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Abstract Proteaceae, a largely southern hemisphere fam-

ily consisting of 80 genera distributed in Australia and

southern Africa as its centres of greatest diversity, also

extends well in northern and southern America. Under this

family, Grevillea robusta is a fast-growing species

got popularity in farm and avenue plantations. Despite the

ecological and economic importance, the species has not

yet been investigated for its genetic improvement and

genome-based studies. Only a few molecular markers are

available for the species or its close relatives, which hin-

ders genomic and population genetics studies. Genetic

markers have been intensively applied for the main

strategies in breeding programs, especially for the eco-

nomically important traits. Hence, it is of utmost priority to

develop genomic database resources and species-specific

markers for studying quantitative genetics in G. robusta.

Given this, the present study aimed to develop de novo

genome sequencing, robust microsatellites markers,

sequence annotation and their validation in different stands

of G. robusta in northern India. Library preparation and

sequencing were carried out using Illumina paired-end

sequencing technology. Approximately, ten gigabases (Gb)

sequence data with 70.87 million raw reads assembled into

425,923 contigs (read mapped to 76.48%) comprising

455 Mb genome size (23 9 coverage) generated through

genome skimming approach. In total, 9421 simple

sequence repeat (SSR) primer pairs were successfully

designed from 13,335 microsatellite repeats. Afterward, a

subset of 161 primer pairs was randomly selected, syn-

thesized and validated. All the tested primers showed

successful amplification but only 13 showed polymor-

phisms. The polymorphic SSRs were further used to esti-

mate the measures of genetic diversity in 12 genotypes

each from the states of Punjab, Haryana, Himachal Pradesh

and Uttarakhand. Importantly, the average number of

alleles (Na), observed heterozygosity (Ho), expected

heterozygosity (He), and the polymorphism information

content (PIC) were recorded as 2.69, 0.356, 0.557 and

0.388, respectively. The availability of sequence informa-

tion and newly developed SSR markers could potentially

be used in various genetic analyses and improvements

through molecular breeding strategies for G. robusta.
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Introduction

Exotics forestry species, viz. Populus, Casuarina, Euca-

lyptus, Grevillea, etc., have demonstrated their impact and

utility in the plantation forestry in India. Despite the fast-

growing nature, exceptionally high adaptability to diverse

climatic conditions and desirable timber qualities, Grevil-

lea robusta is a poorly investigated and under-utilized tree

species in the agroforestry system of the country. Grevil-

lea robusta with ploidy level of 2n = 20 (Sugiura 1936;

Ramsay 1963; Venkata Rao 1957; Stace et al. 1998; http://

ccdb.tau.ac.il/), belongs to the family Proteaceae, which

comprised of more than 80 genera and about 1700 species.

This species is recognized as one of the largest plant

genera native to the Australasian region (McGillivray and

Makinson 1993; Harwood 1997; Makinson 2000; Weston

2007). However, to fulfill the demand of timber, G. robusta

was introduced to all the continents across the globe and

predominantly cultivated in south Asia, some parts of

eastern Asia, southern Africa, Latin America, Caribbean

region, northwestern and southeastern America, and few

regions of Europe (Orwa et al. 2009; http://www.plant

softheworldonline.org); which shows the species potential

to adapt in varied climatic and edaphic conditions (Luna

2005). In India also, G. robusta is widely distributed

throughout the country (World Agroforestry Centre, 2002).

Globally, the agroforestry system needs diversification

to cater to the need for economic development and envi-

ronmental sustainability, but at the same time the scientific

knowledge base in most forestry tree species is still lack-

ing. The exploration, characterization and documentation

of base populations are the foremost requirements for tree

improvement programmes. In these strides, the first step is

to quantify the level of genetic diversity and variability in

existing genetic resources across the distribution range,

which is more important if the species is exotic and tends to

have a narrow genetic base. Molecular markers are the

most preferred tool for carrying out genetic studies, viz.

estimation of genetic diversity, population genetics, evo-

lutionary and phylogenetic studies, marker assisted breed-

ing, gene or genome mapping, quantitative trait loci (QTL)

mapping, and marker trait association studies (Kordrostami

and Rahimi 2015; Nadeem et al. 2018). Under these,

microsatellites, or simple sequence repeat (SSR) markers

are highly valuable and widely used tools in plant genetic

studies due to their abundance in genome, polymorphism,

co-dominance and high reproducibility. Based on their

origin, i.e., genome or transcriptome, the SSRs could be

categorized as genomic and genic SSRs, which could

preferably be used for specific applications (Li et al. 2012;

Vieira et al. 2016; Colburn et al. 2017; Chen et al. 2020).

Despite the importance and wide applicability of SSRs,

their application is limited to the few trees owing to the

unavailability of genome sequence information in most

forestry species. However, due to the advent of advanced

sequencing technology, it is now feasible to generate the

sequence data (genomic or transcriptome) for SSRs mining

in any species. Genome skimming is the most rapid and

cost-effective sequencing approach to target high copy

fractions of the genome through random shearing and

multiplexing (Xia et al. 2018; Nevill et al. 2020).

It is hypothesized that the tree improvement programme

of any exotic species has immense scientific importance to

get the current perspectives of genetic variability, struc-

tural dynamics, adaptation and evolution. Therefore, it

must be commenced with proper evaluation and genetic

characterization of the base populations. Notably, explor-

ing the factors affecting species improvement will help in

the evaluation of the economic value of a trait of interest.

As exotic G. robusta is often found in the plantation zone

in an inhabited site (roadside, avenues, government insti-

tutions, schools, hospitals, industrial areas, etc.) either

through social forestry practices or as an agroforestry

species, which do not form any natural population in India.

Thus, the term ‘‘stand’’ is used instead of population for G.

robusta, which revealed ‘a unit of trees that is relatively

homogeneous in age, structure, composition and physical

environment’ (Smith 1962; Oliver and Larson 1996).

Therefore, the availability of the low-depth genome

sequence information of G. robusta opens new doors to

unlocking the genetic potential of species for use as

bioenergy crops. In addition, specific genetic information

enables ‘‘smart’’ breeding and selection alternatives, along

with the straightforward genetic manipulation of G.

robusta. Given these facts, the present study aimed to: (1)

generate genome sequence information using high

throughput next-generation sequencing (NGS) approach

and its functional annotation; (2) develop and validate the

novel species-specific SSR markers; and (3) utilize them

for characterizing distantly located stands of G. robusta in

northern India.

Material and methods

Sample collection and DNA extraction

Field surveys were conducted for the collection of leaf

samples, and a total of 48 genotypes (12 genotypes per

stand (Std) of G. robusta), i.e. trees were sampled from

four states, namely Punjab (Std 1: GRPB), Haryana (Std 2:

GRHR), Himachal Pradesh (Std 2: GRHP) and Uttarak-

hand (Std 2: GRUK) in northern India, along with their

geospatial attributes, viz. longitude, latitude and altitude

(Supplementary Table 1). Leaf tissues were instantly
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desiccated with silica gel and brought to the laboratory of

the Genetics and Tree Improvement division, Forest

Research Institute, Dehradun, and stored at - 80 �C till

further use. Total genomic DNA was extracted using the

protocol given by Doyle and Doyle (1990) with minor

modifications.

Genome sequencing and SSRs mining

The genome sequence data of about 10 Gb were generated

using Illumina Protocols through a service provider

(Clevergene Biocorp Private Limited, Bengaluru, Kar-

nataka). Raw sequence data were subjected to quality

check by recording the parameters, such as base call

quality distribution, % bases above Q20 and Q30, % GC,

and adapter contamination using program FastQC (https://

www.bioinformatics.babraham.ac.uk/projects/fastqc/) and

MultiQC (Ewels et al. 2016). The quality-based filtration

and trimming of low-quality reads were done using the

program Trim galore (https://github.com/FelixKrueger/

TrimGalore). After quality trimming, the reads above

70 bp were assembled de novo with varying Kmer sizes,

viz. 49, 58, 67, 76, 85 and 94 using the program ABySS

genome assembler (Simpson et al. 2009). Based on the

quality parameters, viz. number of contigs, % reads

aligned, L50, L75, N50 and N75 values, the best Kmer

assembly was selected for further SSRs mining. Afterward,

genome coverage was determined as per the formula

(https://genohub.com; https://www.illumina.com):

Genome Coverage ¼ ðnumber of reads

� read lengthÞ = assembly size

The repeat sequences in the assembly were masked

using the program Repeatmasker (https://www.repeatmas

ker.org/faq.html#faq3). The assembled contigs were scan-

ned to mine out microsatellite repeat motifs using Perl

scripts-based program MIcroSAtellite (MISA) identifica-

tion tool (Beier et al. 2017; https://pgre.ipk-gatersleben.de/

misa). The relative abundance (loci Mb-1) and density (bp

Mb-1) of identified SSRs were derived using the Linux-

based Krait tool (Du et al. 2018). Further, the distribution

of identified microsatellite motifs in different genomic

regions were manually done from the draft file—General

Feature Format (GFF) generated through Augustus Linux-

based program (Hoff et al. 2019). Primer sequences were

designed with default parameters using a web-based Pri-

mer3 program (https://bioinfo.ut.ee/primer3).

Functional annotation

To enhance the potential utility of the SSR markers, the

contigs in which they nested were subjected to homology

search against the non-redundant protein database using

NCBI BLASTX (Johnson et al. 2008; https://blast.ncbi.

nlm.nih.gov/Blast.cgi). The Kyoto Encyclopedia of Genes

and Genomes (KEGG) database was further used to

understand the functional utilities of the sequence data in

the biological system (Kanehisa 2000; https://www.gen

ome.jp/kegg/). Notably, the KEGG PATHWAY (KP) maps

were drawn to represent molecular interaction and reaction;

whereas, KEGG BRITE (KB) was used to understand the

functional hierarchies of biological objects. In addition,

KEGG ORTHOLOGY (KO) numbers obtained from the

KEGG server were further annotated through the stand-

alone tool, i.e. Gene Annotation Easy Viewer (GAEV) to

summarize the parameters, such as gene name, gene

orthologs and functional pathways (Huynh and Xu 2018).

Finally, functional enrichment analysis of the genes

obtained through KO was done through g:Profiler (Raud-

vere et al. 2019).

SSR amplification and data analysis

A subset of 161 primer pairs was synthesized for their

validation through the polymerase chain reaction (PCR)

amplification with genomic DNA of G. robusta in thermal

cycler machines (Make: Eppendorf Mastercycler Nexus).

The primer pairs were first subjected to gradient PCR to

screen and optimize the annealing temperature (Tm).

Amplification through PCR was carried out with a 15 ll

PCR reaction mixture, containing 40 ng of template DNA,

1.5 ll of 10 9 PCR buffer, 1.75 mM MgCl2, 0.2 mM

dNTPs, 100 nM of each forward and reverse primer, 0.6

units of Taq DNA polymerase and nuclease-free sterile

water. The cycling conditions included an initial denatu-

ration at 95 �C for 5 min, then 35 cycles of 95 �C for

1 min, primer-specific Tm (52.0 �C to 62.0 �C) for 1 min,

72 �C for 1 min; and a final extension at 72 �C for 10 min.

The PCR products were separated using 2% agarose gel

buffered with 1 9 TBE (Tris/borate/EDTA) along with a

100 bp DNA ladder. The gel was stained with ethidium

bromide (0.5 lg ml-1) and visualized in a gel documen-

tation system (Make: UVP). The primer pairs producing a

clear and distinct band within the expected product size

were considered to be positively amplified, which were

further evaluated for polymorphism by subjecting them to

PCR amplification in about 25 random samples. The PCR

products were resolved in 4% high-resolution agarose

(Make: Sigma-Aldrich) and the primer pairs displaying

multiple sized alleles across the genotypes were marked as

polymorphic.

The polymorphic primer pairs were used to genotype the

individuals collected from diverse locations and the band

profile generated with each SSR was scored manually by

assigning an approximate allele size to each band. The

allelic data were further adjusted as per the periodicity of
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SSR repeat motifs using allele binning program Tandem

ver. 1.07 (Matschiner and Salzburger 2009). To minimize

the scoring and amplification errors, null alleles were

detected using the program Microchecker ver. 2.2 (Van

Oosterhout et al. 2004). Eventually, the marker data were

analyzed to calculate the genetic characteristics, such as

numbers of different alleles per locus (Na), numbers of

effective alleles (Ne), observed heterozygosity (Ho),

expected heterozygosity (He) and the principal coordinate

analysis (PCoA) using GenAlEx ver. 6.5 (Peakall and

Smouse, 2012). The analysis of molecular variance

(AMOVA), inbreeding coefficient (FIS) and genetic dif-

ferentiation (FST) were also investigated using the program

GenAlEx. The polymorphism information content (PIC) of

the tested markers was calculated using program Pow-

erMarker ver. 3.25 (Liu and Muse 2005). Further, the stand

structure of the 48 genotypes with 13 loci was assessed

using STRUCTURE ver. 2.2 (Pritchard et al. 2000). Based

on admixture models and correlated band frequencies, the

number of sub populations (K) were determined from 1 to

10 (Evanno et al. 2005). The Jaccard similarity coefficient

was used to determine the genetic similarity between the

genotypes using NTSYS-pc ver. 2.10 (Rohlf 1998).

Finally, using the unweighted pair group method with

arithmetic mean (UPGMA) and the SAHN clustering tool,

cluster analysis was used to generate a dendrogram based

on the similarity matrix data.

Results

Genome sequencing, assembly, SSRs identification

and primer design

The library preparation and sequencing were carried out

using Illumina paired-end low depth sequencing technol-

ogy, and approximately ten gigabases (10 Gb) sequence

data were generated with 70.87 million raw reads (read

length = 150) assembled into 425,923 contigs (23 9 cov-

erage), which show read mapped value of 76.48% and

genome size of 455 Mb (Table 1). The quality parameters,

viz. GC content (41.52%), bases above Q20 (99.54%) and

Q30 (94.97%) depicted that the quality of sequence data

generated were reasonable and suitable for further pro-

cessing. After filtration and trimming, the quality reads

with the size more than 70 bp were de novo assembled into

the contigs. Based on varying Kmer, parameters such as

contigs sizes, L50 and N50 values, and percentage of

aligned reads, assembly with Kmer 94 was selected for

analysis. In total, 425,923 high-quality contigs were

obtained with the L50 and N50 values of 122,470 and

1170, respectively. The cleaned raw data were deposited in

the Sequence Read Archive (SRA) database of the NCBI

with an accession number PRJNA612735.

A total of 13,335 SSRs were mined out in the assembled

genomic data of G. robusta. The di- and tri-nucleotide

repeats were the most dominant in the genome with the

frequency of 80.69% and 17.82%, respectively. Among the

repeat motifs, AG/CT was most prevalent in di- and AAG/

CTT in tri-nucleotides. Whereas, tetra-, penta- and hexa-

nucleotides repeats occurred in very low frequency (Fig. 1a–

d). Furthermore, the relative abundance and density of each

repeat types were also determined, which revealed di-nu-

cleotides had the highest relative abundance (9.65 loci

Mb-1) and density (140.18 bp Mb-1) followed by tri-

(5.31 loci Mb-1; 80.38 bp Mb-1), tetra- (4.01 loci Mb-1;

65.94 bp Mb-1) and penta-nucleotides (1.47 loci Mb-1;

29.43 bp Mb-1). The primer pairs were successfully

designed for 9421 microsatellite loci containing repeat

length C 12 bases and possessed optimal flanking regions.

Eventually, the distribution of identified microsatellite

motifs in different genomic regions of G. robusta revealed

that the di-nucleotides SSRswere themost abundant (58.7%)

category, followed by tri- (35.5%) and tetra-nucleotides

(5.7%). The different genomic regions, such as genic, tran-

script, intron and exon also confirmed that di-nucleotides

were the most abundant type. However, in the CoDing

Sequences (CDS) region, tri-nucleotides were the most

abundant (61.36%) (Fig. 1e).

The SSRs were prefaced as ‘GRGMS’, which stands for

‘Grevillea robusta Genomic Microsatellite’ marker. Based

Table 1 Summary statistics of genome sequenced data

Sl. No Features Value

1 Total raw reads 70,878,358

2 Total number of bases (bp) 10,631,753,700

3 Clean reads proportion (%) 76.48

4 Total number of contigs 425,923

5 Assembly length (bp) 455,331,789

6 Largest contig size (bp) 389,860

7 L50 122,470

8 L75 242,531

9 N50 1170

10 N75 778

11 GC content (%) 41.52

12 Q20% 99.54

13 Q30% 94.97

14 Number of SSR identified through MISA 13,335

15 Number of SSR primers designed 9421

16 Number of SSRs tested 161

17 Number of working SSR markers 161

18 Number of polymorphic SSR markers 13
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Fig. 1 The simple sequence repeat (SSR) types generated through

Illumina sequencing: a Radar indicates frequency of all types of SSR

motifs; and b–d most predominant repeat motifs, i.e. di-, tri- and

tetra-nucleotides; and e the distribution of identified microsatellite

motifs in different genomic regions of G. robusta
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on the frequency of microsatellite repeats, proportionate

numbers of primer pairs were selected in each class for

validation. In total, 161 microsatellite primer pairs were

tested for PCR amplification in G. robusta, and all were

successfully amplified but only 13 primer pairs revealed a

polymorphic banding pattern [Fig. 2a–b and Supplemen-

tary Fig. 1a–k].

Functional annotation

Sequence similarity search was done against non-redundant

protein databases configured in NCBI’s BLASTX to derive

the putative functions of all the polymorphic SSRs

(Table 2). Herein, the KEGG database resources (such as

KP, KB and KO) were used to understand the high-level

functional hierarchies, revealing information about the

biological pathways and their utilities in the genomic data.

Further, the KP was used to examine the metabolic path-

ways and related functions which are likely to be encoded

in the genome of G. robusta; hence, 9488 out of 425,923

contigs were successfully mapped into 391 pathways. The

maximum number of contigs were involved in ribosome

(216 contigs) followed by RNA transport (154 contigs),

spliceosome (142 contigs), oxidative phosphorylation (126

contigs), protein processing in endoplasmic reticulum (126

contigs), endocytosis (96 contigs), ribosome biogenesis in

eukaryotes (93 contigs), cell cycle (91 contigs), cysteine

and methionine metabolism (74 contigs), purine metabo-

lism (69 contigs), amino sugar and nucleotide sugar

metabolism (69 contigs), etc. (Supplementary Table 2).

Similarly, functional hierarchies derived through KB were

characterized into three categories (protein families),

namely (i) metabolism, (ii) genetic information processing

and (iii) signalling and cellular processes (Fig. 3). Finally,

the list of KO numbers attained through KEGG analysis

were further annotated through the GAEV. As a result,

biological pathways are sorted by the number of associated

genes (Supplementary Table 3), where the highest were

involved in metabolic pathways (2234 genes) followed by

biosynthesis of secondary metabolites (1140 genes), carbon

metabolism (248 genes), plant hormone signal transduction

(130 genes), etc.

Afterward, functional enrichment analysis of genes

obtained through KEGG were done through g:Profiler,

which accomplishes statistical enrichment analysis to find

the information through predefined parameters, such as

Gene Ontology (GO) terms, biological pathways, regula-

tory DNA elements, protein–protein interaction networks,

etc. The results based on their GO ID and p-values were

further characterized into three categories, namely meta-

bolic component, cellular component and biological com-

ponent. Importantly, the highest number of GO terms (337)

were involved in the biological process, followed by cel-

lular component (99) and molecular function (67), as

revealed by Manhattan-like plot (Fig. 4) derived through

g:Profiler. In this plot, hovering the circle highlights with

an identifier, which was referred in the table (below plot)

showing the detailed information, such as data source GO

ID and term name with the corresponding p-value. For

example, cellular process (p-value = 3.652 9 10–64) is

shown by GO:0009987 followed by metabolic (p-

value = 3.287 9 10–58) and cellular metabolic process (p-

value = 4.835 9 10–58). This revealed clustering of the

genes in descending order based on the p-value assigned to

a particular process and a list of top 100 terms representing

the process is elaborated in detail (Supplementary Fig. 2).

Fig. 2 Representative sample* through SSRs showing polymorphic banding pattern in G. robusta: a GRGMS 9118, and b GRGMS 826.

*Where, M: 100 bp DNA ladder; 1–48 representing 12 genotypes each from 4 stands
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Table 2 Characteristics and putative functions of 13 polymorphic SSR types (GRGMS) with E-value of G. robusta

Sl.

No

Locus

name

Primer sequence Product

size

(bp)

Repeat

motifs

Tm

(�C)

Putative functions E–value

1 GRGMS

9118

CACCCTTCCTACCCCAAATGT 180 (TA)6 58 Not found –

TCGGTTTGAAGCATCACCCA

2 GRGMS

332

GGAGAACGAAGACGACCCAG 203 (AT)6 58.4 Camellia sinensis var. sinensis hypothetical

protein TEA_009066

5e - 44

GGTAGGAAGGTCGCGGTTAA

3 GRGMS

7755

GGGGAATGTGTATGCATTGGG 199 (GTAT)5 60.4 Not found –

AGCTTCATTTCCTTTCCCCCT

4 GRGMS

826

ACCTCTGCATGTGTTAGCCA 180 (TA)7 60.5 Vitis vinifera hypothetical protein

VITISV_004764

1e - 23

GCGGCAGCGTAGTAACAGTA

5 GRGMS

2493

CAGGAGGAGAAATGGGAAGGA 182 (AG)6 58 Not found –

AGACACTTACCACTGTCGGC

6 GRGMS

2500

CGTAAAACCCCTCCCCCTAC 187 (TC)6 52.7 Nelumbo nucifera PREDICTED:

pentatricopeptide repeat-containing protein

At2g22410, mitochondrial-like

6e - 23

TTCCATGGTGTTGTGGAGGG

7 GRGMS

10729

GGCGGTTTCAGTGGTTCTTT 180 (AG)6 52.5 Not found –

AACACACTCACTCTCTGGGC

8 GRGMS

2198

TGCGTGCCTTTCACTCAAGA 202 (AT)8 53 Not found –

GCCATAATTTCGGTCGGCAG

9 GRGMS

2148

CGTTGAAAAAGAGCGCGGTT 184 (TA)8 52 Not found –

TTAGTGGAGAGGTCGTGGGT

10 GRGMS

4184

GGAGAAGAGCCAAATTCTGCT 166 (ATTT)5 62 Not found –

AGTTGCGTATGTTTCAGTCCT

11 GRGMS

8376

TGCCCAGGAGCCTAAAATCC 163 (AAAT)5 61.8 Not Found –

TGGGTTCCAATTGTCACAAGC

12 GRGMS

9833

TCCCTTGTGGTTCCTTCTGC 180 (AT)8 60.5 Cephalotus follicularis CRAL_TRIO

domain-containing protein/

CRAL_TRIO_N domain-containing

protein

2e - 30

GACAGTGGCCACTTAACATGC

13 GRGMS

8539

TCGGCAACATAAACCCACCT 200 (AAAT)5 53 Not found –

ACGATCACCTATCAAAACGTGA

Fig. 3 Functional hierarchies obtained through KEGG BRITE
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Polymorphic potential of novel marker loci

and their efficacy in population genetic analysis

Polymorphic primers were utilized to calculate the key

marker characteristics and diversity measures through

genotyping of 48 genotypes of G. robusta (Table 3). Fur-

ther, errors in the fragment separation and allele scoring

were removed by binning as per their repeat motifs.

Accordingly, marker data were analyzed and none of the

thirteen primer pairs showed evidence of null allele. Hence,

full data sets were used for estimating genetic diversity

measures. In total, 35 alleles were generated with 13 SSRs

across the genotypes with an average of 2.69 alleles per

locus, which were further checked for polymorphism

information content (PIC). Results revealed that the PIC

value of each SSR primer pair ranged from 0.161 to 0.557,

with a mean value of 0.356. Overall, Ho for the primers was

recorded in the range of 0 to 1 with a mean of 0.557, while

He was ranged between 0 to 0.726 with a mean of 0.388.

Importantly, AMOVA revealed that most of the genetic

variation (94.23%) was confined among the individuals

within a stand, and only 5.77% variance was recorded

among the stands. Owing to the cross-pollinated behavior,

very low genetic differentiation (FST = 0.075) and high

gene flow (Nm = 4.54) were recorded among the stands.

Consequently, the value of inbreeding coefficient (FIS-

= - 0.399) also indicates an excess of heterozygotes in

the sampled populations.

In addition, structural analysis reveals an optimum K

value of 2 [Supplementary Fig. 3a(i–iii)], which is very

low to predict any output. Hence, no structuring was

detected in the sampled stands of G. robusta. The intra-

specific genetic diversity analysis using SSR markers fur-

ther yielded a PCoA plot (Supplementary Fig. 3b) and

UPGMA dendrogram (Fig. 5), which showed 48 genotypes

have been split clearly with a similarity coefficient of

0.870 into two groups (Gp) of G. robusta, i.e. GpI and GpII

consisted of 13 and 35 genotypes, respectively. The former

one was subdivided with a similarity coefficient of 0.890

into two subgroups (SbGp), i.e. SbGpIa (11 genotypes) and

SbGpIb (2 genotypes representing GRPB Std). While the

later Gp was split with a similarity coefficient of 0.874 into

SbGpIIa (30 genotypes) and SbGpIIb (5 genotypes repre-

senting GRHR, GRHP and GRUK Std).

Fig. 4 The hierarchical clustering of the genes assigned to a particular process in GO
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Discussion

Wider applicability of molecular markers in forest genetics

revealed that microsatellites particularly SSRs have a vital

role in population genetic analysis, stand structuring and

tree breeding, which facilitates the conservation and tree

improvement programme of a particular species. Despite

the economic importance and fast-growing timber species

with wider adaptability and distribution, G. robusta is

relatively less investigated for its genetic analysis and

improvement. Consequently, limited genomic resources

have been generated in G. robusta, particularly the

sequence data (genome or transcriptome or expressed

sequence tags (ESTs)) and sequence-based markers. For

instance, five SSR markers were developed in G. robusta

through the microsatellite enriched genomic library method

(Mantello et al. 2011). Notably, the development of SSR

markers through low-depth high throughput Illumina-based

NGS technology is one of the widely used efficient and

cost-effective methods in any taxa that devoid the sequence

information (Zou et al. 2014; Abdelkrim et al. 2018; Li

et al. 2018; Nadeem et al. 2018; Taheri et al. 2018). This

approach has been recently used to develop microsatellite

markers in various species, viz. G. thelemanniana (Hevroy

et al. 2013), Macadamia integrifolia (Nock et al. 2016),

Populus pruinosa (Yang et al. 2017), G. juniperina

(Damerval et al. 2019), Exbucklandia tonkinensis (Huang

et al. 2019) and Salvadora oleoides (Bhandari et al. 2020).

In the current study, 70.87 million raw reads (approxi-

mately 10 Gb sequence data comprises read length = 150)

were generated, and de novo assembled into 425,923

contigs (read mapped = 76.4%) representing genome size

of 455 Mb with a coverage of 239. A total of 13,335 SSRs

were successfully identified, where maximum relative

abundance and density were obtained for di-nucleotides

(9.65 loci Mb-1; 140.18 bp Mb-1) followed by tri-, tetra-

and penta-nucleotides. It revealed that most of the non-

genic region contains a large set of di-nucleotides repeats,

which is similar to other taxon studies (Karaoglu et al.

2005; Patil et al. 2021; Sigang et al. 2021; Zhu et al. 2021).

The SSR repeat analysis revealed that di- and tri-nucleotide

repeats were almost ubiquitous in the genome, and these

classes were further dominated by repeat motifs AG/CT

and AAT/CTT, respectively. In other species, such as S.

oleoides highest number of di- and tri-nucleotides repeats

were found for AT/AT and AAT/ATT, respectively

Fig. 5 The UPGMA dendrogram unbiased measures of genetic distance among 48 genotypes representing 4 stands of G. robusta
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(Bhandari et al. 2020); whereas, in the case of Drepanos-

tachyum falcatum, AG/CT and CCG/CGG were observed

in maximum number (Meena et al. 2021). The distribution

of genomic SSRs were also determined in G. robusta, and

di-nucleotides were the most abundant category except in

CDS, which was mostly dominated by tri-nucleotides.

Further, penta- and hexa-nucleotides SSRs were not pre-

sent to be distributed in any of the genomic regions, as they

are scantly (only 5) developed through low-depth high-

throughput Illumina-based sequencing. It is evident from

the distribution pattern that most of the SSRs (52.70%) are

present in the protein coding regions of the genome

sequenced. It might be possible that data generated here is

useful for transcriptomics, proteomics and metabolomics

study for the neighboring species, which can change the

tree improvement dynamics under Genus Grevillea

(PRJNA612735). A similar sort of studies were done in

Arabidopsis thaliana and Oryza sp. (Lawson et al. 2006),

Brassica rapa (Hong et al. 2007), Musa paradisiaca

(Biswas et al. 2020); bovid sp. (Qi et al. 2018); Leishma-

nia, Drosophila sp., avian and primates’ fauna (Srivastava

et al. 2019), and Moschus sp. (Qi et al. 2020).

Out of 9421 successfully designed SSR primer pairs, a

subset of 161 was validated through PCR amplification and

13 of which were found polymorphic (Table 1). The low

level of polymorphism finding is most consistent with a

single or 2–3 source(s)/provenance(s) introduction of G.

robusta in Indian sub-continental climatic conditions from

Australia. Further, polymorphic estimates of sampled

genotypes were selected from geographically four distinct

locations (Punjab, Haryana, Himachal Pradesh and Uttar-

akhand), but population source(s) for existing individ-

ual(s) is/are limited. Similarly, biogeographical population

structuring and low genetic diversity of invasive Phyla

canescens revealed a single northwest Argentine popula-

tion dispersal and naturalization, which might be due to

human-assisted activity (Xu et al. 2015). Moreover, despite

several introductions of Impatiens glandulifera throughout

Europe, limited genetic diversity was observed (Hagenblad

et al. 2015). Likewise, the absence of genetic structure has

also been observed for Macfadyena unguis-cati (Prentis

et al. 2009) and Olea europaea (Besnard et al. 2007),

where are both believed to have a single introduction into

its exotic range.

The NGS has made it simpler to get genome-wide

information and it has moved the exploration center into

genome annotation. However, the challenging tasks

involved in annotation depend on the available tools and

techniques, and further to interpret the data contained in the

sequencing. The NCBI’s non-redundant protein database

BLASTX was used to predict the putative functions of 13

polymorphic SSRs loci and the top-hit species were

Camellia sinensis, Nelumbo nucifera, Pistacia vera and

Vitis vinifera (Table 2). Subsequently, the KEGG enrich-

ment analysis was conducted, where the KEGG database

resources (KP, KB and KO)-based annotation provided the

functional role of the scaffolds and the pathways in which

they are involved. The KP is a collection of manually

drawn pathway maps signifying the understanding of the

molecular interaction and reaction networks. The KP

pathway-based scrutiny is helpful to further cognize the

biological functions and gene interactions. Based on KP,

about 9488 contigs were successfully mapped into 391

metabolic pathways, which include galactose metabolism,

pyruvate metabolism, plant-pathogen interaction, por-

phyrin, chlorophyll metabolism, glycolysis/gluconeogene-

sis, glycerophospholipid metabolism, plant hormone signal

transduction, amino sugar, nucleotide sugar metabolism,

etc. Next, KB incorporates different types of relationships

including, genes and proteins, compounds and reactions,

drugs and diseases, and organisms and cells, etc. (Kanehisa

and Sato 2019). Similar studies were reported in Hevea

brasiliensis (Li et al. 2012), Ipomoea batatas (Wang et al.

2010; Xie et al. 2012), Solanum trilobatum (Lateef et al.

2018), Gasterophilus nasalis (Zang et al. 2021), Oper-

culina turpethum (Biswal et al. 2021) and Juglans mand-

shurica (Yan et al. 2021). Importantly, the KO was also

annotated through GAEV; hence, pathways with their

number of associated genes were also obtained (Iacobas

et al. 2019; Emami-Khoyi et al. 2020; Nand et al. 2020;

Shah et al. 2021). Here, the functional enrichment analysis

of the genes were done through g:Profiler, where the

results characterized into GO ID and p-value with highest

involved in the biological process (337), followed by cel-

lular component (99) and molecular function (67).

Recently, this kind of characterization and annotation of

genes were used to predict therapeutic drugs against

COVID-19 (Tan et al. 2021), validation of immune genes

(Karthikeyan et al. 2021), identification of novel prognostic

biomarker (Xu et al. 2020), and analyses of Integrated

Gene Expression Profiling Data (IGEPA) (You et al. 2020).

Analyzing genetic diversity is one of the key prerequi-

sites in any species conservation and genetic improvement

programme. Genomic diversity provides an adaptive and

evolutionary potential to a species, and unraveling this

information facilitates species protection, conservation and

management. In the present study, all 161 tested primer

pairs were successfully validated in G. robusta. The

amplification rate was significantly higher as compared to

Liquidambar formosana (72%) (Chen et al. 2020). The

genotyping of 48 accessions of G. robusta with 13 SSRs

generated 35 alleles with an average of 2.69 alleles per

locus, which is similar to that recorded in Brazilian sam-

pled individuals of G. robusta using isoenzymes (2.93

alleles per locus) (Sousa et al. 2018). However, this is

lower to one of the members of a Proteaceae family
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(Conospermum undulatum) in which an average of 11.45

alleles per locus were recorded for 20 microsatellite loci

(Delnevo et al. 2019). In another species, namely G.

macleayana, 41 alleles were generated by 6 microsatellite

loci in a range of 2.8–4.2 alleles per locus (England et al.

2002). In two species of the genus, viz. Persoonia longi-

folia and P. elliptica, genotyping with SSR loci have

generated an average of 14 and 13 alleles per locus,

respectively (Stingemore et al. 2013). Further, 71 alleles

were detected with an average of 5.9 per locus from 12

SSR loci amplified among 22 cultivars of M. integrifolia

(Nock et al. 2016). All these studies revealed that the

number of polymorphic alleles increases in a population

with an increase in sample size and the number of marker

loci. The PIC value of SSRs lies between 0.160 and 0.557

with a mean of 0.356 (Table 3). The PIC analyzed for the

sampled genotypes was low for G. robusta, when com-

pared to Populus deltoides (PIC = 0.535, 0.77) (Chen et al.

2020; Sharma et al. 2018), E. camaldulensis (PIC = 0.44 to

0.93) and E. tereticornis (PIC = 0.36 to 0.93) (Arumuga-

sundaram et al. 2011). The numerous studies of SSR

markers in different species, i.e. P. tomentosa (Du et al.

2012) and P. euphratica (Wang et al. 2011), yielded

reproducible polymorphic bands and showed that they

provide a powerful and reliable molecular tool for ana-

lyzing genetic diversity and relationships among and

within species (Feng et al. 2016).

Forest maintained the key equilibrium among different

taxon, implying several evolutionary processes likely to

impact the genetic diversity of a forestry tree species (Porth

and El-Kassaby 2014), which is required to be analyzed

either for conservation genetics or/and tree improvement

programme. In a population genetic analysis, Ho and He are

considered as most suitable measures to characterize mar-

ker loci and populations (Sherif and Alemayehu 2018;

Monfared et al. 2018; Xue et al. 2018). Before our study,

genetic variation was examined in 23 populations of G.

robusta across the natural range in Australia using 20

isozyme loci (Harwood et al. 1997), where the mean

expected heterozygosity was recorded as low (He = 0.105)

with a low level of genetic differentiation. Whereas, in

another isoenzymes-based study conducted in Brazilian

populations, high levels of genetic diversity (Ho = 0.3962

and He = 0.5140) was recorded (Sousa et al. 2018). Earlier,

one of the inter simple sequence repeats (ISSR)-based

studies carried out with a relatively smaller numbers of

genotypes from one (GRUK) of the four presently sampled

locations also revealed comparable results (Ho = 0.290 and

He = 0.305) (Parmar et al. 2019). However, microsatellite

markers are a widely accepted molecular tool for measur-

ing genetic diversity and divergence among different

genotypes and/or populations of a species. In Australia, the

estimation of diversity measures was successfully

demonstrated with SSR markers in the species, such as C.

undulatum (Ho = 0.000 to 1.000; He = 0.117 to 0.919)

(Delnevo et al. 2019); M. integrifolia (Ho = 0.571, He-

= 0.626) (Nock et al. 2016); P. longifolia (Ho = 0.04 to

0.88; He = 0.04 to 0.84) and P. elliptica (Ho = 0.46 to

0.93; He = 0.42 to 0.88) (Stingemore et al. 2013). In India,

the species was introduced from Australia, which is now

naturalized and popularized through farm plantings across

the country. The results revealed that the Indian G. robusta

stands possess moderate levels of genetic diversity (Ho-

= 0.557 and He = 0.388), which is relatively higher than

their natural populations in Australia (due to choice of

marker used) but lower than the Brazilian sampled

genotypes.

Interestingly, the results revealed that the level of

genetic differentiation for G. robusta in India is still very

low (FST = 0.075), which could be attributed to the various

natural as well as manual processes. This was supported by

structure analysis, which showed a low K value (K = 2,

default generated in case of low structuring), as most of the

G. robusta stands are not clearly defined by any single

cluster with a significant proportional membership coeffi-

cient ([ 0.7). This means significant genetic admixture

across the location might be a consequence of a single or

not more than two ancestral gene pools (i.e. seed source /

planting stock introduced in India from Australia or any

other country is probably not more than two provenances).

Again, similar sets of admixing were shown by PCoA and

UPGMA cluster analysis, which tend to justify the low

value of FST. Concomitantly, the genetic differentiation

among Australian populations (Harwood et al. 1997) and

Brazilian germplasm (Sousa et al. 2018) of G. robusta was

also recorded as low. Thus, it could be inferred that the

gene flow across the spatially separated populations was

sufficiently maintained and not greatly affected by the

ecological and geographical attributes. Other studies on

genus Grevillea, where five populations of an endangered

shrub G. iaspicula were taken to measure interpopulation

genetic differentiation (FST or D = 0.04–0.32), was high;

whereas, the inbreeding coefficient for maternal (FIS-

= 0.03) and progeny (FIS = - 0.09) suggested that gene

flow was limited even among the populations separated by

only a few kilometers (Hoebee and Young 2001). In the

Indian context, the negative value of the inbreeding coef-

ficient (FIS = - 0.399) and the deviation between observed

and expected heterozygosity have indicated the excess of

the heterozygotes which could be ascribed to the predom-

inant out-crossing and self-incompatibility mechanism

reported in G. robusta.

Naturally, the genetic exchange was disbursed due to

predominantly out-crossing breeding behaviour owed to

the protandry and self-incompatibility mechanism, long

distance pollen or seed dispersal by birds and insects, etc.
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(Kalinganire et al. 2000, 2001). Since the species is exotic

in India, a limited amount of genetic diversity is available

to be maintained and transferred, and gene flow was mainly

accomplished by the manual transmission of seeds or

seedlings across the geographical region. Importantly,

despite the narrow genetic base, the species has not

undergone significant genetic structuring and inbreeding

depression, which demonstrated high genomic plasticity

against the selection pressure exerted by several forces,

such as limited genetic diversity, phenological changes,

extreme environmental conditions, overexploitation, poor

seed setting, etc., in an exotic environment.

Conclusion

Irrefutably, the microsatellite marker discovery through

NGS-based genome skimming has appeared as the most

rapid, efficient and cost-effective approach and holds a

great promise in executing genetic studies in any species,

irrespective of the availability of their genomic resources.

About 10 Gb genomic data generated herein for G. robusta

has enabled the discovery of 9421 GRGMS markers, and a

subset of these have successfully been validated and uti-

lized for genotyping the stands distributed in India. All the

evaluated SSRs were highly polymorphic, and demon-

strated moderate genetic diversity (Ho = 0.557 and He-

= 0.388) and very low genetic differentiation

(FST = 0.075) among the sampled genotypes. The

sequence information and the SSR markers generated here

will serve as powerful tools for measuring the genetic

diversity, marker assisted selection (MAS), gene map

construction, phylogenetic and evolutionary revelation of

family Proteaceae in the coming years.
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