity of nitrate reductase (NR), glutamine synthetase (GS) in the root as compared to shoot. A nitrate 
transporter gene NRT2.1 and two vacuole nitrate transporter CLC genes were up-regulated by N starvation in the N-efficient genotype 
in Brassica napus [28]. Hence, the genetic architecture of NUE is modulated by a number of genes, and molecular processes are rather 
complex. The complex cellular mechanism, as well as physiological responses of WUE and/or NUE are reported to be varied across the 
crops. For further understanding, advancement of experimental design and system biology approceh may serve the purpose. 

4. System biology and improvement of PGRs 

The classical paradigm of plant breeding, recurring cycles of crosses, and selections (MAS/MABC) have long been considered a 
tedious method, however, the implementation of advanced technologies including speed breeding dramatically accelerates crop 
development by facilitating fast generation cycles [60]. Beside, the targeted genetic recombination approach has been considered a 
quicker method for the genetic transformation of the gene of interest from superior donors. An array of reports suggested that plant 
tissue culture technology has shown a considerable impact on the crop enhancement program [61]. However, because of the lower 
frequency of transformation, in vitro recalcitrance, implementation of different bio-safety rules, and costly evaluation processes are 
becomes limits to achieve the targets to date [62,63]. As compared to conventional genetic methods the integrated strategy has the 
following advantages: (a) less tedious because the multiplication of population is not required; (b) large plant sample size, mutants, 
and stable homozygous overexpressed plants are not required; (c) low-cost of mining of publicly available database resources makes 
the comparative study of omics data easier; (d) an integrated approach could identify and provide comprehensive interactions, 
co-expression, and metabolic/biosynthetic grid; and finally (e) integration of advanced artificial intelligence (AI) gives the sufficient 
multi-dimensional data. Hence, to understand the complex biological phenomena, ongoing trends of omics will be helpful for future 
crop improvement. Although, in order to improve fundamental understanding and development of new climate-resilient crops, 
genomic and transcriptomic information is essential, often relevant strategies like transcriptomics and/or genome-wide association 
studies (GWAS) are powerful. 

Currently, the system biology approach is considered a potential move toward the complete understanding of biological systems 
and provides the information to breeders for mining superior alleles/haplotypes that can serve as the key to selecting precious parental 
material for breeding [64]. Integrated phenomics and next-generation sequencing (NGS) technologies have been implemented for 
identifying genetic markers associated with desirable traits in multiple crops, including rice, foxtail millet, pigeon pea, pearl millet, 
cotton, rapeseed, chickpea, and grape. Moreover, the large-scale germplasm accessions has been re-sequenced in rice (3010), pearl 
millet (994), and chickpea (429) [65]. Additionally large-scale sequencing generate big data that has storage and computational 
challenges. 

To understand the genetic basis of trait variation, NGS-based genome-wide association studies (GWAS) and genomic prediction 
(GP)/genomic selection (GS) are emerging powerful tools used in recent years [66-71]. GWAS is an alternate approach for the 
detection of QTL in a large collection of diverse germplasm due to higher mapping resolution as compared to linkage mapping. GWAS 
often identifies tens to hundreds of loci containing hundreds of single-nucleotide polymorphisms (SNPs) associated with a trait of 
interest in natural populations or breeding germplasm [72,73]. This approach was successfully applied to understand the genetic basis 
of many important traits in crops, including yield-relevant traits [74-77]. However, larger population sizes with high-density markers 
are required to increase the statistical power of GWAS. 

The efficiency of MAS (Marker-assisted selection) in pyramiding favourable alleles is very effective only for major-effect QTL and it 
is limited when the traits are governed by many QTL with minor effects influenced by the genetic background of the population. Most 
of the complex traits like yield and stress tolerance in agriculturally important plants are controlled by many minor QTLs. To capture 
those minor effects QTL genomic prediction (GP)/genomic selection (GS) are widely applied to increase the efficiency and speed of 
plant breeding [78]. GS predicts the genomic-estimated breeding values (GEBVs) of an individual by computing the effects of both 
minor and major genes [79]. MAS uses only the selected markers that are linked to a trait of interest, whereas GS estimates a larger 
proportion of genetic variation of the selected trait using a large set of marker data. With the advancement of prediction models and the 
development of highly efficient-low cost genotyping, GS is a widely used breeding approach in crop improvement programs [21,80]. 

Breeding for NUE and WUE is hindered by expensive phenotypic evaluations and trait complexity. Despite the widespread 
application of GWAS, limited studies have been carried out to dissect the genetic architecture of complex traits like NUE. Allelic 
variations in key genes regulate differences in NUE among diverse rice germplasm [81]. Ertiro et al. [68] effectively used GWAS to 
identify markers associated with grain yield and NUE in maize, further incorporating these markers into the prediction model will 
improve NUE in maize. GWAS on a set of diverse rice populations identified an elite haplotype of nitrate transporter OsNPF6.1HapB 

which enhanced the nitrate uptake and confers high NUE by increasing yield under low nitrogen supply [82]. And also it was reported 
that due to the increased application of fertilizer the elite nitrate transporter has been lost in 90.3% of rice varieties. Integrated GWAS 
and transcriptome-wide association study (TWAS) identified putative candidate genes to investigate the genetic basis of WUE in a C4 
model grass for bio-energy, food, and forage production [83]. Similarly, Bhaskara et al. [84] use GWAS with integrated WUE measured 
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by gravimetric and δ13C analyses in Arabidopsis thaliana accessions identified 25 genes affecting WUE. All these identified genes may 
be manipulated to increase WUE and make significant contributions to the sustainable use of water in agriculture. 

Recently, Wei et al. [85] determined that rice exhibits a considerable expression of the DREB family TF under low-N conditions. 
DREB1C controls many important growth-related genes including the nitrate transporters, nitrate reductase, the flowering regulator, 
and RuBisCO. Overexpressed DREB1C showed early seedling vigor, an increased amount of photosynthetic pigments, RuBisCO content 
and higher rates of photosynthesis, N intake, and NUE. Due to the modification of the flowering gene, the DREB1C-OE plants 
demonstrated a greater harvest index, increased remobilization of N and C to sink organs, and a much shorter blooming time and crop 
duration. Besides that, Ishizaki et al. [47] reported that AtDREB1C overexpressed rice transgenic lines confer moderate drought 
tolerance by increasing WUE. Recent reports suggest that OsDREB1C/1E can also be a suitable target for the drought tolerance 
mechanism in rice [86]. Additionally, under drought and low-N, there are a few common cellular and molecular processes like (1) 
osmotic adjustment by increasing free sugar [87]; (2) phytohormone signalling e.g. ABA, auxin, salicylic acid [88-90]; (3) gene 
expression e.g. light-harvesting complex, RuBisCO, DREB, and WRKY [85,86,91] were reported (Fig. 2A–B). However, further research 
will require a deeper understanding and establishment of molecular mechanisms in direction of the complexity of polygenic regu-
lation, coordination of nuclear to organelle proteome, compartmentalized metabolic networks, and associated multilevel gene 
regulation. 

5. Utilization and prospect of PGRs 

Germplasm is the platform to dissect potential genes associated with desirable traits. Once the traits are correlated with specific 
biosynthetic/metabolic pathways and desired alleles have been identified, researchers can take up a broader understanding of crop 

Fig. 2. Diagrammatic presentation illustrated physiological and molecular coordination of two complex traits like water- and nitrogen use effi-
ciency in different crop/non-crop systems. (A) Water- and nitrogen use efficiency played a central role in growth, development, and response to 
different stress conditions such as high temperature, light, drought, low-N-condition, etc. Both traits are concurrently associated with below-ground 
traits. N-uptake and/or transport efficiency, gas exchange through stomata, photosynthesis, as well as reproduction are directly connected with 
water- and nitrogen-use efficiency. (B) Under drought and low-N, there are several common cellular and molecular processes like (1) osmotic 
adjustment; (2) phytohormone signalling; (3) gene expression are common. Additionally, a wide range of genes is expressed in response to specific 
stress conditions also reported. For example, autophagy-related genes are specifically associated with WUE, whereas nitrate reductase is expressed 
under N-limited conditions. However, to maintain the balance between C, N, and water under drought and low-N conditions, modulation of 
RuBisCO activity, flowering time, and activation of different genes like transcription factors DREB1 might be a precise coordination strategy. 
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biology to anticipate parental and allelic combinations that will discover superior agronomic traits [21]. Although analyzing the 
genome sequences or genome-wide association study will become a null hypothesis, until it has been complemented by a functional 
study like promoter structure analysis, the impact of alternative splicing, miRNA mediated post-transcriptional silencing, and 
post-translation modification. To date, the identification of candidate genes through transcriptomics approaches and/or mapping is 
restricted in most crops [92]. Furthermore, it is important to understand in-depth molecular mechanisms of their possible agronomic 
values. In addition to structural genomics, information on gene expression, epigenome maps, proteome maps, and metabolome maps 
are a prerequisite in crop species [93]. For example, identification and characterization of grain yield by KERNEL NUMBER PER ROW6 
in maize [94]. Recent advancements in cloning strategies, genetic transformation methods, gene-editing tools, 
co-immunoprecipitation, two-hybrid systems, mass spectrometry, and data-mining bioinformatics have shown a global transformation 
in agriculture. Moreover, the information on the genetic architecture of important agronomical traits, their associated alleles, and the 
underlying molecular mechanism remains to be elucidated. 

At present, automated robotics phenomic platforms have been used to quantify genotypes based on functional traits such as growth 
form, woodiness, leaf economic spectrum, WUE, NUE, as well as stress tolerance capacity [95]. To explore the diverse gene bank 
resources for developing climate resilience crops, the evaluation of agronomic performance and stress-tolerant capacity under different 
climatic conditions along with crop behaviour, intra/inter-specific variability, and mutant performance evaluation is necessary. 
Therefore, to quantify the potentiality of genotypes, next-generation trait-based evaluation should be performed on field conditions. 
This will help us identify superior genotypes/accessions that are stable, abundant, and environmentally less sensitive [96]. For 
identifying the desired genes and associated traits, the recent trend of the functional phenomic approach will be helpful [97]. The 
availability of these resources will be accelerated by increasing systems biology approaches to understand the molecular mechanism of 
complex traits such as WUE and/or NUE (Fig. 3). 

In order to increase production under stressful conditions, several molecular techniques and methodologies, including omics, 
molecular breeding, and transgenic, were used. Furthermore, the following examples of molecular exploitation of germplasm re-
sources have been emphasized in order to maximize the utilization of potential genetic resources:  

(1) Most of the germplasm comprises a wide range of trait-specific collections like thermo-, drought-, salt-, cold-tolerance, high 
NUE, high WUE, etc. Hence, the utilization of trait-specific accession/genotypes for development of climate-smart crops can be 
a logistic approach for further sustainability.  

(2) Crop wild relatives (CWRs) are accredited as a potential source of genetic diversity with a wide range of adaptability against 
various natural stress conditions, and they provided useful genetic resources that complement the complexity associated with 
crop domestication and breeding, as well as the development of elite varieties.  

(3) Germplasm is the source of novel genes and the discovery of novel genes associated with stress signalling/mitigation can be a 
promising approach. Additionally, genetically diverse accessions/genotypes can be a potential resource for molecular screening 
and robust evaluation processes. However, single reference genomes do not depict all variation at the species level, hence the 
construction of pangenomes or genus-wide pangenomes is another sophisticated method to create structural genetic diversity of 
prospective genetic resources.  

(4) The breeding technique can be further sped up (in just one generation) by developing homozygous/pure-breeding lines using 
haploid induction (HI) with the manipulation of the centromere-specific histone H3 (CENH3) variant. 

(5) The molecular information of genetic resources especially at the level of gene-isoforms, impact of alternating splicing, corre-
lation between genome size and transcriptome and/or proteome are the precondition for further application of breeding.  

(6) Germplasm encompasses a wide range of ploidy collection; therefore screening/evaluation of parental material for ploidy 
breeding is a logistic utilization strategy.  

(7) To enhance resilience or improve capacity to adapt and grow, germplasm accessions/genotypes can be exposed under different 
climate scenarios that include the simultaneous exposure of crops to combined stresses (biotic and abiotic) and other climate- 
related risks. That can help to better understand physiological, biochemical, and molecular responses under combined stresses.  

(8) Special attention is required to create and introduce novel resistance and acclimation strategies through synthetic biology, 
artificial intelligence, and nanotechnology.  

(9) Finally, a vision has to be made for transforming PGRs into a digital resource system. For the digitalization, detailed molecular 
information of genes, promoter/cis-element enrichment, co-expression/interaction patterns, the influence of cis/trans-elements, 
metabolic pathways along with high-throughput phenotype data of PGRs are essential for future molecular utilization. 

Fig. 3. A comprehensive gene discovery strategy of water- and nitrogen-use efficiency. Synthesized high-throughput multi-omic integration data 
can confirm the phenotypic behavior, mutational landmark (SNP), expression pattern, an abundance of protein, and metabolic signature with 
associated treatment. Different transcript, metabolic, and protein-protein interaction libraries of different genotypes are useful for enrichment and 
functional network analysis. NGS-based approaches and in silico data-mining bioinformatics-based analysis can be helpful to identify abundant 
genes, followed by multidimensional clustering and gene network analysis, proteomic study (2D gel electrophoresis and co-immunoprecipitation, 
etc.), are useful to complement functional phenomics that will help to predict as well as discriminate the desired gene with the associated trait. The 
identification of a gene that is strongly associated with a particular phenotype, e.g., GENE 1 strongly associated with those plants that have high 
NUE. Big-data enrichment and functional network analysis by artificial intelligence (AI) will provide the opportunity to develop different types of 
models such as random models and guided models. Based on the accuracy and requirement, the model can be developed. An intelligently guided 
model can help in the understanding of complex traits with genetic background, G*E interaction patterns, developing ideotype breeding, especially 
for underground traits, identifying superior parental lines for promising breeding, and improving smart farming. 
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6. Conclusion 

Post-Green revolutionary events and the negative impact of climate conditions imposed an urgent action to reconciliation of 
research challenges, gaps, and advancement/innovation of practices to harness the benefit of ~7.4 million gene bank germplasm 
materials. In this connection, we have emphasized (1) the key elements of germplasm, and their functions; (2) major challenges 
associated with PGRs, (3) the physiological and molecular perspective of two broad spectrum complex traits such as water-and ni-
trogen-use efficiency to mitigate challenges and sustainable development, (4) proposed integrated approaches that are essential to find 
out useful candidate genes involved in water-and nitrogen-use efficiency using large collections of PGRs, and (5) molecular utilization 
of PGRs. Despite tremendous advancements in marker-assisted selection (MAS) over the past few decades, several obstacles still exist in 
the characterization of germplasm. Therefore, the advancement of sequence-based study in next-generation breeding high-throughput 
bioinformatics platforms, and passionate scientists is required. More emphasis on the selection of promising genetic resources, as well 
as the consistent association between loci and traits through integrated approaches, should be considered for promising outcomes. The 
precise genetic engineering technology will allow the rapid transfer of advantageous traits between crops and their wild relatives in 
both furrowed and reverse directions. Furthermore, for a high-resolution understanding of complex genetic mechanisms, an integrated 
approach, and genome editing toolkits should be taken into consideration. Our present discussion will provide the advancement of 
germplasm assets that will meet the required sustainability in the future. 
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