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Abstract

Background and Aims

The genetic basis of topsoil-foraging root system architecture (RSA) contrary to a steep-cheap-deep root
ideotype typical of most annual crops and how it has evolved in jute (Corchorus olitorius) during its
domestication as a bast-fibre crop are unknown.

Methods

For jute is cross-incompatible with wild Corchorus species, we used a population (F,-F,.5) founded by a
bast fibre-shy mutant with impaired fibre development, nitrate reductase activity (NRA) and RSA and its
corresponding wild-type (WT). To detect QTL for leaf and root NRA, 11 RSA-related traits and shoot
biomass, we generated whole-plant transcriptomes and constructed a genome-integrated genetic map
comprising both genic and genomic SNPs.

Results

We identified a total of 154 QTL anchoring 107 unique SNP loci, with 140 exerting small effects.
However, 75 % of these QTL were identified as multi-trait QTL associated with 42 SNP loci suggesting a
well-coordinated pleiotropic genetic control of NRA and RSA. By analyzing and relating the mutant to WT
ratios of the QTL number, additive effects and explained phenotypic variance over the 14 traits, we
showed that additive effects contributed to tweaking the RSA. We identified many QTL with regulatory
roles and reconstructed a multidimensional QTL gene network of the complex interactions governing the
RSA in jute characterized by much lower root to shoot ratio (RSR).

Conclusion

A gradual domestication of topsoil-foraging RSA in jute was driven by the coordinated actions of many
small-effect QTL, with an interplay of above- and below-ground NRA modulated by key regulatory genes
stabilizing its RSR.

Introduction

The fundamental challenge a plant faces is to optimize and allocate resources to both above- and below-
ground biomass (Boonman et al. 2020). Most dicot annual crops are thus characterized by a penetrating
deep taproot system that offers a better opportunity for nutrient and water uptake. In fact, a steep-
cheap-deep (SCD) root ideotype accounts for better soil resource acquisition in crops (Lynch 2022). In
contrast, natural vegetation adopts a topsoil-foraging shallow-root ideotype as the resources like water,
nutrient and oxygen progressively decline while soil resistance intensifies with an increasing soil depth
(van der Bom et al. 2020). The efficacy of the root system in fostering the above-ground biomass is often
measured by two indicators—root to shoot biomass ratio (RSR) and the maximum rooting depth to plant/
canopy height ratio (Dg: Hg). Although both these indicators widely fluctuate depending on species and
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environmental conditions, most of the plants except for those with fibrous root systems adopt an SCD
ideotype, with Dg: Hg and RSR close to 1.0 (Tumber-Davila et al. 2022) and 0.5 (Ledo et al. 2018),
respectively. There are many examples where plants invest more in root biomass, particularly under
nutrient-deficient and resource-limiting conditions (Boonman et al. 2020, Hodge 2009, Lopez et al. 2023).
Whereas a converse root ideotype with low Dg: Hg and RSR is rare among crop plants. Since the most
limiting nutrients like organic carbon, nitrogen (N), extractible phosphorus (P) and exchangeable
potassium (K) have the shallowest distribution with plant-cycling being the dominant form of nutrient
recycling (Jobbagy and Jackson 2001), a denser root system in the topsoil would be advantageous for
rapid transport of nutrient to the above-ground biomass. Hence, an in-depth understanding of the root
system architectures (RSA) of shallow-rooted crops that foster high above-ground biomass could be
useful for developing an energy-efficient topsoil-foraging root ideotype uncharacteristic of most annual
crops.

Jute (Corchorus olitorius L., Malvaceae, 2n = 2x = 14), a secondary-phloic bast-fibre crop, is an
outstanding example of a shallow-rooted crop that fosters high above-ground biomass (20-25t ha™’
DW) within 3—4 months under a long-day (LD) photoperiod (Satya and Maiti 2013), which may perhaps
be the highest amongst the annual crops (Satya et al. 2022b). The unbranched jute stem reaches a
height over 3 m above the ground, while the primary taproot penetrates only up to 40 cm below the
ground, with a Dg: Hg and an RSR of 0.13 (Changdee et al. 2008) and 0.3 (Fawusi and Ormrod 1981),
respectively. Most interestingly, with such a remarkably low Dg: Hg ratio, jute root system affords about
5-10 times heavier vertically-erect above-ground biomass (Dhar et al. 2018). By comparison, taproots of
most of the high biomass-producing dicots penetrate even up to 1.5 m below the ground (Fan et al.
2016). Moreover, the RSR of jute is also lower than that of most of the trees (0.5; Ledo et al. 2018)
suggesting that its soil-resource uptake efficiency and root anchorage as manifested by roots’
architectural distribution within a small surface area are quite unique among the crop plants.

Of the major nutrients, N is the most limiting factor for biomass accumulation and crop yield (Marschner
2011). The nitrate (NO3~) being the main N source for plants is predominantly available in the top 20—-30

cm of the soil (Jobbdagy and Jackson 2001, Russi et al. 2024). Even in the deep-rooted crops like maize,
the highest N and P uptakes occur within a soil depth of 30 cm (Perkins and Lynch 2021). Hence, it is
logical to hypothesize that a shallow-rooted plant that accumulates high above-ground biomass would
have a typical RSA for maximizing the NO5~ assimilation. Nitrate reductase (NR) is the first enzyme in

the NO;~ assimilation pathway catalyzing the reduction of NO3™~ to nitrite (NO, ). Recent evidence

suggests that NR is involved in root-architecture remodeling via auxin- and nitric oxide-mediated
pathways (Correa-Aragunde et al. 2016). It is, therefore, worth investigating whether the development of
jute’s unique topsoil-foraging RSA is associated with the NR activity.

Apropos this unique biology of jute, the genetic basis of its RSA is still poorly understood. Our current
understanding of the genetics of its root traits is based on a handful of combining-ability studies on
traits like lateral root length and number, root angle and biomass and taproot length, suggesting a
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significant role of dominance variance for most of these traits (Basak 1993). Constrained by a narrow
genetic base, however, these diallel-cross studies reported contradictory results giving a rather long
rigamarole that could hardly elucidate the genetic basis of the complexity and uniqueness of the root
system in jute. Mapping quantitative trait loci (QTL) is a robust approach for dissecting the genetic basis
of the complex root traits and deciding chromosomal locations of unknown genes. However, till date
only one root QTL, that too for root weight, has been reported in C. olitorius (Kundu et al. 2015). Low
genetic diversity limiting the scope for the identification of suitable founders (of mapping populations),
an inherent difficulty in phenotyping the root traits in the field (Richards 2008, Paez-Garcia et al. 2015),
experimental errors associated with phenotyping the RSA using mature field-grown plants (Bai et al.
2013, Liu et al. 2013, Kundu et al. 2015) and low genetic polymorphism together with high segregation
distortion (Mir et al. 2008, 2009, Das et al. 2012, Topdar et al. 2013, Kundu et al. 2015, Yang et al. 2019)
were the key issues resulting in the dearth of information on the inheritance vis-a-vis genetics of root
traits in jute. Earlier, we developed a RAD-SNP genetic map of jute from a bi-parental population for QTL
mapping of bast-fibre yield and yield components (Kundu et al. 2015). Enriching this map with new SNP
markers would obviously aid in improving the precision of QTL mapping. Of obvious note, genic-SNPs
are particularly useful for QTL mapping of agronomic traits since they are associated with the coding
regions (Zhao et al. 2019). Yet, genetic map as such is not particularly useful for the identification of
genes underlying the QTL unless they are linked to genomic information. Hence, the integration of the
genetic map with the genome sequence can lead to precise location of novel genomic regions
associated with QTL and understanding the interactions of those QTL for various target traits at the
genetic level (Govindarajulu et al. 2021).

For the uniqueness of RSA involving functional coordination of several root traits, we hypothesized here
that the highly efficient topsoil-foraging root system in jute might have coevolved in association with N-
use efficiency (NUE) during the process of its domestication as a bast-fibre crop. Hence, the genes
controlling these traits are most likely to have a high probability of being colocalized on the jute genome
at specific chromosomal regions. To aptly attest and validate our hypothesis, we detected QTL for NR
activity (NRA) and RSA, identified their genomic locations and examined their functional relationships by
i) discovering, validating and mapping genic SNPs, ii) constructing a genome-integrated genetic map
comprising both genic and genomic SNPs, iii) phenotyping the seedling root traits under a hydroponic
system aided by digital image-capture and analyses, iv) mapping QTL based on multiple-QTL model
(MQM), v) analyzing the underlying roles of small-effect QTL, and vi) reconstructing the resulting QTL
gene network (QGN). Our study goes in some way, without claiming any expressive originality, toward
revalidating Jack Rodney Harlan’s Neo-Darwinian theory (Harlan 1975) of crop domestication.

Materials and methods

Plant material

C. olitorius cv. JRO-632, a popular high-yielding cultivar and Sudan Green (SG, accession no. OEX-031),
an African C. olitorius landrace extensively utilized in jute breeding program, were used in the present
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study for RNA-Seq. They were collected from the National Active Germplasm Site for Jute and Allied
Fibres (ICAR-Central Research Institute for Jute and Allied Fibres, Barrackpore, Kolkata), and were selfed
for one generation to ensure genetic purity. Harvested seeds were grown in a controlled environment
chamber (28°C Day/ 25°C night temperature, 80% RH and a 16-h photoperiod of 35 Wm™ ?) for 7 days.
Leaf, root and stem tissues from a pool of 50 plants were flash-frozen in liquid N, and stored at -86°C;

also, fresh, non-dormant seeds were powdered with LN,. The SG (i) x bast fibre-shy (bfs) mutant () F,
population, as reported earlier (Kundu et al. 2015), was used for lllumina GoldenGate® genotyping. Its
168 F,.5 families were phenotyped under hydroponics for root traits because the mutant in addition to its
characteristic ribbon leaves (a recessive trait with a 3:1 F,, segregation ratio) and defective bast-fibre
development also had an impaired root system compared to its wild-type (WT) SG (Kundu et al. 2012).

Transcriptome sequencing by RNA-Seq

Total RNA was extracted using Invitrogen's (Thermo Fisher Scientific Inc., Waltham) high-quality RNA
isolation protocol using TRIzol® with PureLink™ RNA Mini Kit, according to manufacturer’s instruction.
RNA purity and integrity were checked by Agilent's RNA 6000 Pico Kit on Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., Santa Clara). Equal volumes of RNA from each tissue (leaf, root, seed and
stem) were mixed to constitute the RNA pool for each genotype. The pooled RNA representing the
whole-plant transcriptomes of JRO-632 and SG were sequenced on a Roche 454 GS FLX platform (Roche
Holding AG, Basel). Sequencing libraries were prepared using Roche 454 GS-FLX kits, according to GS
FLX Titanium Series October 2009 (Rev. Jan 2010). The cDNA library quality was checked using high-
sensitivity DNA chip on Agilent 2100 Bioanalyzer. The libraries were amplified by emulsion-based PCR
and deposited on pico-titer plate for pyrosequencing on Roche 454 GS FLX. Since combining different
assemblers offers more credible result for 454 reads (Kumar and Blaxter 2010), the transcriptomes were
assembled de novo using the cDNA assembly features of GS De novo Assembler, CLC Genomics
Workbench, SeqMan Ngen and CAP3. The assembled transcriptomes were aligned against several
databases (NCBI Nr, SwissProt, KEGG and COG) using BLASTx (E-value < 10™ °) to extract the protein
coding sequences (CDS) and gene annotations. The Nr-annotated database was mapped to gene
ontology (GO) database (Ashburner et al. 2000) as implemented in OmicsBox (Conesa et al. 2005).
Aligned unigenes were mapped to the KEGG database using KAAS (KEGG Automatic Annotation Server;
Moriya et al. 2007).

Genic-SNP discovery and validation

High-quality Roche GS FLX reads of the two transcriptomes were assembled with MiRA 4.0 (Chevreux et
al. 2004) and mapped with GSMapper (Roche Holding AG, Basel) with a seed length of 16, minimum
overlap length of 70 and minimum overlap identity of 95. The SNPs on terminal regions and with <75 bp
flanking regions were discarded. Also, SNPs from InDels, low complexity regions and intron/ exon splice
junctions were filtered out. A subset of SNPs (>2000) were validated by PCR (initial denaturation at 95°C
for 5 minutes followed by 35 cycles of denaturation at 95°C for 30 s, annealing at a temperature specific
for each primer pair for 30 s and primer extension at 72°C for 45 s) followed by resolving in 1.5% agarose
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gel (110 v, 30 min). Robust SNPs showing distinct polymorphism were further validated by Sanger
sequencing using big-dye terminator v3.1 chemistry on Genetic Analyzer 3730xI| (Thermo Fisher
Scientific Inc., Waltham). Amplicons that generated good sequences were further manually curated and
subjected to bioinformatic SNP validation using CLC Genomics Workbench. The SNPs with high
mapping quality and design score were retained for further downstream analyses.

[llumina GoldenGate® OPA and genotyping

We used lllumina (lllumina Inc., San Diego) GoldenGate® custom oligonucleotide pooled assay (OPA:
GS0014193-0PA,; test version: 09464019) containing both allele- and locus-specific oligos to design a
panel of 384 SNPs. The final SNP selection was based on i) heterozygosity of the target SNP in founder
genotypes, ii) the absence of additional polymorphisms adjacent to the target SNP, iii) SNPs located
within 50 bp to sequence ends or intron/ exon splice junctions and iv) the absence of polymorphism in
mapped sequence reads. A > 0.6 designability-rank score was selected to obtain a high success rate for
the conversion of SNPs into a successful GoldenGate® OPA as suggested by Hyten et al. (2008). The
‘GoldenGate® Genotyping Assay for VeraCode Manual Protocol’ (Illumina Inc., San Diego, USA) was
performed using lllumina’s BeadArray Express, according to the standard manufacturer’s protocol as
described earlier (Hyten et al. 2008, Gaur et al. 2015). Briefly, DNA was normalized to 50 ng pl~ ' in 96-
well plates, activated by adding 5 ul MS1 reagent to 250 ng (5 pl of 50 ng pl™ ') of DNA and incubated at
95°C for 30 min to prepare single-use DNA. DNA samples were hybridized to six GoldenGate GT UNIV32
bead Chips having 384 SNP-probes for 176 samples, and the fluorescence signal on the bead Chip was
analyzed by iScan BeadArray Reader (lllumina Inc., San Diego).

Genome-integrated genetic map construction

We excluded genic-SNP markers with highly significant (P < 0.001) segregation distortions against the
expected 1:2:1 F, segregation ratio and then constructed a functional genic-SNP-based genetic map
using R/qtl (Broman et al. 2003), with an error probability of 0.01. This resulting SG x bfs genic-SNP
genetic map was integrated with its corresponding genomic RAD-SNP genetic map reported earlier
(Kundu et al. 2015). Finally, we used Chromonomer v1.07 (Catchen et al. 2020) to integrate the draft
genome of C. olitorius cv. JRO-524 (Sarkar et al. 2017) into the integrated genetic map, with default
settings, such as, re-scaffolding the contigs based on the genetic map and using a minimum of two
markers to anchor a scaffold (or contig) on a particular map node.

Phenotyping seedling root traits under hydroponics

Seeds of 168 SG x bfs F,.5 families and their two founders were surface-disinfested with 0.1% HgCl, and
germinated in sterile Petri dishes (35 mm) on moist filter papers followed by culturing them on filter-
paper wicks in 10-ml polycarbonate tubes containing %-strength Hoagland’s nutrient solution (pH 5.8).
After 3 days, the nutrient solution was changed to full-strength and thereafter replenished every 2 days.
The experiment was laid out in a completely randomized design (CRD), with six replications each with 3
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seedlings, under a 16-h photoperiod (180 pmol m~2 s~ light intensity) at 32 °C and 80% RH. After 14
days, plants were carefully harvested, kept in 30% alcohol, and their images were captured under dark
using Alphalmager 3400 (Alpha Innotech, Kasendorf). The images were analyzed using DIRT v1.0 (Das et
al. 2015), IJ_Rhizo (Pierret et al. 2013) and ImageJ (Schneider et al. 2012), with respective default
settings. Following image capture, plants were oven-dried overnight at 70 °C. Data of 11 RSA-related
traits, viz., average root density (RD), average root diameter (ARD, mm), equivalent root surface area
(ERSA, mm?), equivalent root volume (RV, mm?), lateral root number (LRN), maximum root length (MRL,
cm), projected root surface area (PRA, mm?), root diameter at the base (RDB, mm), root tissue angle
(RTA, °), root weight (RW, mg plant™ ") and total root length (TRL, mm) were collected. In addition, we also
recorded the shoot weight (SW, mg plant™') representing the above-ground biomass. Nitrate reductase
(NR) activities in leaf (LNRA, pmol h™ " g FW™ ") and root (RNRA, pmol h™ 1 g FW™ ") were estimated,
according to Scheible et al. (1997) using Sigma (Sigma-Aldrich, St. Louis) chemicals and reagents.

QTL mapping

The QTL analyses were performed using the software MapQTL6 (build: 100ct2022.24feb2020, licence:
28011.1458; Kyazma B. V., Wageningen; Van Ooijen 2009). The genome-integrated SG x bfs genetic map
comprising a total of 382 markers (317 genomic RAD-SNPs and 65 genic-SNPs) was used for QTL
mapping using the mean data of each trait. For each trait, both chromosome- and genome-wide LOD
significance thresholds (P < 0.05) for QTL peaks were determined using 10,000 permutations. Initially,
non-parametric Kruskal-Wallis rank sum test (d. f. = 2) was performed to estimate genome-wide single
marker influence. Finally, QTL were detected based on multiple-QTL model (MQM) employing automatic
cofactor selection (ACS) with backward elimination at a minimum map distance of 2.0 cM followed by
MQM mapping based on the regression model (Haley and Knott 1992) using the selected cofactors. This
resulted in the fitting of a single segregating QTL in the background of cofactors, with genetic effects of
separate QTL modelled as additive fixed effects. Though both definitive (genome-wide significant) and
suggestive (chromosome-wide significant) QTL were detected, we reported here only the definitive ones,
and their 2-LOD support intervals and graphs were drawn using MapChart 2.2 (Voorrips 2002). The
confidence interval (Cl) of the QTL location was calculated, according to Li (2011).

QTL network reconstruction

To identify the candidate genes underlying the QTL, we performed a blastn search of the SNP locus on or
nearest to the QTL peak to the predicted and annotated genes of the draft genome of C. olitorius cv.
JRO-524 (Singh and Sarkar 2022). Since there is little information on protein-protein association of C.
olitorius, the network reconstruction using C. olitorius in the String database (Szklarczyk et al. 2023)
resulted in a poor network structure. Hence, corresponding Arabidopsis thaliana protein homologs were
identified from the String database and used as an input query in Genemania (Franz et al. 2018) to
reconstruct the gene interaction network employing the automatically selected weighting method as
suggested by Doroshkov et al. (2019). Finally, the network was trimmed retaining the QTL gene
homologs and further processed in Cytoscape (Shannon et al. 2003).
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Statistical analyses

The F,.3 phenotypic data were first tested for heteroscedasticity using Bartlett’s and Shapiro-Wilk tests

(P = 0.05). Heteroscedastic data were accordingly log- (ERSA, LRN, PRA, RDB, RTA, RV, RW and TRL) and
square root-transformed (ARD, MRL and RD) prior to computing one-way analyses of variance (ANOVAS)
based on the model as suggested by Kearsey and Pooni (1996) for F,.; families. The additive genetic

variance (V,) and narrow-sense heritability (/%) were calculated as V, = 6% and h? =V, /(V, + Vg), where
0% and V¢ (6%, - %2V,) represent variance between and environmental variance within families,
respectively, while 62, is the variance within families. The coefficient of additive genetic variation (CV,)
was calculated, according to Houle (1992). Pearson’s product-moment correlations were used to test
trait associations at a significance threshold of P< 0.05. The relationships between the ratios of the QTL

number, additive effects (a) and explained phenotypic variance (r%) over the 14 traits were worked out by
fitting linear regressions. All statistical analyses were conducted in R version 4.1.3 (R Core Team 2022).

Results

NRA and RSA phenotypes of jute

Though the mutant had considerably lower RW (54%) and SW (55%) than that of its corresponding WT
(Fig. 1a), there was no difference in RSR between the two (Fig. 1b). However, the mutant was
characterized by an impaired root system (Fig. 1c, d) as evident by about 50% reduction in ERSA, LRN,
MRL, PRA, RD, RV and TRL (Table 1). This might have resulted in weaker associations between the root
traits in the mutant than in its WT (Fig. 1e). Though RW had significant (P < 0.05) positive correlations
with ERSA, PRA, RV and TRL in the WT, it was not correlated with either of the root traits in the mutant.
Both LNRA and RNRA were two-fold higher in the WT, with six- to seven-fold higher activity in the leaf
than in the root. The SG x bfs F,.; families were characterized by substantial genetic variation for all the
phenotypic traits (Table 1), but they were positively skewed toward the female founder (WT) for most of
the traits except for RDB and RTA. Besides, most of the root traits had significant (P< 0.05 - 0.001)
positive correlations between themselves. Despite a highly significant (P< 0.001) positive correlation (r
=0.67) between RW and SW, no significant (P < 0.05) correlations were observed between LNRA/ RNRA
and root traits. The A% was intermediate (0.25 < #* < 0.5) for ARD, RDB and RTA, whereas it was > 0.5 for
the other traits, varying from 0.6 for RV to even 1.0 for both LNRA and RNRA (Table 1). A high #?
combined with high transgressive segregation indeed offered a better genetic background for the QTL
mapping of RSA in the SG x bfs mapping population. The CV, was the lowest for RDB (7.6%) and the
highest for TRL (38.0%), while it was very high for both LNRA (77.0%) and RNRA (80.7%).
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Table 1
Trait means for the two founders and F,.; families of the SG x bfs mapping population, with estimates of

narrow-sense heritability (/%) and coefficient of additive genetic variation (CV,)

Traita SUdan bfs Mid' F2:3 hz CVA
Green founder
value
Mean Min Max
(%
ARD 0.80 + 0.66 0.73 0.82+ 0.45 2.18 0.490 12.16
(mm) 0.04 0.03 0.005
ERSA 805.22 364.10 584.66 399.48 177.66 1820.50 0.676 30.04
(mm?) +81.00 $23.15 +5.31
LNRA 4730 + 2.381+ 3.556 2.563 ¢ 0.005 12.649 0.100 77.00
(umol 0.077 0.051 0.063
h—‘l
gFW™")
LRN 19.90 + 11.70 + 15.80 12.80 + 4.00 47.00 0.556 25.69
1.59 0.99 0.16
MRL 3.84 + 292+ 3.38 2.63+ 1.01 6.13 0.682 19.10
(cm) 0.41 0.19 0.02
PRA 256.31 115.90 186.11 127.16 56.55 579.48 0.676 30.03
(mm?) +2578  £7.37 +1.69
RD 1.60 % 1.10+ 1.35 1.49 + 0.33 3.79 0.307 16.12
0.12 0.11 0.01
RDB 8.26 8.30 + 8.28 7.92 + 3.80 10.33 0.448 7.55
(mm) 0.11 0.35 0.03
RNRA 0.749 + 0.343 + 0.546 1.238 + 0.005 5.706 0.100 80.68
(umol 0.009 0.017 0.031
h—1
gFW™ )
RTA (°) 63.36 63.18 + 63.27 57.87 23.74 79.78 0.329 11.20
1.51 5.01 0.38
RV 144.44 58.31 + 101.38 77.43 £ 33.35 432.70 0.547 27.97
(mm3) +11.08 4.67 1.04
RW (mg 2590+ 11.92 + 18.91 13.32+ 6.10 48.80 0.755 30.09
plant™ 1) 2.25 0.78 0.17

2 ARD, average root diameter; ERSA, equivalent root surface area; LNRA, leaf nitrate reductase
activity; LRN, lateral root number; MRL, maximum root length; PRA, projected root surface area; RD,
average root density; RDB, root diameter at the base; RNRA, root nitrate reductase activity; RTA, root
tissue angle; RV, equivalent root volume; RW, root weight; SW, shoot weight; TRL, total root length
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Trait® Sudan bfs Mid- Fos R CVa

Green founder
value
SW (mg 64.96 29.32 + 4714 28.52 7.90 89.30 0.852 26.57
TRL 366.54 183.89 275.22 169.22 47.67 688.85 0.789 38.01
(mm) +53.09  +13.26 +2.69

2 ARD, average root diameter; ERSA, equivalent root surface area; LNRA, leaf nitrate reductase
activity; LRN, lateral root number; MRL, maximum root length; PRA, projected root surface area; RD,
average root density; RDB, root diameter at the base; RNRA, root nitrate reductase activity; RTA, root
tissue angle; RV, equivalent root volume; RW, root weight; SW, shoot weight; TRL, total root length

A genome-integrated genetic map of jute

We obtained 800,093 and 820,169 high-quality clean 454 reads that were assembled into 31,484 (TSA:
GFD000000000.1) and 32,628 (TSA: GFDJ00000000.1) transcripts representing the whole-plant
transcriptomes yielding 10,841 and 13,944 SNPs in C. olitorius cvs JRO-632 and SG, respectively, which
upon filtration retained a set of 1,385 genic-SNPs. Of these, 1,068 were validated by Sanger sequencing
followed by designing and synthesizing 2,136 primers that produced 1,208 clean amplicons in both JRO-
524 and SG. By validating the 308 genic-SNPs in CLC Genomics Workbench and selecting another 76
based on mapping quality and design score, we designed a 384-SNP panel for lllumina GoldenGate®
genotyping of the SG x bfs F, mapping population. The genic-SNP linkage map involving a total of 113
SNPs retrieved from 92 transcripts (Online Resource 1, Table S1) consisted of seven linkage groups
(LGs), with an average marker interval and a total genetic length of 3.34 cM and 346.3 cM, respectively in
close agreement with the RAD-SNP genetic map (358.5 cM) reported earlier using the same population
(Kundu et al. 2015). The length of an individual LG varied from 13.2 cM (LG6) to 108.7 cM (LG2). This
genic-SNP map upon integration with the genomic RAD-SNP map (Kundu et al. 2015) when further
integrated with the draft genome sequence of C. olitorius cv. JRO-524 produced the first genome-
integrated genetic map of jute consisting of 382 reference markers (317 genomic RAD-SNPs and 65
genic-SNPs) across seven LGs, with an average length and marker interval of 52 cM/1,404,439 bp and
1.2 ctM/25,735.8 bp, respectively and a total genetic length of 365.7 cM (Fig. 2) in close agreement with
that of either the genic-SNP or RAD-SNP map. LG2 was the longest (112.2 cM) and LG6 the shortest
(13.2 cM), with maximum (104) and minimum (14) number of markers, respectively. A total of 239
mapped markers (178 RAD and 61 genic-SNPs) were assigned (F-value < 1e”'°) to 206 genes as
predicted and annotated in the JRO-524 draft genome, with LG1 and LG2 with 98 and 104 markers
corresponding to 60 and 70 genes with known functions and gene ontologies, respectively.

QTL for NRA and RSA in jute

Altogether, we identified a total of 154 QTL for 14 traits corresponding to 107 unique SNP loci (88
genomic RAD-SNP and 19 genic-SNP loci) at a genome-wide (GW) LOD significance threshold of 3.5
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(Fig. 3a; Online Resource 1, Table S2). Of these, 81 markers were on top of QTL peaks, while 26 were
within the Cl of the QTL location. The LOD score of each of these QTL was = 3.5, with 89 supported by a
LOD score of = 5.0. The maximum number of QTL was detected on LG2 (54) followed by LG1 (33),
whereas the minimum on LG5 (4). On LG1 and LG2, the QTL were distributed throughout with an average
distance of 2.71 cM and 3.29 cM, respectively between the two consecutive QTL. However, on LG3 and
LG5, the QTL crowded the peripheries, with an average distance of 3.98 and 5.68 cM, respectively. The
QTL were distributed sparsely on LG5 (0.18/ cM) to more densely on LG4 (0.71/ cM). The maximum
number of QTL was detected for RDB (19), LNRA, LRN and MRL (17 each), SW (16), RW (13) and RNRA
(10) (Online Resource 1, Table S2). A total of 14 major QTL (7* > 10%) were detected in our study

(Table 2), with the mutant founder contributing the additive effects to the four of them. Two major QTL
each were identified for LNRA, MRL and RW, with gMRL-/2-8 explaining the greatest proportion of
phenotypic variance (19.9%). Notwithstanding this result, most of the QTL (140) identified for root traits
in our study were polygenic explaining < 10% (small-effect) of phenotypic variance (r%) but supported by
rather high LOD scores well above the GW significance threshold (3.5) at P< 0.05.
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Table 2
Major NRA and RSA QTL detected in the SG x bfs population of jute

Traitt  QTL LG LOD Peak LOD  Nearest P
threshold®  (¢M) marker®

ARD gARD- T 3.5(2.8) 32.4 7.0  Co_Sb0324  0.020
I11-2

ERSA  gERSA- 2 3.6 (3.0) 97.9 6.4 Co_Sb0441  0.362
12-2

LNRA  gLNRA- 3 3.6 (2.8) 69.3 122 Co_Sb0526  -0.789
13-3
qLNRA- 7 3.6 (2.2) 0.0 12.5 Co_1664- 0.261
17 990

LRN qLRN- 1 3.5(2.8) 1.7 10.1  Co_Sb0335  -0.239
I1-1

MRL 7MRL- 2 3.6 (3.0) 83.6 16.7 Co_Sb0306  0.088
2-8
gMRL-I5 5 3.6 (2.3) 22.7 10.0 Co_5584 - -0.003

813

RNRA  gRNRA- 1 3.6 (2.8) 29.1 7.8  Co_Sbh0315  -0.265
11-4

RTA qRTA-I2- 2 3.6 (3.0) 18.1 7.3 Co_Sb0183  -0.094
1

RV qRV-2-2 2 3.6 (3.0) 108.7 6.4 Co_7810 - 0.166

1032

RW qRW-I1 1 3.6 (2.8) 36.7 9.9 Co_Sb0307  0.064
qRW-12- 2 3.6 (3.0) 108.7 9.0 Co_7810 - 0.170
3 1032

SW qSW-I7- 7 3.6(2.2) 19.1 10.0 Co_Sb0572 0.218
1

a8 Asin Table 1

o

0.046

0.341

0.001

-0.261

-0.006

-0.247

0.124

-0.216

-0.107

-0.015

-0.166
0.011

0.319

(%)°

12.1
10.4
10.8
11.1
10.0
19.9
10.8
10.7
14.3
10.6

11.2
10.0

10.6

b Genome- and chromosome-wide (within parenthesis) LOD significance threshold values at P< 0.05

based on 10,000 permutations of the experimental data

¢ Markers suffixed with alphanumeric and numeric characters represent genomic and genic SNP loci,

respectively, and those in boldface are associated with multi-trait QTL
d 5, additive effect; d, dominance effect

€ Phenotypic variance explained by a QTL as estimated at the highest probability peak
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Traitt  QTL LG LOD Peak LOD Nearest & . Ei

threshold®  (cM) marker® (%)°

TRL  gTRL43- 3  36(29) 591 78  Co.Sb0506 0180 -0267 12.5
2
a8 Asin Table 1

b Genome- and chromosome-wide (within parenthesis) LOD significance threshold values at P< 0.05
based on 10,000 permutations of the experimental data

¢ Markers suffixed with alphanumeric and numeric characters represent genomic and genic SNP loci,
respectively, and those in boldface are associated with multi-trait QTL

d g, additive effect; d dominance effect

€ Phenotypic variance explained by a QTL as estimated at the highest probability peak

The QTL additive effects were nearly equally contributed by the WT (81 QTL) and its mutant (73 QTL)
(Online Resource 1, Table S2). We determined the mutant: WT ratios of the QTL number (QTL ratio), a
trait's total additive effects (additive-effect ratio) and phenotypic variance explained by the QTL (7 ratio)
for each trait and compared them with the corresponding mutant: WT phenotypic trait-value ratios

(Fig. 3b). These ratios were in close agreement with most of the root traits except for ARD, ERSA, RD and
RTA indicating reliable concordance of the founder phenotypes and the QTL effects for most of the root
traits. A significant (P= 0.008) linear association between the additive-effect and r? ratios further implied
that the additive effects contributed significantly to the QTL variance of the RSA. Moreover, a strong,
positive linear association (P < 0.001) of QTL ratio with the additive-effect and r? ratios (P< 0.001) over
the 14 traits posited the additive nature of QTL in both the mutant and its WT (Fig. 3c).

Genomic regions colocalizing the QTL for multiple root traits in jute

About 75% of the QTL (115) identified in our study were colocalized multi-trait QTL associated with 42
SNP loci (2-6 QTL/ SNP) suggesting a well-coordinated genetic control of the topsoil-foraging RSA in
jute (Online Resource 1, Table S3). Of the 42 loci, 22, 12 and 6 anchored 2, 3 and 4 colocalized QTL,
respectively. The loci Co_4733 - 237 and Co_Sb0608 were mapped on five and six QTL, respectively.
Interestingly, nine out of the 14 major QTL were also identified as multi-trait QTL (Table 2). The
colocalization of 90% RNRA QTL with the other root QTL evidenced for strong pleiotropic gene effects
controlling NR synthesis in root tissues. Furthermore, all the ARD and ERSA, 88.2% LRN, 78.9% RDB,
77.8% RD and 76.5% LNRA QTL were multi-trait QTL. Of the 42 loci, 27 anchored colocalized QTL that
received additive effects from only one founder (Fig. 4a), further confirming pleiotropic gene actions.
Whereas a total of 15 loci were associated with QTL from both the founders. This might well
substantiate a rather high degree of transgressive segregation as recorded in the SG x bfs population. A

more precise relationship between QTL and 7 ratios (R? = 0.95, P< 0.001) was obtained (Fig. 4b) based
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on only multi-trait QTL (115) than on all the QTL (154) identified (Fig. 3c). Besides RNRA, we identified RD
as a key trait governed by more QTL contributed by the mutant explaining a greater proportion of
phenotypic variance. To note, eight LNRA, six RNRA and five RD QTL contributed by the mutant explained

41.5, 43.3 and 33.2% of phenotypic variance (r9), respectively (Fig. 4a).

Candidate genes for NRA and RSA in jute

Of the 107 physically mapped SNPs, 68 were annotated (F-value < 1e” %) to 81 protein-coding genes,
which were classified as 194 and 65 distinct GO identities and terms, respectively (Online Resource 1,
Table S4). This enabled us to identify corresponding protein-coding genes associated with 32 SNP loci
anchoring 89 multi-trait QTL (Table 3). The locus Co_Sb0608 anchoring the maximum number of QTL (6)
was found to code for a microtubule-binding protein involved in cytoskeletal organization being
associated with six GO identities. Whereas the locus Co_4733 - 237 anchoring five QTL corresponded to
a gene for ‘SCF ubiquitin ligase complex’, which is involved in protein degradation in many signal
transduction pathways. The locus Co_Sb0052 associated with the maximum number of GO identities
(17) was mapped to a gene coding for the master immune regulator ‘NPR1’ (see below). Similarly, the
locus Co_Sb0335 coding for ‘DNA polymerase epsilon catalytic subunit A-like isoform X1’ was
associated with 15 GO identities indicating its general role in root development in jute. Since many
annotated multi-trait QTL (19) were anchored to the LNRA and RNRA loci, NR could be assumed to play a
pivotal role in determining the RSA in jute. The proteins annotated for these QTL were involved in diverse
GO pathways including ‘SCF ubiquitin ligase complex protein’, 'MALE DISCOVERER 2-like isoform X1/,
‘NPRT’, ‘lysine-specific demethylase ELF6’, ‘beta-adaptin-like protein A, ‘two-component response
regulator-like PRR37’, ‘protein phosphatase 2C 75’ and ‘abscisic acid receptor PYL4-like' (Table 3; Online
Resource 1, Table S4).
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Table 3

Genes associated with multi-trait QTL for NRA and RSA detected in the SG x bfs population of jute

SNP locus?

Co_1392 -
521

Co_2487 -
988

Co_2521 -
1025

Co_2846 -
286

Co_4733 -
237
Co_513-
1455

Co_7810 -
1032

Co_99-693
Co_Sb0027

Co_Sb0052
Co_Sb0059

Co_Sb0072
Co_Sb0111

Co_Sb0178

Co_Sb0189

Trait?

LNRA, LRN,
PRA

LNRA, RNRA,
SW

LNRA, RNRA,
SW

ARD, MRL
ARD, LNRA,
MRL, RD,
RDB

LNRA, MRL

RDB, RV, RW

RD, RDB

ARD, MRL,
RD

RNRA, TRL

RDB, RV, RW,
SW

PRA, TRL
LNRA, LRN

LRN, RDB

ERSA, LNRA

Gene®

LLWSO01000016.1.g740

LLWS01000720.1.9122

LLWS01001793.1.92

LLWS01004155.1.9120

LLWS01000264.1.933

LLWS01000506.1.g22

LLWS07004386.1.994

LLWS01000127.1.938
LLWS01000197.1.g12

LLWS01000253.1.969
LLWS01000304.1.975

LLWS01000981.1.978
LLWS01001699.1.g8

LLWS01000013.1.g700

LLWS01002255.1.g112

Protein

26S proteasome non-ATPase regulatory
subunit 11 homolog

Probable apyrase 6

Protein IQ-DOMAIN 31

Vacuolar protein 8-like

SCF ubiquitin ligase complex protein

MALE DISCOVERER 2-like isoform X1

Magnesium transporter MRS2-1

Chlorophyll a-b binding protein CP29.1

Putative glucuronosyltransferase PGSIP8

NPR1
Protein TSSC4

Acyl-CoA synthetase family member 4

Soluble secretory phospholipase A2
receptor

Histone deacetylase complex subunit
SAP18-like

Tetratricopeptide-like helical/ protein
binding

4 SNP locus associated with multi-trait QTL; loci suffixed with alphanumeric and numeric characters
represent genomic and genic loci, respectively

b Asin Table 1

€ Genes predicted based on RNA-Seq evidence and annotated in the draft genome of C. olitorius cv.

JRO-524
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SNP locus?
Co_Sb0243

Co_Sb0252

Co_Sb0264

Co_Sb0298

Co_Sb0309

Co_Sb0310

Co_Sb0335

Co_Sb0380

Co_Sb0404
Co_Sb0441

Co_Sb0442

Co_Sb0460
Co_Sb0482

Trait?

LNRA, LRN,
RDB, SW

LRN, RTA

MRL, RNRA

LNRA, LRN,
RDB

ARD, LRN,
RDB

ERSA, LRN,
RNRA

LRN, RDB

ERSA, RW

RD, SW

ERSA, PRA,
TRL

ARD, RDB,
SW

LRN, RNRA

LNRA, LRN,
MRL, RDB

Gene®

LLWS01001136.1.g70

LLWS01000163.1.g714

LLWS01005408.1.995

LLWS01007630.1.945

LLWS01000205.1.969

LLWS01013921.1.g31

LLWS01001019.1.g76

LLWS01002938.1.946

LLWS01074603.1.g118

LLWS01013700.1.g42

LLWS01010483.1.934
LLWS01002798.1.984
LLWS01000080.1.g122

LLWS01001397.1.g117

LLWS01000135.1.g135
LLWS01004543.1.99

Protein

Two-component response regulator-like
PRR37 isoform X1

Signal recognition particle receptor
subunit alpha-like

Probable ADP-ribosylation factor
GTPase-activating protein AGD14
isoform X2

Abscisic acid receptor PYL4-like
Transketolase, chloroplastic
G-type lectin S-receptor-like

serine/threonine-protein kinase RLK1

DNA polymerase epsilon catalytic
subunit A-like isoform X1

Probable disease resistance protein
At1g12280

Probable disease resistance protein
At5g63020

Putative disease resistance protein
family

Cc-NBS-LRR resistance protein, putative
DNA-directed RNA polymerase 1B

Putative LRR receptor-like
serine/threonine-protein kinase

Cation/calcium exchanger 1

Probable protein phosphatase 2C 75
21 kDa protein-like

4 SNP locus associated with multi-trait QTL; loci suffixed with alphanumeric and numeric characters
represent genomic and genic loci, respectively

b Asin Table 1

€ Genes predicted based on RNA-Seq evidence and annotated in the draft genome of C. olitorius cv.

JRO-524
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SNP locus®  Trait? Gene® Protein

Co_Sb0506 LRN, PRA, LLWS01006268.1.g1 Zinc finger, U1-type
RW, TRL
Co_Sb0526 LNRA, SW LLWS01010438.1.g91 ABSCISIC ACID-INSENSITIVE 5-like
protein 7
Co_Sb0572 RD, SW LLWS01002829.1.952 Homeobox-leucine zipper protein HDG2-

like isoform X1
Co_Sb0608 LNRA, LRN, LLWS01000113.1.g39 65-kDa microtubule-associated protein 3-

MRL, RDB, like isoform X1cytokinesis by cell plate
RNRA, RW formation

4 SNP locus associated with multi-trait QTL; loci suffixed with alphanumeric and numeric characters
represent genomic and genic loci, respectively

b Asin Table 1

€ Genes predicted based on RNA-Seq evidence and annotated in the draft genome of C. olitorius cv.
JRO-524

Reconstruction of a QTL gene network (QGN) in jute

We validated all the 81 protein-coding genes associated with the root QTL by identifying corresponding
homologs in other species including the model plant Arabidopsis thaliana, thereby suggesting that the
genes controlling RSA are well conserved across plant families (Online Resource 1, Table S5). Our QGN
was primarily based on the co-expression database Gene Expression Omnibus (87.2%) followed by
shared protein domain (9.1%). The initial network comprising 84 nodes (genes) retained 63 homologs of
root QTL-associated genes, providing strong evidence for functional coordination of RSA in jute. The loci
Co_4733 - 237 (ARD, LNRA, MRL, RD and RDB) and Co_5277 - 157 (LNRA) were among the top five
nodes as assessed by the degree value, betweenness centrality of the nodes, radiality and stress. A
reduced representation of the network entailing 61 nodes represented the functional QGN of RSA in jute
(Fig. 4c).

Discussion

Seedling root traits are a proxy for mature root system in jute

Since seedling RSA is an indicator of the growth and functioning of the mature root system later in the
season (Lges and Gahoonia 2004), controlled experiments were widely employed to detect QTL for
seedling roots traits (Tuberosa et al. 2002, Bai et al. 2013, Liu et al. 2017). Albeit, inconsistent
correlations between seedling and mature root traits were reported in wheat, a monocot (Rich et al.
2020). By comparison to monocots, dicots, however, develop the main structures (tap root and basal
roots with their respective laterals) of the root system at the seedling stage, and the mature root system

is considered just an extension of those structures (Zhao et al. 2017). In jute (a dicot), plant height (PH)
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and stem-base diameter (SBD) are the two most important target traits for improving fibre yield (FY)
because fibre and seeds cannot be harvested from the same plant (Basak 1993, Satya et al. 2022b). The
coincidence of several NRA and RSA QTL detected here with those for PH, FY, RW and SBD as reported
earlier (Kundu et al. 2015) using field-grown mature plants (see Online Resource 1, Table S6) allowed us
not only to identify the genomic regions (and genes) controlling these correlated traits, but to validate
our current QTL results based on seedling root traits. Incidentally, the lone root-weight QTL (gRW-/T)
reported earlier across multi-environments using the mature 120-day-old root system (Kundu et al. 2015)
was also detected in the present study (gRW-/7) on LG1 corresponding to the same set of RAD-SNP loci
defined by a 2-LOD score drop. Furthermore, the RAD-SNP locus Co_Sb0608 on LG2 anchoring the multi-
trait QTL for LNRA, LRN, MRL, RDB, RNRA and RW (Online Resource 1, Table S3) was also reported to be
associated with the QTL for PH and SBD (Online Resource 1, Table S6). Given that bast fibre production
was an important artificial selection pressure (Sarkar et al. 2019), the colocalization of these QTL can be
construed as an above-ground selection-drag resulting in unconscious selection of the below-ground
root traits including RNRA during jute domestication (see below). Taken together, we could thus
unambiguously validate the usefulness of seedling root traits as a proxy for mature root system in jute.

QTL mapping suggests gradual domestication of RSA in jute

Though QTL mapping was extensively used to elucidate the domestication of key agronomic traits in
major crop plants (Paterson 2002, Pan et al. 2017), only a few of those explored as to how RSA could
have played a role in that process (Chen et al. 2022). Whereas an interspecific mapping population could
well be an obvious choice for the identification of domestication-related QTL, the existence of a strong
sexual-incompatibility barrier between the cultivated and wild jute consistently failed to produce viable
progenies over the past several decades, and even when the progenies were somehow rescued, they
heavily skewed to the female founder in F, onwards (Swaminathan and lyer 1961, Kumar et al. 2022).
This is not unexpected because even the cultivated jute was characterized by rather high segregation
distortion (see Introduction), with most of the distorted loci being biased toward the female founder
(Topdar et al. 2013, Kundu et al. 2015, this study). Moreover, sparsely fibrous wild Corchorus species, as
opposed to their two cultivated fibre-type adelphotaxa, were reported to have deeper root systems with a
high RSR (Choudhary et al. 2017). Against the backdrop of this evolutionary quagmire, the origin and
evolution of the cultivated jute with its unique shallow and topsoil-foraging RSA that fosters high above-
ground biomass is simply enigmatic and indeed stays a mystery. It has long been argued that a few QTL
with large phenotypic effects were mainly implicated in domestication of the key above-ground traits in
crop plants, whereas the small-effect QTL that stand for a typical signature of gradual evolution played a
minor role in that process (Paterson 2002, Ross-lbarra 2005). Whether the same is true for the below-
ground traits, which were unconsciously selected during crop domestication, is an open question.

Our QTL mapping using a population with a mutant, with impaired root and shoot developments (Kundu
et al. 2012, 2015) as one of the founders, allowed us to examine the relation between the above-ground
conscious selection for profuse vegetative growth that induces bast-fibre development under a LD

photoperiod (Sarkar et al. 2016) and below-ground unconscious selection for the root traits. Our results
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underpinned that the genetic control of the RSA in jute was primarily determined by small-effect QTL in
agreement with the Neo-Darwinian theory of crop domestication (Harlan 1975). That 91% of the QTL
mapped in our study had small effects would unequivocally evidence for a gradual domestication of root
traits in jute. Despite developing a high-density genome-integrated genetic map comprising both genic
and genomic SNPs retrieved from high-quality whole-plant transcriptomes and a population
characterized by rather high transgressive segregation, we could only identify 14 major QTL (Table 2). In
parallel with our results, many small-effect QTL for above-ground traits like anatomical fibre content (FC),
FY, PH and SBD as well as a below-ground trait like RW were earlier detected in the same mapping
population (Kundu et al. 2015). In addition, most of the QTL identified for seed germination under salt
stress in C. olitorius (Yang et al. 2019) and that for PH in C. capsularis (Tao et al. 2017) were also
reported to exert small effects.

Although the small-effect QTL were traditionally ignored in search for large-effect QTL that could be
deployed in molecular breeding (Moose and Mumm 2008), these QTL had convincingly been shown to
be implicated in domestication and plant-architecture determination in a number of crop plants (Wills
and Burke 2007, Wang et al. 2018, Wang et al. 2022). Hence, the prevalence of small-effect QTL for not
only the root traits but the above-ground traits like SW and LNRA as identified in our study—in close
agreement with all earlier reports (Das et al. 2012, Topdar et al. 2013, Kundu et al. 2015, Tao et al. 2017,
Yang et al. 2019)—might well reinforce their crucial role in designing the jute plant architecture through
gradual domestication. A significant positive association between the QTL number and their total
additive effects offered a rather tenable support for the additive genetic control of the RSA in jute.
Interestingly, the QTL additive effects were positively associated with the phenotypic variance explained
by them (contributed by both the mutant and the WT founders). Being a predominantly inbred crop
(Satya et al. 2014), dominance is, however, not expected to be a major determining factor for jute
domestication (Moyers et al. 2018). For the mutant founder contributed additive effects to all the root
traits under study, the phenotypic expressions of the root traits are expected to be coordinated. That 75%
of the QTL corresponded to colocalized QTL for different traits with the same QTL peaks also implied a
pleiotropic gene action of these small-effect QTL. The colocalization of QTL for multiple above-ground
traits like fibre fineness, FY, PH was earlier reported in jute (Das et al. 2012, Topdar et al. 2013, Kundu et
al. 2015). Incidentally, the fact that the annotated molecular functions of these loci were diverse could
unambiguously rule out the occurrence of a few mutational changes. Several small-effect QTL were also
found to be the major genetic determinant of root length and thickness in rice (Zhao et al. 2018). Of late,
the genetic mechanism of RSA in soybean was also reported to be governed by small-effect QTL (Wang
et al. 2022). The seminal root angle in bread wheat was also found to be under complex genetic control
involving multiple small-effect QTL (Richard et al. 2018). The small-effect QTL governing the root
anatomical traits in maize (Chen et al. 2022) further strengthened our hypothesis that these types of QTL
might be the major driving force for gradual evolution of root traits. Unlike the domestication of above-
ground traits driven primarily by the large-effect QTL, gradual changes brought about by many small-
effect QTL account for the major genetic mechanism that might have driven unconscious domestication
of below-ground RSA.
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Root system’s domestication is associated with NRA in jute

To substantiate our hypothesis that NRA coevolved with topsoil-foraging RSA in jute, we compared the
phenotypic and QTL effects of the mutant versus the WT founders in terms of the QTL number, additive-
effect and r ratios (see Results). Firstly, we showed that the shallower RSA in the mutant founder
resulted in a weaker association of root traits with an impaired NR activity. Phenotypic analyses of the
mapping population revealed a high CV, for LNRA and RNRA, whereas that for the other root traits were
considerably low. For CV, is an indicator of evolvability and traits closely associated with fitness are
usually characterized by high CV, (Garcia-Gonzalez et al. 2012), NRA could undoubtedly be assumed to
be the key trait driving the evolution and domestication of jute. Secondly, the mutant founder
contributing to the additive effects of 41.5 and 43.3% of LNRA and RNRA QTL, respectively could well
corroborate its 50% reduction in NRA as compared to that in the WT founder. Thirdly, a ~ 1.5:1 ratio of the
additive effects and r? of the RNRA QTL contributed by the mutant and the WT founders was in close
agreement with the ratio of the number of QTL (1.5:1) contributed by them. Fourthly, 76.5 and 90% of the
QTL governing LNRA and RNRA, respectively were mapped to the multi-trait QTL, with a greater
proportion of the mutant for RNRA and the WT for LNRA. Finally, our network analysis revealed that
many of the annotated loci associated with the NRA QTL represented regulatory proteins of diverse
functions, with a strong connectivity with the root traits in our reconstructed QGN. Of note, the locus
Co_Sb0608 anchoring the highest number of QTL (6) explained large variations for LRN (7.5%), MRL
(8.6%) and RNRA (8.5%). Incidentally, this locus codes for a 65-kDa microtubule-associated protein
(MAP65) involved in cell division and cytokinesis. The Arabidopsis mutants for this locus (AtMAP65) had
defective root and shoot morphogenesis via the formation of multinucleate, stubbed and gapped cell
walls (Smertenko et al. 2004). Similarly, a mutation in the rice homolog OsMAP65 was reported to cause
destabilization of phragmoplast formation in root apical meristem resulting in growth arrest (Lin et al.
2022). Since Co_Sb0608 is not linked to the other QTL in our QGN, we have every reason to suggest that
it may not be a component of the general root gene expression network common to plants characterized
by a high RSR. Rather, it was observed to be linked with cellulose synthase. Since jute extensively
synthesizes cellulosic fibre in the stem and also to a lesser extent in the root (Satya et al. 2022a) and
bast fibre provides mechanical support to the plant (Meshram and Palit 2013), it is not unlikely that this
locus might have specifically been selected during domestication of the fibre-type jute ecotypes to
compensate for the weakening of mechanical support on account of a low RSR.

An interplay of above- and below-ground NRAs stabilizes the RSR in jute

In contrast to the SCD ideotype of maize, its wild progenitor teosinte, which is adapted to a nutrient-
deficient condition, adopts a topsoil-foraging RSA developed by profuse lateral root branching and
enhanced N-transport capacity (Schmidt et al. 2016). This clearly presupposes a linkage between N-
uptake efficiency and lateral root development in shallow-rooted crops. As compared to the SCD crops
where primary and lateral roots penetrate to a deeper level under drought stress, the rooting depth of jute
grown in Africa was found to be < 25 cm under an optimum condition and declined further under water-
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stressed conditions (Mgolozeli et al. 2022). Of obvious note, fibre-type jute ecotypes tend to develop
more lateral roots under drought stress (Basak and Choudhuri 1967). In our study, a total of 15 (88%)
LRN QTL were anchored to multi-trait QTL, of which 9 were from the WT founder. Besides, nine LRN QTL
were also colocalized with four RNRA and five LNRA QTL in addition to those of other root traits. A
gradual domestication of teosinte was concomitant with an unconscious selection of the below-ground
biomass developing shorter and more branched nodal roots with higher root density while conserving
the RSR for over 9000 years (Schmidt et al. 2016). Whereas its conscious selection of the above-ground
biomass (tillering) was accompanied by an activation of teosinte branched 7 (tb1), a repressor of lateral
branch outgrowth by contributing to apical dominance (Flint-Garcia 2013). Thus, the domestication of
topsoil-foraging RSA in jute, originated first in dry and harsh climate of Africa (Kundu et al. 2013)
followed by its domestication as a bast-fibre crop with its typical tall unbranched ideotype, in the
peninsular India (Sarkar et al. 2019) could well be dependent on an interplay of QTL governing the above-
and below-ground NR syntheses modulating the lateral root number and root density and surface area
while suppressing the above-ground lateral branch outgrowth. Our identification of a Co_4733-237-
mapped gene that codes for SCF ubiquitin ligase (SCF''?") as a hub gene of the root QGN (see below)
lends a strong support to this hypothesis because SCFTR! is known to maintain apical dominance and
promote lateral root development (Gray et al. 2003). The additive effects of four (qARD-I2-1, gMRL-I2-1,
qRD-12-1 and gRDB-I2-7) out of the five QTL colocalized on Co_4733 - 237 were contributed by the
mutant parent, while the additive effect for gLNRA-/2-7 was contributed by the WT parent. Interestingly, in
accordance with the greater contribution of the WT founder to anchor LNRA as against RNRA QTL to the
multi-trait QTL, the NRA was six-fold higher in the WT leaves than in its roots. Similarly, a ten-fold higher
LNRA was reported in poplar implying its crucial role in the accumulation of biomass that fosters the
growth of a tall, unbranched tree canopy (Black et al. 2002). By the way, signals transducing from root
NR were also reported to play an important role in root growth and partitioning of the root-shoot biomass
(Kruse et al. 2010). As evidenced by the anchored multi-trait QTL (see Results), it is thus quite plausible
that a decreasing RNRA in the mutant resulted in lesser number of lateral roots concomitant with a
decline in root density and surface area, thereby causing a weaker N-uptake efficiency vis-a-vis arresting
its above-ground biomass growth.

A greater representation of LNRA or RNRA QTL in our QGN (Fig. 4b) could further reinforce the pivotal
role of NRA in molding the RSA in jute. Since functional annotations identified many regulatory proteins
involved in regulating the NRA (Table 3), we could clearly demonstrate that many of the QTL detected in
our study have a regulatory role rather than directly being involved in metabolic pathways per se. For
example, the gene mapped to the locus Co_Sb0052 corresponding to the RNRA and TRL QTL codes for
NPR1, which is a master regulator of salicylic acid (SA) controlling its interaction with other hormones
besides interacting with both transcription activators as well as repressors (e.g., certain WRYKs; Zhou et
al. 2023). In addition to its critical role in plant immunity, SA also plays an important role in plant growth
and development. Phenylalanine, a precursor of SA, is ubiquitinated by SCF ubiquitin ligase to control SA
biosynthesis (Spoel and Dong 2024). Indeed, the locus Co_4733 - 237 colocalizing five QTL was

annotated as SCFT'RT. NR is also a potential source of NO that modulates TIR1 and genes involved in
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lignin biosynthesis (Vitor et al. 2013). Since phenylalanine is also a key precursor of lignin biosynthesis
pathway (Chakraborty et al. 2015) and the mutant is also defective in lignocellulosic bast-fibre
production (Kundu et al. 2012), an increased pool of phenylalanine (in the mutant) may require fluxing

more NR to NO conversion, thereby causing a deficiency of available NR to convert NO;™ to NO,".

SCFTRT also modulates auxin-mediated root development, root hair growth and lateral root formation by
activating auxin response factors (ARFs) through ubiquitination of Aux/IAA transcriptional repressors
(Chen et al. 2025). In Arabidopsis, NO-mediated S-nitrosylation of cysteine residue of TIRT enhances
interaction of TIRT and auxin (Aux/IAA) resulting in auxin degradation (Terrile et al. 2012). NR also
modulates the root auxin balance to trigger new root formation and its elongation by activating the NO
signaling pathway (Correa-Aragunde et al. 2016). Taken together, the colocalization of multiple QTL on
Co_4733 - 237, a hub gene of our QGN, strongly suggests that TIRT might have contributed to tweaking
the RSA in jute by modulating root density, length and thickness. Whereas functional validation followed
by biochemical assays would eventually define the NR-transduced major metabolic pathways in the
future, our identification of QTL colocalizing the NR-regulatory genes strongly advocates their
coordinated actions to stabilize the RSR in jute.
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Figure 1

Variations of and associations between the root traits in C. olitorius cv. Sudan Green (SG) and its mutant
bfs, founders of the SG ~ bfs mapping population. (a) comparative profiles of root versus shoot biomass,
(b) root to shoot biomass ratios (RSRs) in SG and bfs; (¢, d)SG and bfs roots grown under hydroponics
for 14 days, (e)correlations between the root traits in SG (lower triangle) and bfs(upper triangle).
Pearson’s product-moment correlations are color-coded as per scale. RDW, root dry weight; RFW, root
fresh weight; RSRDW, RSR on dry weight basis; RSRFW, RSR on fresh weight basis; SDW, shoot dry
weight; SFW, shoot fresh weight. For the other acronyms, see Table 1
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Figure 2

A genome-integrated genetic map of jute (C. olitorius) composed of 317 RAD-SNP and 65 genic-SNP
loci, with a total genetic length and average marker interval of 365.7 cM and 1.20 cM, respectively across
seven linkage groups (LGs). Markers suffixed with alphanumeric and numeric characters represent RAD-
SNP and genic-SNP markers, respectively. Gene-associated loci are highlighted in red. RAD, restriction
site-associated DNA; SNP, single nucleotide polymorphism
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Figure 3

QTL identified for root system architecture, nitrate reductase activities and shoot weight in jute (C.
olitorius). (@) 185 QTL mapped on the C. olitorius cv. JRO-524 genome-integrated genetic map. The
height of the ovoid-shape represents the width of each QTL, while the center represents the QTL peak
position, (b)a radar plot of the mutant-WT ratios of the QTL number, additive effect, explained phenotypic
variance and trait phenotypes, (c) linear regressions of the detected QTL with their additive effects and
phenotypic variances. For the other acronyms, see Table 1. WT, wild-type
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Figure 4

Violin plot and boxplot showing C. olitorius cv. Sudan Green (WT) and its corresponding mutant bast-
fibre shy (bfs) contributing to the variance (r?) of multi-trait QTL for 14 root traits (a). Linear relationships
between the mutant-WT QTL and their phenotypic variance (/) ratios for the 48 multi-trait QTL versus all
QTL considered (b). Y1 and Y2 denote /? ratios of multi-trait and all QTL, respectively. A simplified QTL
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gene network for root system architecture showing dependency of the genes associated with the QTL
detected, with the nodes corresponding to the genes (c). Values on each node represent the number of
genes it is directly linked with. WT, wild-type
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