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13 Abstract

14  Brassica juncea (AABB, 2n=36), commonly called mustard is an allopolyploid crop of recent
15  origin but has considerable morphological and underlying genetic variation. An F;-derived
16  doubled haploid (F.DH) population developed from a cross between a Indian oleiferous line,
17 Varuna, and a Chinese stem type vegetable mustard, Tumida showed significant variability
18 for some key plant architectural traits, including four stem strength-related traits, stem
19  diameter, plant height, branch initiation height, number of primary branches (Pbr), and days
20 to flowering (Df). Multi-environment QTL analysis identified twenty environmentally stable
21 QTL for the nine plant architectural traits. Both Tumida and Varuna contain some positive
22 QTL that can be used to breed superior ideotypes in mustard. A QTL cluster on LG A10
23 contained environmentally stable QTL for seven architectural traits. This region also
24  contained overlapping environmentally stable mgor QTL (phenotypic variance > 10%) for
25  Df and Pbr, with Tumida contributing the trait enhancing alleles for both the traits. Since
26 early flowering is critical for the cultivation of mustard in the Indian subcontinent, this QTL
27  cannot be used for the improvement of Pbr in the Indian gene pool lines. Conditional QTL
28 analysis for Pbr identified the QTL for improvement of Pbr without negative effects on Df.
29  The environmentally stable QTL were projected on the genome assemblies of Tumida and
30 Varuna for the identification of candidate genes. These findings provide insights into the

31 genetics of plant architectural traits in two diverse gene pools of B. juncea and provide
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32 opportunities for improvement of the plant architecture through marker-assisted

33  introgressions.

34 KeyWords
35 Brassica juncea, plant architecture, ideotype, lodging, stem strength, shoot branching,
36 flowering time

37 Key Message
38  Genetic mapping of some key plant architectural traits in a vegetable type and an oleiferous
39  B.juncea cross revealed environmentally stable QTL and candidate genes for breeding more

40  productive ideotypes.
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41 INTRODUCTION

42  Brassica juncea (L.) Czern & Coss (AABB, 2n=36) is a major oilseed crop of the Indian
43 subcontinent cultivated in more than six million hectares of land in India alone (Jat et al.
44  2019). The crop is well-adapted for cultivation in dryland areas but requires genetic
45  improvement for higher yield and resistance to pests. The yield increase in a crop, either by
46  varietal or hybrid development or through yield protection, depends upon the genetic
47  variability available within the crop species. We earlier showed the presence of two distinct
48  gene pools amongst the oleiferous types of B. juncea — the Indian gene pool and the east
49  European gene pool; this identification was based on the differences in morphological and
50  reproductive traits (Pradhan et a. 1993), and on a molecular marker-based diversity analysis
51 (Srivastava et al. 2001). The Indian and the east European germplasm lines have been
52  extensively used for genetic mapping of many traits of high agronomic value like disease
53  resistance (Panjabi-Massand et al. 2010; Arora et al. 2019), oil content (Rout et al. 2018),
54  yellow seed coat color (Padmaja et al. 2014), seed size (Dhaka et a. 2017) and several other
55  yield influencing traits (Ramchiary et al. 2007; Yadava et al. 2012). The hybrids between the
56  Indian and the east European gene pool lines of B. juncea were found to be heterotic for yield
57 (Pradhanet a. 1993).

58  Although, B. juncea is a recent alopolyploid — extensive diversity has been reported within
59 itsprimary gene pool. A recent genome sequencing of 480 lines of B. juncea has revealed six
60  distinct genetic groups within the primary gene pool of the species (Kang et al. 2021). Two of
61  these genetic groups, G2 and G6 have been earlier described as the east European gene pool
62  (G2) and the Indian gene pool (G6) (Srivastava et al. 2001). Four additional distinct genetic
63 groups (G1, G3, G4, and G5) have aso been identified amongst the B. juncea lines under
64  cultivation predominantly in east Asa. We will refer to the genetic groups as gene pools
65  because these groups have undergone differential selection pressure due to their geographical
66 location and end-use; however, they are a part of the primary gene pool of B. juncea. A B.
67  juncea vegetable type stem mustard line Tumida (G5) was the first B. juncea genotype to be
68  sequenced (Yang et al. 2016). We recently reported a highly contiguous genome assembly of
69 an oleiferous type of B. juncea variety Varuna belonging to the Indian gene pool (G6)
70  (Paritosh et al. 2021). Tumida types are distinct from lines of the Indian oleiferous gene pool
71 like Varunafor plant architecture and yield influencing reproductive traits. The most distinct
72 feature of the Indian gene pool lines (G6) is that they do not have any photoperiod sensitivity

73 or vernalization requirements for flowering unlike the lines of other gene pools (G1-G5). The
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74  Indian gene pool lines are grown during a short winter period in the northern plains of India
75  whereas, the other gene pool lines are grown during the summer season under long day-
76  length conditions and therefore, are ill-adapted to the growing conditions in the Indian

77  subcontinent.

78  Modification of plant architecture has been shown to contribute to the improvement of yield
79  and/or stress resistance in several crops (Guo et a. 2020). As an example, the mustard
80  hybrids developed by our group have a significantly large number of primary and secondary
81  branches and high pod density (Sodhi et al. 2006; Aakanksha et al. 2021) but are tall and
82  therefore, susceptible to breaking and lodging under high winds.

83 An F,DH (F;-derived doubled haploid) population developed from a cross between Tumida
84  and Varuna (hereinafter referred to as the “TUV” population), showed striking variability for
85 several plant architectural traits. We report here the mapping of some crucia plant
86  architectural traits — stem strength and diameter, plant height, branch initiation height,
87 number of primary branches, and days to flowering which would be useful in developing
88 lines with improved lodging resistance, reduced plant height, branch initiation height, and
89 days to flowering and higher number of primary branches. The results clearly show that
90  exotic germplasm, like Tumida, seemingly ill-adapted to the Indian growing conditions, can
91  contribute some significant QTL to improve lines of the Indian and other gene pools of B.
92  juncea for some important architectural traits.

93 MATERIALSAND METHODS

94  Plant materials, field experiments, and phenotypic evaluation

95  B.juncea line Tumida was crossed with line Varuna, and F; plants were used for developing

96  DH lines by microspore culture following an earlier described protocol (Mukhopadhyay et al.

97  2007). Both the lines — Tumida and Varuna had been maintained by strict selfing. For

98  phenotyping, the parents, F;, and the 169 F;DH lines were grown in four independent trials

99 (T, T2, T3, and T4) at the University of Delhi research farm station in Bawana, Delhi, India
100  during the crop growing seasons of 2018-19 (T1), 2019-20 (T2) and 2020-21 (T3 and T4 —
101  staggered sowing). The TUV population was sown in a randomized complete block design
102  with three replications in each trial. Each line was planted in a single 2 m row with a 45 cm
103  distance between two adjacent rows; the sowing density was ~20 plants per row. More details
104 onthefield trials are provided in Table S1.
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105  Phenotyping was carried out for several traits which included, stem strength-related traits,
106  stem diameter (Dia), branch initiation height (Bih), plant height (Plht), number of primary
107  branches (Pbr), and days to flowering (Df). For Bih, Plht, and Pbr, data was taken from three
108  competitive plants from each replication and the mean of the observations was used as the
109 trait value. Bih was measured as the length from the base of the plant to the point from where
110  thefirst primary branch arises. Df was recorded when about 50% of the plants in a row had at
111 least one flower open. For measurements of stem strength-related traits and stem diameter
112 (Dia), the stem tissues were sampled at the stage when seed filling ended but pods were still
113 green, and the stem bore maximum weight (hereinafter referred to as the “mature green
114  stage’). A total of ten competitive plants from each replication were sampled and the mean of
115  the observations was used as the trait value. The measurements for these traits were taken at
116  the mid-point of the last internode immediately below the inflorescence (hereinafter referred
117  to asthe “test-point”). Dia was measured using the digital vernier calipers (Model No. 1108-
118 150, INSIZE Co. Ltd., Indig). In the case of the stem strength-related traits — bend force (Bf)
119  was measured using a three-point bending test, stab force () was measured using a pinhead
120  to penetrate the stem epidermal layers and vasculature, and press force (Pf) was measured
121 using aflat-head to press the stem at the test-point. All stem strength-related traits (Bf, &f, and
122 Pf) were measured with a YYD-1 instrument (Zhgjiang Top Cloud-Agri Technology Co.
123 Ltd., Hangzhou, China). Stem breaking strength (Bs) was calculated as described by Wei et
124  da. (2017).

125 The Best Linear Unbiased Prediction (BLUP) for each TUV line across the three
126  environments was computed for each of the nine traits using the R package ‘metan’ (Olivoto
127  and Lucio 2020) with a mixed linear model that accounts for the effects of the environment,
128  replication, genotype, and genotype by environment. The average trait values obtained in
129  each trial — single environment (SE) values and BLUPs were subjected to correlation
130  datistical analyses using Plabstat (Utz 2001). The broad-sense heritability (Hg) for each trait
131 was computed using the phenotyping module of iIMAS (Integrated Marker Assisted
132 Selection) version 2.1 (Sirisha et al. 2005) using the average trait values obtained in each
133 field tria.

134  Genetic mapping, QTL analysis, and identification of the candidate genes

135 The 169 TUV lines were used for the construction of a genetic map using GBS (genotyping
136 by sequencing) based SNP markers that have been described earlier (Paritosh et al. 2021).
137  The genetic map was developed using the ‘mstmap’ function of the ASMap package in R
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138  (Taylor and Butler 2017) using the parameters — distance function Kosambi, cut-off p value
139  1e-15, and amissing threshold of 0.3.

140 QTL mapping was carried out with the SE trait values and BLUPs using the composite
141 interval mapping (CIM) module of Windows QTL Cartographer 2.5 (Wang 2007). For CIM,
142  the standard model (Model 6) was used with forward regression, a window size of 10 cM,
143 and five background control markers. The genome was scanned for putative QTL with main
144  effects at a walking speed of 1 cM. The experiment-wise error rate was determined by
145  performing 1000 permutations to obtain the empirical thresholds (Churchill and Doerge
146  1994). A LOD threshold of 3.0 was used for identifying significant QTL. A QTL with LOD
147  vaues ranging between 2.5 and 3 was considered a suggestive QTL. QTL detected with

148  phenotypic variance (R%) > 10% was considered amajor QTL.

149 The QTL were named using an abbreviation of the trait beginning with a capital letter
150 followed by the name of the linkage group (LG) and the serial number of chronological QTL
151  for the trait detected on the LG independently in each analysis. The QTL detected using SE
152 trait values were superscripted with the abbreviation for the trial (T1, T2, T3, and T4) in
153 which these were detected. The QTL detected using BLUPs were superscripted with the letter
154  ‘B’. The QTL identified for atrait in different analyses with overlapping confidence intervals
155  were assumed to be the same QTL. A QTL that could be detected in at least two single
156  environments (SEs) and also using BLUPs was regarded as a “Stable QTL” as described
157  earlier (Xu et al. 2022). The Stable QTL was prefixed with *S-" and the confidence interval of
158  the QTL detected using BLUPs was used as the confidence interval for the Stable QTL.

159  Epistatic QTL were detected using QTL Network 2.0 (Yang et a. 2007). The program
160  simultaneously detects the additive QTL, QTL x environment (QE), epistasis, and epistasis x
161  environment interactions using multi-environment trait data. The additive QTL detected
162 using QTL Network 2.0 were suffixed with *.QN’. The analyses were carried out using
163  mixed-model-based composite interval mapping (MCIM) with 1 cM walk speed and a testing
164  window of 10 cM. Thresholds for the presence of QTL were generated by performing 1000
165 permutations. The epistatic effects among loci with or without individual additive main
166  effects were detected by performing 2D genome scans. The digenic interactions (additive x
167  additive) studied included interactions between two main-effect QTL (Type | interaction),
168  between a main effect QTL and a QTL without any significant main effect (Type Il
169  interaction), and between two QTL without any significant main effect (Type I11 interaction)
170  (Li et a. 2001).
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171 Conditional QTL mapping was carried out using the software QGA Station 2.0
172 (http://ibi.zju.edu.cn/software/qga/v2.0/index.htm; Zhu 1995). QTL mapping for conditional
173 values was performed using Windows QTL Cartographer 2.5 as described above and the
174  identified QTL were defined as conditional QTL superscripted with the letter ‘C’.

175 The GBS markers flanking the QTL regions were mapped on the genome assemblies of B.
176  juncea lines Varuna (Paritosh et al. 2021) and Tumida (Yang et al. 2016) using blastn, e
177  vaue 1le-25, >95% identity, and 100% coverage. The sequence tags for the GBS markers
178  used in the study have been provided earlier (Paritosh et al. 2021). The genes between the
179  flanking markers and the annotations of Tumida-specific genes were based on the revised
180 assembly of the Tumida genome (V2.0) available in the Brassica database
181  (http://brassicadb.cn/#/; Chen et a. 2022). The GO annotations and functional classification

182  of Varuna  genes  were  obtained using the Blast2GO program
183  (https://www.biobam.com/omicshox; Conesa et al. 2005).

184  Stem anatomy

185  The anatomy of the stem tissues was studied at the mature green stage. Transverse free-hand
186  sections obtained at the test point from three different individuals were analyzed for each
187 TUV line. A Leica TCS SP8 AOBS confocal laser scanning microscope (Leica Microsystems
188  Mannheim, Germany) was used to examine the sections for lignin autofluorescence and
189  collection of Differentia Interference Contrast (DIC) images. The sections were mounted in
190  50% (v/v) glycerol for visualization of total lignin autofluorescence (excitation at 405 nm and
191 emission detected at 440-510 nm). The laser intensity, pinhole, and photomultiplier gain

192  settings were kept constant between samples to obtain meaningful comparisons.
193 RESULTS

194  Construction of the TUV linkage map

195 A linkage map of TUV Fi;DH lines using 9041 polymorphic genetic markers has been
196  described earlier (Paritosh et al. 2021). In the present study, a subset of 2028 polymorphic
197 GBS-based SNP markers was identified from the earlier TUV genetic map by removing the
198  excess markers mapping to the same positions. These 2028 markers were used for developing
199 anew linkage map using 169 individuals of the TUV population. The genetic map is 3512.8
200 cM inlength with an average of 113 markers per linkage group at an average spacing of 1.73
201  cM between two consecutive markers. Information on the distribution, density, and positions
202 of themarkers on the TUV linkage map is provided in Tables S2 and S3.


https://doi.org/10.1101/2022.07.11.499534
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.11.499534; this version posted July 12, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

203  Phenotypic evaluation of the parents, F1,and the TUV population

204  The mean trait values of the parental lines, F;, and the range and mean trait values of the DH
205 lines for the nine plant architectural traits namely, press force (Pf), bend force (Bf), stab force
206 (), breaking strength (Bs), stem diameter (Dia), plant height (Plht), branch initiation height
207  (Bih), number of primary branches (Pbr), and days to flowering (Df) are listed in Table 1 and
208 Table 4. The BLUPs of the TUV DH lines are provided in Table S5. Varuna showed higher
209 trait values for the stem strength-related traits (Pf, &, Bf, and Bs), Dia, Bih, and PIht whereas
210  Tumida showed higher trait values for Pbr and Df (Fig. 1 and Table 1). The low trait values
211 for Plht, Bih, and Df are desirable from the breeding perspective; therefore, Tumida is the
212 better parent for Plht and Bih, and Varuna is the better parent for Df. For most of the traits,
213 the F; showed intermediate values with the exceptions of Dia, Plht, and Bih (Fig. S1 and
214  Table 1). The TUV mapping population showed transgressive segregation, suggesting that
215  both Varuna and Tumida contained positive alleles for al the nine architectural traits (Fig. S1
216 and Table 1). However, very few transgressive segregants were observed for Df with a
217  flowering time less than that of Varuna (Table 1 and Table S5). Extensive transgressive
218  segregation was observed for the Bih trait with values ranging from 17.05-143.09 cm (Fig. S1
219 and Tablel).

220  The broad sense heritability (Hg) of the nine plant architectural traits ranged from 33 to 98%
221 in the three environments (Table $4). The stem strength-related traits were found to be
222 moderately heritable with Hg of Pf, S, Bf, and Bs ranging from 33-36%, 45-60%, 48-62%,
223 and 42-62%, respectively (Table $4). Dia and Plht also showed moderate heritability of 48-
224 62% and 53-89%, respectively. Bih (Hg 79-88%), Pbr (Hg 81-90%), and Df (Hg 94-98%)
225  werefound to be highly heritable traits.

226  We also undertook an anatomical analysis of the stems of Tumida, Varuna, and some TUV
227  population lines (TUV-547, TUV-780, TUV-95, and TUV-25) showing transgressive
228  segregation for most of the stem strength-related traits (Fig. 2 and Fig. S2). The transverse
229 sections of stems of parents at the test-point revealed more lignified interfascicular
230  sclerenchyma tissue in Varuna as compared to Tumida (Fig. 2 and Fig. S2), suggesting
231 differential cambial activity in Tumida and Varuna. Similar differences were aso observed in
232 the TUV linesthat showed contrasting values for the stem strength-related traits (Fig. S2).

233 Correlation analysis of the plant architectural traits


https://doi.org/10.1101/2022.07.11.499534
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.07.11.499534; this version posted July 12, 2022. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

234  The Pearson correlation coefficients among the nine quantitative traits were estimated using
235 BLUPs (Table 2). The four stem strength-related traits (Pf, &, Bf, and Bs) showed a
236 significantly (p < 0.01) high positive correlation with one another. Dia showed a significant
237  (p < 0.01) positive correlation with Bf and Pf whereas, it was not highly correlated with Bs
238 and . Bih and Plht were positively correlated with one another. Df showed a significant (p <
239  0.01) negative correlation with Pf, S, Bf, and Dia and a positive correlation with Plht and
240  Bih. Pbr showed a significant (p < 0.01) positive correlation with Df (r = 0.737) and Plht (r =
241 0.668) which might negatively affect the simultaneous improvement of these traits.

242 QTL Mapping

243  The QTL for each trait were detected using Windows QTL Cartographer 2.5 using the mean
244  trait values obtained in each trial (SE trait values) (Table S6) and using the BLUPs (Table
245  S7). A QTL that could be detected in at |east two single environments (SES) and also detected
246  using BLUPs, was designated a Stable QTL. QTL mapping was also carried out using QTL
247  Network 2.0, which alowed the detection of QTL x environment (QE), epistasis, and
248  epistasis x environment interactions in addition to the detection of additive QTL (Tables S8
249  and $9). An additive QTL detected for atrait by both Windows QTL Cartographer 2.5 and
250  QTL Network 2.0 with overlapping confidence intervals was considered to be the same QTL
251 (Table S8). For every trait, we first describe the QTL mapped using Windows QTL
252  Cartographer 2.5, followed by an analysis with QTL Network 2.0.

253  Stem strength-related traits (Pf, &, Bf, and Bs)

254 A total of 13, 18, 15, and 12 QTL were detected using SE trait values for Pf, &, Bf, and Bs,
255  respectively in the three trials (Table S6). Using BLUPs, four QTL each for Pf, Bf, and Bs
256  and three QTL for Sf were detected (Table S7). Several QTL for Pf, S, Bf, and Bs mapped to
257  overlapping intervals, particularly, on linkage groups (LGs) A10 and BO7. This observation
258  parallels the significantly high positive correlations predicted between these traits. A total of
259  seven Stable QTL were identified for stem strength-related traits (Pf, Sf, and Bf) on LGs A07,
260 A09, A10, BO6, and BO7 (Fig. 4, Table 3, and Table S10). Varuna contributed beneficial
261  aleles for the major Stable QTL for Pf (SPf-A10-1) and Bf (SBf-A10-1) in overlapping
262  confidence intervals on LG A10. These QTL explain 23% and 19.5% of the phenotypic
263  variances, respectively. A Stable QTL SPf-B07-1, explaining 7.1% of the phenotypic
264  variance was contributed by Tumida. We detected three Stable & QTL — SS-A09-1, SS-
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265 Al0-1, and S S-B06-1 with Varuna contributing positive aleles for the trait (Fig. 4, Table 3,
266  and Table S10). No Stable QTL was detected for Bs using the adopted criteria.

267 A tota of 8, 6, 5, and 3 QTL were mapped using QTL Network 2.0 for Bf, &, Pf, and Bs,
268  respectively (Table S8). QTL same as the seven Stable QTL for stem strength-related traits
269 were also detected using QTL Network 2.0 (Table S8). Significant (p < 0.05) QTL x
270  environment (QE) interactions were detected for the QTL Bf (Bf-A10-1.QN), Pf (Pf-A10-
271 1.0N), and Bs (Bs-A10-1.QN) on the LG A10 (Table S8), which is consistent with the
272 moderate heritability observed for these traits. The Pf-A10-1.QN and Bf-A10-1.QN QTL were
273 found to be the same as the Stable QTL — SPf-A10-1 and SBf-A10-1, respectively. The
274  phenotypic variance explained by the QE interaction was low for Pf-A10-1.QN QTL (1.55%
275  compared to 16.81% of the additive QTL) (Table S8). On the other hand, the phenotypic
276 variance explained by the QE interaction for Bf-A10-1.QN was 6.40% compared to 13.85% of
277  the additive QTL suggesting that this QTL might have variable R? in different environments
278  which should be taken into consideration while introgressing this QTL. The QTL detected for
279  Bf, Bf-A03-1.0ON showed a Type Il digenic interaction with a locus on LG AO01 without
280  dignificant main effect. However, Bf-A03-1.QN QTL was not a Stable QTL for Bf. We did
281  not detect any significant Type | and Type Il digenic interactions among the QTL detected
282  for &, Pf, and Bs.

283  Stem Diameter (Dia)

284  Weidentified 17 QTL for Dia in the TUV population using the SE trait values (Table S6), 11
285  of which showed positive additive effects, indicating that Tumida contributed the alleles for
286 larger diameter, whereas six QTL were contributed by Varuna. Using BLUPs, five QTL for
287  Dia were detected (Table S7). According to the adopted criteria, three QTL — one each on
288 LGs A07, A10, and BO7 were designated Stable QTL for Dia (Fig. 4, Table 3, and Table
289  S10). Varuna contributed the positive alele for the major Stable QTL S-Dia-A10-1 on LG
290  A10 explaining 14.4% of the phenotypic variance. Tumida contributed the beneficial aleles
291  for the Stable Dia QTL — S-Dia-A07-1 and S-Dia-B07-1 which explained 5.5% and 4.8% of
292  the phenotypic variances, respectively.

293  Using QTL Network 2.0, atotal of seven QTL were mapped for Dia, including the QTL that
294  were the same as the three Stable QTL (Table S8). We detected significant (p < 0.05) QE
295 interactions for the Dia-A10-1.QN QTL on LG A10 which is the same as the Stable QTL S

296 Dia-Al0-1. However, the phenotypic variance explained by the interaction was extremely

10
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297 low (Table S8) and does not have major implications for breeding efforts directed at the
298  improvement of thistrait. We did not detect any epistasis (Type | and Type I1) and epistasis x
299  environment interactions for the QTL detected for Dia.

300 Plant height (Plht)

301  For Plht, atotal of 15 QTL were mapped in the TUV population using the SE trait values
302 (Table S6). For ten of the SE QTL, Tumida contributed the alleles for higher Plht, which is
303 interesting since Varunais the better parent for Plht. Using BLUPs, we detected six QTL for
304 Plht (Table S7). Using the adopted criteria, one QTL each on LG A06 (S-Plht-A06-1) and
305 A10 (SPIht-A10-1) were detected as the Stable QTL (Fig. 4, Table 3, and Table S10). The S
306 Plht-A06-1 and SPIht-A10-1 QTL explained 6.3% and 11.3% of the phenotypic variances,
307  respectively. The allele for shorter plant height for the QTL SPIht-A06-1 was contributed by
308  Tumida, and for the QTL SPIht-A10-1 was contributed by Varuna.

309 A total of seven QTL were mapped for Plht using QTL Network 2.0 (Table S8); five of these
310 QTL were also detected by Windows QTL Cartographer 2.5. One QTL each on LGs B03
311 (PIht-B0O3-1.QN) and B06 (Plht-B06-1.QN) were detected only by QTL Network 2.0. The
312 beneficia allele in PIht-B06-1.QN was contributed by Tumida and therefore, it could be
313  useful for decreasing the plant height of the Indian gene pool lines. We did not detect any QE
314 interactions for the Plht QTL. Further analysis was carried out for epistasis and epistasis x
315  environment interactions for the QTL detected for Plht. The QTL on LG A10 (Plht-A10-
316  1.0QN) exhibited Type | digenic interaction with the QTL on LG A03 (Plht-A03-1.QN) with
317 additive x additive effect = -3.67 suggesting that Plht is decreased by the association of
318 Varunaalleles at these loci (Table S9). The PIht-A10-1.QN QTL was found to be the same as
319 the Stable QTL S-PIht-A10-1. Since the interaction of Plht-A03-1.QN and Plht-A10-1.0QN
320 further decreases the Plht, these loci need to be introgressed together.

321  Shoot branching-related traits (Bih and Pbr)

322  For branch initiation height (Bih), a total of 19 QTL were mapped in the TUV population
323  using the SE trait values. Out of these, Tumida contributed 10 QTL for high Bih (Table S6).
324  We detected four QTL for Bih using BLUPs (Table S7). Using the adopted criteria, a magjor
325  QTL each on LG A03 (SBih-A03-1), A06 (S-Bih-A06-1), and A10 (SBih-A10-1) accounting
326 for 24%, 10.4% and 21.4% of the phenotypic variances, respectively was designated as
327 Stable QTL (Fig. 4, Table 3, and Table S10). Tumida contributed beneficial allele for low Bih
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328 inthe SBih-A06-1 QTL; therefore, this QTL would be important for improving the trait in

329 thelndian gene pool lines of B. juncea.

330 A total of nine QTL were mapped for Bih using QTL Network 2.0 (Table S8). QTL same as
331 seven of these QTL were also detected by Windows QTL Cartographer 2.5, which included
332  thethree Stable QTL for Bih on LGs A03, A06, and A10. Bih-A04-1.QN and Bih-A09-1.QN
333  QTL with alleles for higher Bih contributed by Tumida were detected by QTL Network 2.0
334  only. None of the QTL detected for Bih showed QE and/or digenic interactions.

335  For the number of primary branches (Pbr), 16 QTL were mapped in the TUV population
336 using SE trait values, for which both the parents, Varuna and Tumida contributed positive
337 dlelesfor an increase in the number of primary branches (Table S6). We detected seven QTL
338 for Pbr using BLUPs (Table S7). Stable QTL one each on LG A10 (SPbr-A10-1), B0O6 (S
339  Pbr-B06-1), and BO7 (SPbr-B07-1) were detected for Pbr explaining 18.8%, 4.4%, and 5.9%
340 of the phenotypic variances, respectively (Fig. 4, Table 3, and Table S10). Tumida
341  contributed positive alele for a higher number of primary branches for the S-Pbr-A10-1 QTL.
342  Using QTL Network 2.0, atotal of eight QTL were mapped for Pbr (Table S8). QTL same as
343  al these QTL were also detected by Windows QTL Cartographer 2.5. The QTL controlling
344  Pbr did not exhibit any QE and/or digenic (Type | and Type Il) interactions.

345 Days to flowering (Df)

346  We identified 12 QTL for Df in the TUV population in the three trials (Table S6). Ten of
347 these QTL were contributed by Tumida whereas two QTL were contributed by Varuna,
348 indicating that both the parents contributed the alleles for early flowering. Using BLUPs, we
349  detected seven QTL for Df (Table S7). Two QTL, one each on LG A03 (SDf-A03-1) and
350 A10 (SDf-A10-1) explaining 15.3% and 40% of the phenotypic variances, respectively were
351 designated as Stable QTL for Df (Fig. 4, Table 3, and Table S10); Varuna contributed the
352 early flowering aleles in both the QTL. We detected two significant QTL each in one
353 environment (Df-A06-1" and Df-A06-2'%) and BLUP analysis (Df-A06-1° and Df-A06-2°),
354  with Tumida contributing the early flowering alleles (Tables S6 and S7) which could explain
355 the presence of transgressive segregants with Df less than Varuna in the TUV mapping

356  population.

357 A tota of six QTL were mapped for Df using QTL Network 2.0 (Table S8). QTL same as al
358 of these QTL were also detected by Windows QTL Cartographer 2.5. We detected
359  datisticaly significant (p < 0.05) QE interactions for the Df QTL Df-A10-1.QN, which was
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360 found to be the same as the Stable QTL S-Df-A10-1 on LG A10. The phenotypic variance
361  explained by the Df-A10-1.QN QTL was 40.64% however, the phenotypic variance explained
362 by the interaction was extremely low (1.02%) so it is inconsequential for breeding
363  applications (Table S8). The QTL for Df on LG A03, Df-A03-1.0QN (same as S-Df-A03-1)
364  exhibited a Type | digenic interaction with Df-A10-1.QN (same as S-Df-A10-1) with additive
365 X additive effect = -4.82 suggesting that Df is decreased by the association of Varuna alleles
366 at boththeloci (Table S9).

367 Analysisof QTL clustersand conditional QTL mapping

368 A QTL cluster in the interval spanning 43.1-65.8 cM on LG A10 contained a Stable QTL for
369  seven of the nine plant architectural traits mapped in the study (Fig 3 and Table S10). We
370 detected Stable QTL with overlapping confidence intervals for Plht (S-PIht-A10-1), Dia (S
371 Dia-Al10-1), and Bih (SBih-A10-1) in this cluster with Varuna contributing the alele for
372  increasing Dia and decreasing Plht and Bih (Table S10). Stable QTL for stem strength-related
373  traits, Bf (S-Bf-A10-1) and Pf (S-Pf-A10-1), with trait enhancing allele contributed by Varuna
374 and for Df (SDf-A10-1) and Pbr (SPbr-A10-1) with trait enhancing allele contributed by

375  Tumidawere aso detected in the same region.

376  An overlap was observed in the Pf, Bf, and Dia QTL on LGs A07, A10, and BO7 (Fig. 4,
377 Table S6, and Table S7); however, it is not of major implication for stem strength
378  improvement since the positive alleles for these traits (desirable for the improvement of stem
379  strength) were contributed by Varuna in the colocalized QTL on LG A10 and by Tumidain
380 the colocalized QTL on LGs A07 and BO7. Similarly, the Stable QTL for Bih colocalized
381  with the QTL for Df on LGs A03, A06, and A10 (Tables S6, S7, and S10). However, since
382 the aleles for lower trait values were contributed by Tumida in the colocalized Bih and Df
383 QTL on LG A06 and by Varuna in the colocalized Bih and Df QTL on LGs A03 and A10,
384  these QTL regions can be used in breeding programs for simultaneous improvement of the

385 two trats.

386  We observed an antagonistic overlap between the stable QTL for Df (SDf-A10-1) and Pbr
387 (SPbr-Al10-1) on LG A10 where Varuna contributed the beneficial allele for early flowering
388 and Tumida contributed the beneficial allele for a high number of primary branches.
389  Similarly, the Stable QTL for Df on LG A03 (S-Df-A03-1) contributed by Tumida showed
390  overlapping confidence intervals with a major Pbr QTL (Pbr-A03-2%) detected using BLUPs

391 with Tumida contributing the trait enhancing alleles. These observations point toward the
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392  high correlation observed between Pbr and Df (Table 2). The regression analysis of Pbr on
393 Df (Fig. 3) revealed several TUV lines with low Df and high Pbr suggesting that these traits
394  are not completely pleiotropic and the high positive correlation between these traits might

395  also be dueto the linkage of some of the loci controlling them.

396 Toidentify the Pbr QTL without the correlated effects on Df and to dissect the genetic basis
397  of control of Df and Pbr QTL on LGs A10 and A03, conditional QTL were mapped for Por
398  [Pbr|Df, Pbr conditional on Df] that are independently expressed from Df (Table 4). No QTL
399 for Pbr was detected on LG A10 using conditional Pbr values, suggesting a pleiotropic
400  control of Df and Pbr at the S-Pbr-A10-1 locus. However, we detected a major conditional
401 Pbr QTL Pbr-A03-1° which was found to be the same as Pbr-A03-2° on LG A03, suggesting
402  that this QTL is independent of the variation in Df; but since Pbr-A03-2% QTL was detected
403  in only one environment and BLUP analysis, it cannot be considered a Stable QTL for Pbr.
404  Additionally, four conditional Pbr QTL were detected on LGs A07 (Pbr-A07-1°), BO3 (Pbr-
405  B03-1° and Pbr-B03-2°), and B06 (Pbr-B06-1°) (Table 4) which could be used to improve
406  Pbr in breeding programs without negative effects on Df.

407  Physical intervals of the Stable QTL and identification of candidate genes

408  Since the genomes of both Tumida (Yang et al. 2016) and Varuna (Paritosh et al. 2021) have
409  been sequenced, we identified the physical intervals of the Stable QTL and the number of
410 high confidence genes in these intervals in the Varuna and Tumida genome assemblies
411  (Tables S10 and S11). For screening the QTL intervals for the identification of candidate
412 genes, 18 out of the 20 Stable QTL with physical intervals less than 2.5 Mb were considered.
413  The genes contained in the Stable QTL intervals and their GO annotations are provided in
414  Table S11. The candidate genes for each of the nine plant architectural traits were identified
415  using the information available in heterologous systems and evidence from the functional
416  annotations of the genes contained in the Stable QTL intervals (Table S12).

417  As described earlier, the transverse sections of the stems of Varuna and Tumida showed
418  differencesin interfascicular sclerenchymatous tissue (Fig. 2 and Fig. S2) therefore, the genes
419  reported to regulate vascular cambium development and differentiation were prioritized as
420 major candidates for the regulation of stem strength in the TUV population. Additionally, the
421  genes with GO terms associated with biosynthesis of lignin, cellulose, and xylan were
422  considered candidate genes for the regulation of stem strength. In the three Stable QTL for

423  stem diameter, a total of 50 genes primarily involved in the development of stem vascular
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424  tissues, secondary cell wall biogenesis, cell growth, and auxin signaling were considered the
425  candidate genes (Table S12).

426 Nine candidate genes were identified for the regulation of Plht in the Stable QTL PIht-A10-1
427 on LG A10 (Table S12). Previous studies have highlighted the role of gibberellins, auxin, and
428  brassinosteroids in the control of plant height (Wang and Li 2006; Wang et a. 2018; Guo et
429 a. 2020). Therefore, the genes in the PIht QTL with GO terms associated with gibberellin,
430 auxin, brassinosteroid, and strigolactone biosynthesis, transport, and signaling were also

431 considered candidate genes for the regulation of Plht.

432 The outgrowth of axillary meristems into branches involves a complex interaction of sugars
433  and plant hormones including auxins, cytokinins, and strigolactones; these have been well
434  described in some reviews (Domagalska and Leyser 2011; Janssen et al. 2014; Wang et al.
435  2018; Barbier et al. 2019). Genes in the stable Pbr and Bih QTL with GO terms associated
436  with shoot development, sugar transport, and signaling of plant hormones, auxins, cytokinins,
437  and strigolactones were therefore considered as candidate genes for these traits. A total of 34
438  and 27 candidate genes were identified for Bih and Pbr, respectively (Table S12).

439 A tota of 14 candidate genes for days to flowering (Df) were identified in the Stable QTL —
440 SDf-A03-1 and S-Df-A10-1 spanning 6.9 and 2.6 cM regions, respectively (Table S12). Out
441  of these, 12 genes have been reported to control flowering time in literature (references listed
442  in Table S12) and two genes have GO terms associated with the regulation of flowering time
443 (G0:0048510, GO:2000028).

444  DISCUSSION
445  QTL cluster on LG AlOiscritical for adaptability of the I ndian gene pool lines

446  We detected a QTL cluster on LG A10 in the TUV population (Fig. 4) containing major loci
447  for most of the plant architectural traits including, Bih, PIht, Df, Bf, Pf, Dia, and Pbr. This
448  QTL cluster contains a major QTL S-Df-A10-1 (R* = 40.9%) controlling Df with the early
449  flowering allele contributed by Varuna. Early flowering is the most crucia trait for the
450  cultivation of mustard in the Indian subcontinent. QTL mapping studies in the bi-parental
451  populations resulting from crosses between the Indian and east European lines have also
452  revedled QTL clusters on LG A10 with the beneficial alleles for several agronomically
453  important traits, including the flowering time, contributed by the parent belonging to the
454  Indian gene pool (Ramchiary et al. 2007; Yadavaet a. 2012).
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455  The Stable Df QTL SDf-A10-1 in the cluster on LG A10 showed significant (p < 0.05)
456  digenic interaction with SDf-A03-1 QTL on LG A03 (Table S9). S-Df-A03-1 and S-Df-A10-1
457  contain FT-INTERACTING PROTEIN 1 (FTIP1) and CONSTANS (CO) as mgor candidate
458  genes, respectively. CO is aregulator of FT mRNA transcription (Samach et al. 2000) and
459  FTIP1 regulates FT protein transport (Liu et a. 2012). Since these genes are part of a
460 common pathway for regulation of the flowering time, this could explain the digenic

461  interaction observed between these QTL in the present study.

462  The alléeles for low Bih, Plht, and Df and high stem strength and Dia for the QTL in the
463  cluster on LG A10 are contributed by Varuna whereas, Tumida contributes the beneficial
464  dleles for a mgor locus — S-Pbr-A10-1 controlling Pbr in the cluster (Fig. 4 and Table 3).
465  The confidence interval of the S-Pbr-A10-1 locus overlaps with the Df locus S-Df-A10-1 with
466  trait enhancing alleles contributed by Tumida. QTL mapping using conditional Pbr values
467  [Pbr|Df] did not detect the QTL S-Pbr-A10-1, suggesting a pleiotropic control of Pbr and Df
468  at thislocus and thereby, limiting the scope of its use in the improvement of Pbr in the Indian

469  genepool lines.

470  The regression analysis of Pbr with Df revealed several lines with low Df and high Pbr
471  suggesting a scope of improvement of Pbr without increasing Df (Fig. 3). We identified two
472 QTL — Pbr-A03-1¢ and Pbr-B03-2° in the conditional analysis (Table 4) with trait enhancing
473  dleles from Tumida, which can be used to improve Pbr in the Indian gene pool lines without

474  negative effects on Df.
475  Engineering resistance tolodging in B. juncea

476 Stem strength is one of the key factors influencing lodging in crops (Kashiwagi and Ishimaru
477  2004; Ookawa et al. 2014; Wei et al. 2017; Miller et a. 2018). The four stem strength-related
478  traits tested in the study showed moderate heritability; some significant QE interactions were
479  observed in afew Bf, Pf, and Bs QTL (Table S8). We observed transgressive segregation for
480  stem strength in the TUV population (Fig. S1) which was substantiated by the QTL analysis
481  wherein both the parents have been shown to contain the QTL for increased stem strength
482  (Tables S6 and S7). Several minor but Stable QTL for stem strength (S-Pf-A07-1 and S-Pf-
483  BO7-1) were contributed by Tumida which explains the transgressive segregation observed
484  for the trait with several TUV lines showing higher stem strength than the better parent,
485 Varuna(Fig. S1). These QTL could be used to further improve the stem strength of the Indian

486  genepool lines of B. juncea.
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487  Varuna, which is the better parent for stem strength, contributed the mgor Stable QTL for Pf
488  (SPf-A10-1) and Bf (S-Bf-A10-1), both on LG A10. Thisis consistent with the observation of
489  a reduced number of interfascicular sclerenchymatous cell layers in the transverse stem
490  sections of Tumida (Fig. 2). A correlation of reduced stem vascular tissues with stem lodging
491  has also been previously reported in the MYB43 RNAI lines of B. napus (Jiang et al. 2020).
492  The stem strength QTL with beneficial aleles from Varuna could be used to improve the
493  good combiners of hybrids in the east European gene pool with low stem strength, e.g., B.
494  juncealines EH-2 and S7 (Table S13). The Indian gene pool lines of B. juncea have a narrow
495  genetic diversity (Srivastava et al. 2001; Burton et al. 2004), however, we observed high
496  variability in the stem strength-related traits within the Indian gene pool lines (Table S13).
497  The stem strength QTL — SPf-A10-1 and SBf-A10-1 on LG A10 with beneficial alleles
498  contributed by Varuna can also be used to improve the trait in the Indian gene pool lines

499  having low stem strength.

500 We observed a high correlation of stem strength-related traits (Pf and Bf) with stem diameter
501 (Dia) (Table 2). A high correlation between absolute stem strength and stem diameter has
502 aso been reported in B. napus (Miller et a. 2018). An overlap was observed in the
503 confidence intervals of the Stable QTL identified for these traits on LGs A07, A10, and BO7
504 (Fig. 4, Table S6, and Table S7). Based on these results, a pleiotropic control of stem strength
505 and stem diameter could be hypothesized at these loci. Since the beneficial alleles for both Pf
506 and Dia in the QTL with overlapping confidence intervals on LGs A07 and BO7 are
507  contributed by Tumida, these loci could be used to simultaneously improve stem strength and
508 diameter in the Indian gene pool lines. A Stable locus for Dia (S-Dia-A10-1) was identified in
509 the QTL cluster on LG A10 with the beneficial allele from Varuna. The locus contains
510 CSL.D2 and PIN5 genes that have been previously implicated in the control of stem diameter
511  inArabidopsisand Populus (Yin et al. 2011; Zheng et al. 2021).

512  Most of the mustard cultivars grown in India have high Bih with branches initiating up to 1m
513  from the ground. These lines are more prone to top lodging under stormy conditions at
514  maturity due to top-heavy branches resulting in substantial yield losses (Chakrabarty et al.
515  1994). Therefore, the reduction of Bih is a maor objective for mustard improvement
516 programsin India. Bih showed a significant positive correlation with Df and Plht in the TUV
517  population (Table 2). This is consistent with a previous study in B. napus which showed a
518  significant positive correlation and co-localization of the QTL for the two traits (Shen et al.
519  2018). However, Vijayakumar et al. (1996) reported a negative correlation of Bih with plant
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520 height and flowering timein B. juncea. We observed a high positive correlation (Table 2) and
521  an overlap between the QTL for Bih and Df (Tables S6 and S7). The overlap between the
522 Stable Bih and Df QTL on LGs A10 and AO3 (Fig. 4) is not of major consequence for
523  breeding since the alleles reducing both Bih and Df are contributed by Varuna in the
524  overlapping QTL. The overlapping Stable QTL for Bih (S-Bih-A03-1) and Df (SDf-A03-1)
525 on LG AO3 contained the TFL1 gene (Table S12) that has been previously implicated to
526  pleiotropically control branch number, Df and branch initiation height in B. napus (Sriboon et
527  a. 2020). Tumida contributed the alele for reduction of Bih in S-Bih-A06-1, therefore, this

528  locus can be introgressed in the Indian gene pool lines to reduce the branch initiation height.

529  The use of dwarfing genes has been shown to improve the resistance to plant lodging in B.
530 napus (Muangprom et a. 2006; Liu et al. 2010; Yang et a. 2021). Therefore, the
531 introgression of the S-PlIht-A06-1 locus from Tumida could further improve the lodging
532  resistance of the Indian gene pool lines via reduction of Plht. Though Tumida shows a low
533 trait value for Plht as compared to Varuna, it contributed a major QTL S-Plht-A10-1 for the
534  enhancement of the trait. Significantly, no overlap was observed in the QTL identified for
535  stem strength and Plht, which provides an opportunity to simultaneously introgress beneficial

536 loci for thesetraitsto tackle the problem of plant lodging.
537  Conclusions

538  We used a high-density linkage map to identify 20 Stable QTL for nine plant architectural
539 traits related to stem strength, stem diameter, plant height, shoot branching, and days to
540 flowering in the TUV F;DH population. The Chinese stem type mustard, Tumida contributed
541  positive aleles for al the nine architectural traits and could be a novel source for beneficial
542  dleles for further improvement of these traits in the Indian gene pool lines. The QTL cluster
543  on A10 contains amajor locus for Df and is critical for the early flowering of the Indian gene
544  pool lines therefore, no introgressions can be made in the Indian gene pool lines in this
545 region. The study has identified conditional QTL for Pbr with trait enhancing alleles
546  contributed by Tumida, which could be used to improve the trait without negative effects on
547  Df. The QTL for Pf, Bf, &, Dia, Bih, and Plht identified in the study could be used for the
548  genetic improvement of lodging resistance in B. juncea by the enhancement of stem strength
549 in addition to an increase in stem diameter and a reduction in branch initiation height and
550 total plant height. The Stable QTL for plant architectural traits could be introgressed into pure
551  lines or combiners of hybrids that lack the superior alleles for the mapped architectural traits.
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552 Altogether, the findings reported in the study have revealed the genetic control of some of the
553  key plant architectural traits and would find application in breeding for improved ideotypesin

554  B.juncea.
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Table 1 Average trait values of Tumida, Varuna, and TUV-F; and trait statistics on adjusted mean
values (BLUP values) of the TUV population for the nine plant architectural traits

. Mean . F,DH population

Trat 4 ida Varuna  TUV-F F1DH population range mean + S.D.
Bf 10.7 16.64 13.78 6.5-27.35 14.82+35
g 9.23 20.64 17.84 13.29-27.05 1695+ 1.95
Pf 98.93 11357 110.75 80.57-127.72 103.82 + 9.61
Bs 0.54 1.43 139 0.8-2.09 1.27+0.16
Dia 3.84 3.95 355 2.88-4.88 3.76+ 0.37
PIht 13432 180.36 208.4 154.25-256.11 21055 + 23.11
Bih 3877 51.42 89.98 17.05-143.09 76.71 + 30.16
Pbr 10.26 5.03 8.82 2.99-13.43 7.04+2.19
Df 131.12 428 7751 42.77-123.13 79.81 + 21.49

Bf, &, Pf, Bs, Dia, Plht, Bih, Pbr, and Df represent bend force, stab force, press force, breaking strength, stem diameter, plant height, branch

initiation height, number of primary branches, and days to flower, respectively.

Table 2 The Pearson correlation coefficients amongst the adjusted mean (BLUP) values of the nine
plant architectural traits

Pf S Bf Bs Dia Plht Bih Pbr
Sf 0.607**
Bf 0.824** 0.713**
Bs 0.568** 0.826** 0.674**
Dia | 0.728** 0.386** 0.847** 0.222**
Plht | -0.058 0.082 -0.075 0.215** -0.219**
Bih | -0.269** -0.102 -0.308** 0.039 -0.437+* 0.832**
Pbr | -0.356** -0.075 -0.351** 0.095 -0.548** 0.668** 0.779**
Df -0.497%* -0.403** -0.537** -0.226** -0.591** 0.592** 0.837** 0.737**

*significant at 5%

**ggnificant at 1%

Bf, &, Pf, Bs, Dia, Plht, Bih, Pbr, and Df represent bend force, stab force, press force, breaking strength, stem diameter, plant height, branch

initiation height, number of primary branches, and days to flower, respectively.
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Table 3 The Stable QTL detected for plant architectural traits in the TUV population. Major QTL (R2
> 10%) have been highlighted in bold. BLUP, Best Linear Unbiased Prediction; SE, single
environment; T1, trial 1; T2, trial 2; T3, trial 3; T4, trial 4; R?, phenotypic variance explained by the

QTL; P, parent contributing the trait enhancing allele; T, Tumida; V, Varung; Cl, confidence interval

QTL Same QTL
. detected TL detected using SE trait detected b R2
Trait Stable QTL using \(/galues ’ QTL Netw)grk (%) Cl(cM)
BLUPs 2.0
Stem SPf-A07-1 Pf-A07-18 Pf-A07-2", Pf-A07-2™ Pf-A07-1.QN 7.7 105.1-121
strength-
related S-Pf-A10-1 Pf-A10-1® Pf-A10-1"2, Pf-A10-1"%, Pf-  Pf-A10-1.QN 23.0 55.3-59.4
traits A10-1™
S-Pf-BO7-1 Pf-B07-18 Pf-BO7-1", Pf-B07-1™ Pf-B07-1.QN 71 198.2-200.6
SS-A09-1 S-A09-1° S‘-AO%;lTZ, S-A09-17, - S-A09-1.ON 49 129.5-138.9
A09-1
SS-A10-1 S-A10-18 Sf-A10-27, Sf-A10-2™ S-A10-1.QN 9.2 78.3-89.3
SS-B06-1 S-B06-18 S-B06-2"%, §-B06-2™ S-B06-1.QN 5.4 229.5-246.6
S-Bf-A10-1 Bf-A10-1° Bf-A10-1"% Bf-A10-1™ Bf-A10-1.QN 195 53.1-65.8
Stem SDia-A07-1 Dia-A07-1®  Dia-A07-17, Dia-A07-1™ Dia-A07-1.QN 55 114.4-121.6
diameter
SDia-Al0-1 Dia-A10-1®  Dia-A10-1" Dia-A10-1™ Dia-A10-L.QN  14.4 45.1-51.2
SDia-BO7-1  Dia-B07-1®  Dia-B07-2"? Dia-B07-2"3, Dia-B07-1.QN 4.8 190.7-200.6
Dia-B07-2™
Plant SPIht-A06-1  PIht-A06-1°  PIht-A06-1™, PIht-A06-1™ Plht-A06-1.ON 6.3 78.6-93
height
SPIht-A10-1  Plht-A10-18  PIht-A10-1", PIht-A10-1™,  PIht-A10-1.ON  11.3 43.1-50.7
Plht-A10-1"™
Shoot SBih-A03-1  Bih-A03-18  Bih-A03-3™, Bih-A03-3", Bih-A03-1.ON 24 142.7-148.2
branching- Bih-A03-3™
related SBih-A06-1  Bih-A06-1°  Bih-A06-1™, Bih-A06-1"2, Bih-A06-1.QN  10.4 88.1-95.2
traits Bih-A06-1™
SBih-A10-1  Bih-A10-1®  Bih-A10-1™, Bih-A10-1™, Bih-A10-1.QN 214 43.7-46.5
Bih-A10-1™
S-Pbr-A10-1  Pbr-A10-12  Pbr-A10-1", Pbr-A10-1"2, Pbr-A10-L.QN 1838 51.7-56.7
Pbr-A10-1™
SPbr-B06-1  Pbr-B06-1B  Pbr-B06-1™, Pbr-B06-12, Pbr-B06-1.QN 4.4 176.2-184.4
Pbr-B06-1™
SPbr-BO7-1  Pbr-BO7-1®  Pbr-B07-1™, Pbr-B07-1?, Pbr-BO7-1.QN 5.7 194.1-200
Pbr-B07-1™
Daysto S-Df-A03-1 Df-A03-1% Df-A03-1™, Df-A03-1™, Df-  Df-A03-1.QN 15.3 141.3-148.2
flower A03-1™
S-Df-A10-1 Df-A10-18 Df-A10-1", Df-A10-1"2, Df-  Df-A10-1.QN 40.9 53.8-56.4

A10-1™

Bf, &, Pf, Bs, Dia, Plht, Bih, Pbr, and Df represent bend force, stab force, press force, breaking strength, stem diameter, plant height, branch

initiation height, number of primary branches, and days to flower, respectively.
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Table 4 The QTL detected using conditional phenotypic values of Pbr [Phbr|Df, Pbr conditional on Df]
in the TUV mapping population using Windows QTL Cartographer 2.5. Major QTL (R? > 10%) have
been highlighted in bold. P, parent contributing the trait enhancing allele; T, Tumida; V, Varuna;, R?,
phenotypic variance explained by the QTL; CI, confidence interval; SE, single environment; T1, trial
1; T2, trial 2; T3, trial 3; T4, trial 4, BLUP, Best Linear Unbiased Prediction

Conditional Additive R2? QTL with overlapping o?érrrap\;\gmg
QTL P Peak LOD " %) Cl (cM) Clsdetected using SE Cls detected
trait values .
usng BLUPs
Pbr-A03-1° T 14821 30.23 0.53 117 135-149.2 Pbr-A03-2™ Pbr-A03-28
Pbr-A07-1° VvV 9051 1492  -0.35 5.4 89.3-107.7 Pbr-A07-1™, Pbr-A07-1"
Pbr-B03-1° Vv 14911 1319  -0.37 48 139-150.8
Pbr-B03-2° T 20081 224 051 9 199.7-203.2 Pbr-B03-1™
Pbr-B06-1° V 181.71 32.27 -0.63 124  170.3-1874  Pbr-B06-1™, Pbr-B06-1", Pbr-B06-1°
Pbr-B06-1™
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Figures:

Fig. 1 Morphotypes of Tumida and Varuna plants showing differencesin their architecture at
maturity

Fig. 2 Stem sections of Varuna (V) and Tumida (T) showing blue UV autofluorescence from
lignin. Scale bars represent 100 um. Abbreviations: co, cortex; xy, xylem; ph, phloem; ca,
cambium; ifs, interfascicular sclerenchyma; pi, pith
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Fig. 3 Regression of the number of primary branches (Pbr) trait on days to flowering (Df) in
the TUV population
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Fig. 4 Genetic locations of Stable QTL regions associated with press force (Pf), stab force
(S), bend force (Bf), breaking strength (Bs), stem diameter (Dia), plant height (Plht), branch
initiation height (Bih), number of primary branches (Pbr) and days to flower (Df). Uniform
cM scale is shown on the left. Solid and checked bars represent the QTL from Tumida and
Varuna, respectively. Major QTL (R*> 10%) are highlighted in bold
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Supplementary Material

Supplementary figures:

Fig. S1 The density histograms of TUV population for bend force (Bf), stab force (), press
force (Pf), breaking strength (Bs), stem diameter (Dia), plant height (Plht), branch initiation
height (Bih), number of primary branches (Pbr), and days to flower (Df). Blue, red, and green
arrows indicate Tumida, Varuna, and TUV-Fy, respectively. The Y-axis represents the
density (the ratio of frequency to group distance) for each trait

Fig. S2 Anatomical and phenotypic differences in Tumida, Varuna and some strong (s) and
weak (w) TUV population lines sampled at mature green stage. (a-f) Cross sections of mid-
point of last internode showing differences in layers of interfascicular sclerenchyma tissue
(depicted by yellow lines). Scale bars represent 50 um. g. Phenotypic differences (BLUPS) in
stem diameter (Dia) and stem strength measures (Bf, bend force; Bs, breaking strength; &,
stab force; Pf, pressforce)

Supplementary tables:

Table S1 Details of the trials conducted for phenotyping plant architectural traits in the TUV
F1DH population

Table S2 Distribution and density of GBS markers on the TUV linkage map
Table S3 Positions of the GBS markers on the TUV linkage map

Table $4 Trait statistics and broad sense heritability (Hg) of plant architectural traitsin TUV
F.DH population in different phenotypic trials (T1, T2, T3, and T4). Bf, &, Pf, Bs, Dia, Plht,
Bih, Pbr, and Df represent bend force, stab force, press force, breaking strength, stem
diameter, plant height, branch initiation height, number of primary branches, and days to
flower, respectively

Table S5 Trait values (BLUPs) for plant architectural traits in TUV F,DH mapping
population (169 lines). Bf, &, Pf, Bs, Dia, Plht, Bih, Pbr, and Df represent bend force, stab
force, press force, breaking strength, stem diameter, plant height, branch initiation height,
number of primary branches, and days to flower, respectively

Table S6 Single environment (SE) QTL detected for all traits in TUV F,DH mapping
population (169 lines) using Windows QTL Cartographer 2.5. Mgor QTL (R2 > 10%) have
been highlighted in bold. R? phenotypic variance explained by the QTL; T1, trial 1; T2, trial
2; T3, trial 3; T4, tria 4; T, Tumida; V, Varuna

Table S7 QTL detected using BLUPs for nine traits in the TUV F,DH mapping population
(169 lines) using Windows QTL Cartographer 2.5. Mgor QTL (R? > 10%) have been
highlighted in bold. R?, phenotypic variance explained by the QTL; T1, tria 1; T2, trial 2;
T3, trid 3; T4, tria 4; T, Tumida; V, Varuna
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Table S8 The main effect QTL detected by QTL Network 2.0 in the TUV F,DH mapping
population. The man effect QTL aso independently detected by Windows QTL
Cartographer 2.5 are highlighted in bold. The QTL showing significant (p < 0.05) QTL x
environment interactions are highlighted in blue. A, additive effect; AE, additive effect due to
QTL-environment interaction; h?(a), phenotypic variance explained by the QTL; h?AE,
phenotypic variance explained by the QTL x environment interaction; T1, trial 1; T2, trial 2;
T3, trid 3; T4, triad 4; T, Tumida; V, Varuna, Bih, branch initiation height; Df, days to
flower; Pbr, number of primary branches; Plht, plant height; Dia, stem diameter; Bf, bend
force; &, stab force; Pf, press force; Bs, breaking strength

Table SO Epistatic interactions between QTL detected by QTL Network 2.0 for plant
architectura traits in TUV F:DH mapping population (169 lines). The main effect QTL are
highlighted in bold. e, environment; T1, trial 1; T2, trial 2; T3, tria 3; T4, trial 4; T, Tumida;
V, Varuna, Bih, branch initiation height; Df, days to flower; Pbr, number of primary
branches; Plht, plant height; Dia, stem diameter; Bf, bend force; S, stab force; Pf, press force;
Bs, breaking strength

Table S10 Stable QTL for plant architectural traits in the TUV population. The major QTL
(R?> 10%) are highlighted in bold. T, Tumida; V, Varuna; SE, single environment; T1, trial
1, T2, trid 2; T3, trial 3; T4, tria 4

Table S11 List of genes harbored in the Stable QTL regions (< 2.5Mb) for plant architectural
traitsin the TUV population according to the Tumida and VVaruna genome assemblies

Table S12 Candidate genes in the Stable QTL intervals (< 2.5Mb) for plant architectural
traitsin the TUV population

Table S13 Mean (n = 10) trait values of the stem strength measures of some B. juncea
cultivars calculated using the phenotypic data obtained in the field trial conducted in 2019-20
(T2)
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