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Abstract

Plants can express different phenotypic responses following polyploidization, but ploidy-
dependent phenotypic variation has so far not been assigned to specific genetic factors. To map such
effects, segregating populations at different ploidy levels are required. The availability of an efficient
haploid-inducer line in Arabidopsis thaliana allows for the rapid development of large populations of
segregating haploid offspring. Because Arabidopsis haploids can be self-fertilised to give rise to
homozygous doubled haploids, the same genotypes can be phenotyped at both the haploid and
diploid ploidy level. Here, we compared the phenotypes of recombinant haploid and diploid offspring
derived from a cross between two late flowering accessions to map genotype x ploidy (GxP)
interactions. Ploidy-specific quantitative trait loci (QTLs) were detected at both ploidy levels. This
implies that mapping power will increase when phenotypic measurements of monoploids are included
in QTL analyses. A multi-trait analysis further revealed pleiotropic effects for a number of the ploidy
specific QTLs as well as opposite effects at different ploidy levels for general QTLs. Taken together,
we provide evidence of genetic variation between different Arabidopsis accessions being causal for
dissimilarities in phenotypic responses to altered ploidy levels, revealing a GxP effect. Additionally, by
investigating a population derived from late flowering accessions we revealed a major vernalisation
specific QTL for variation in flowering time, countering the historical bias of research in early flowering

accessions.

Introduction

Although common in some species, phenotypic effects caused by differences in genome
ploidy level have so far been very elusive and difficult to study in the plant model Arabidopsis thaliana.
Nonetheless, the impact of ploidy is illustrated by strong effects on quantitative traits such as salt and

drought tolerance, and relative growth rate (Chao et al., 2013, Del Pozo and Ramirez-Parra, 2014,
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Fort et al., 2016). Most attempts to reveal ploidy effects in Arabidopsis have used naturally occurring
autotetraploid accessions such as Warschau-1 (Wa-1) (Henry et al., 2005, Orzechowska et al., 2016)
or artificially induced tetraploids (Yu et al., 2009), which were compared to their diploid and triploid
counterparts (Fort et al., 2016, Henry et al., 2005). However, to identify genetic factors that are causal
for the observed differences in response to altered ploidy levels, segregating populations are required.
While a biparental mapping population was developed using Wa-1 as one of the parental genotypes, it
was only later discovered that this genotype was tetraploid and that the inbred lines were derived from
triploids (Schiff et al., 2001, Henry et al., 2005). Therefore, the ploidy level segregated in this
population and many of the genotypes are not explicitly diploid or tetraploid according to flowcytometry
(Henry et al., 2005, Chao et al., 2013). Notwithstanding this unstable population, a mapping resource
at different stable ploidy levels has not been developed systematically in Arabidopsis so far.

Monoploids (i.e., individuals consisting of somatic cells containing only the basic number of
chromosomes) are usually not taken into account in studies that investigate the effect of ploidy,
although exceptions exist in maize (Guo et al., 1996), yeast (Galitski et al., 1999), potato (Stupar et al.,
2007) and Chinese cabbage (Gu et al.,, 2016). These studies focused on transcriptional changes
induced by ploidy changes in a single or a few genotypes. For instance, Stupar et al. (Stupar et al.,
2007) demonstrated that more than 50% of the analysed genes displayed expression differences
between monoploids and diploids or tetraploids, suggesting large developmental differences between
plants of different ploidy levels. The discovery of a genome elimination mutant in Arabidopsis allowed
the quick generation of haploid lines from diploid individuals (Ravi and Chan, 2010), enabling the
analysis of ploidy effects in a genetic model species. The generation of haploids in Arabidopsis occurs
through elimination of the mutant haploid inducer genome in the offspring of a cross between the
mutant and a wild type diploid. Diploid Arabidopsis somatic cells contain 2n = 2x = 10 chromosomes,
while haploids contain n = x = 5 chromosomes and thus are equivalent to monoploids. Arabidopsis
monoploids are predominantly sterile and cannot be maintained as such. Haploid plants do, however,
occasionally set seed, giving rise to homozygous doubled haploids (DHs). Spontaneous diploidization
occurs during sexual reproduction due to fusion of euploid gametes resulting from incidental non-
disjunction of all homologs at meiosis | or through somatic doubling of haploid cell lines, resulting in
chimeric plants with fertile diploid branches. While the ploidy level of the maternally derived seed coat
is determined by that of the mother plant, the embryo and endosperm (2n = 2x and n = 3x,
respectively) contain equal chromosome numbers in seeds derived from mono- or diploids. Doubled
haploids thus contain a duplicated genome and consist again of diploid somatic cells containing 2n =
2x = 10 chromosomes, identical to wild type diploids.

When the genome elimination mutant is crossed with an F; hybrid of two distinct accessions,
only the recombinant gametes of the hybrid will contribute to the genomes of the resulting monoploid
offspring. By allowing the monoploids to produce DH seeds, the monoploid genome is immortalized in
homozygous diploids, resembling recombinant inbred lines (RILs). The generation of such a diploid
mapping population using genome elimination thus has the advantage that initially large amounts of
segregating monoploids are produced, which except for the ploidy level are genetically identical to the
DHs obtained in the next generation (Seymour et al., 2012, Wijnker et al., 2014, Filiault et al., 2017).
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80 These monoploids may provide a useful additional resource for genetic mapping and allow
81 assessment of ploidy effects in comparisons with their subsequent isogenic diploid offspring.
82 The generation of DH mapping populations has an advantage over the more commonly used
83 RILs, which are typically generated from an F; individual through eight to ten generations of self-
84  fertilization. This contrasts to DHs for which homozygous diploid populations can be obtained from an
85 F, in only three generations (Crow, 2007, Seymour et al., 2012, Lister and Dean, 1993, Wijnen and
86 Keurentjes, 2014). The advantage of the fast development of DH populations allows for the
87 investigation of natural variation in late-flowering winter annual accessions, whereas most existing
88 experimental biparental mapping populations are derived from summer annual accessions to shorten
89  the generation time due to their early-flowering phenotype (Lister and Dean, 1993, Alonso-Blanco et
90 al., 1998b, El-Lithy et al., 2006, Simon et al., 2008, O’Neill et al., 2008). Summer annuals germinate in
91 spring and flower within a short period of time, while winter annuals germinate in autumn, survive
92  winter as a rosette and typically flower only after vernalisation, a period of cold conditions. These
93 differences may have a large impact on life history traits but despite an increase in genetic resources,
94 including more accessions to represent the huge global genetic diversity of the species, a bias towards
95 the use of early-flowering accessions remains (El-Lithy et al., 2006, O’Neill et al., 2008, Simon et al.,
96 2008). lllustratively, although the haploid-inducer approach eliminates the need for a lengthy
97 inbreeding process to obtain homozygous lines, the DH populations reported for Arabidopsis so far
98 also originate from early-flowering accessions (Seymour et al., 2012, Wijnker et al., 2012, Fulcher and
99 Riha, 2016, Filiault et al., 2017).
100 Here, we describe the development and phenotyping of a monoploid, and subsequent diploid
101 mapping population derived from a cross between the two late-flowering accessions, T540 (Kéavlinge,
102 Sweden) and Ge-0 (Geneva, Switzerland). These accessions display large phenotypic differences in a
103 number of life history traits. We investigated the diploid generation for the presence of a genotype-by-
104  environment (GxE) effect by mapping variation in flowering time with and without vernalisation. We
105 demonstrate that exploiting genetic variation in late-flowering accessions can increase our knowledge
106  even in a well-studied trait like flowering time. Secondly, we investigated the possibility of detecting
107  genotype-by-ploidy (GxP) interactions by performing a combined analysis across monoploids and
108 diploids, using a multi-trait quantitative trait locus (QTL) model approach. As such we were able to
109 detect ploidy specific QTLs and reveal genotype-by-ploidy interactions. Finally, we analysed all traits
110  for pleiotropic QTLs, and demonstrate that most detected QTLs affect multiple traits at both ploidy
111 levels, while only a minor number of QTLs affect predominantly a single trait at a specific ploidy level.
112  Taken together, this study advocates the use of late flowering mapping populations to analyse so far
113 unexploited genetic variation and provides evidence for genotype-by-ploidy interactions in
114  Arabidopsis.
115
116

117  Results
118

119 Development and phenotyping of a mapping population at two ploidy levels
3
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120 To explore the effect of ploidy on genetic mapping in Arabidopsis, a segregating population
121  was generated from a cross between two late flowering accessions, T540 and Ge-0 (Figure 1). Briefly,
122  the late flowering accessions T540 and Ge-0 were crossed to produce an F; hybrid. This hybrid was
123 subsequently manually crossed to a haploid inducer line (Ravi and Chan, 2010), from which
124  approximately 250 seeds were obtained. These seeds were stratified and pre-germinated, after which
125 seedlings were transferred to Rockwool and grown for three weeks under long day conditions in a
126 climate-controlled growth chamber. After visual inspection, 210 potentially haploid plants were
127  transferred to a cold room for eight weeks vernalisation under short-day conditions. Once vernalised,
128 plants were transferred to a greenhouse under long day conditions and subsequently formed
129 inflorescences, flowered and set seeds. At the end of the growth period non-destructive phenotypes
130 were measured, i.e., main stem length, branching from rosette and branching from the main
131 inflorescence (Supplemental Table 1), allowing the monoploids to produce doubled haploid seeds.
132  These seeds formed the subsequent diploid generation. The diploid seeds harvested from monoploid
133 plants were also analysed for average seed size (Supplemental Table 1).

134 In a second experiment the 210 potential DH lines were grown in a climate chamber under
135 similar conditions as described for the monoploids. Ten replicates of each line of the diploid population
136  were grown in a completely randomised design. After three weeks, five of these were transferred to a
137 greenhouse to record the time to flowering. The other five replicates were transferred to a cold room
138  and vernalised for eight weeks at 4 °C. These plants were thereafter transferred back to the climate
139 chamber with long day conditions and phenotyped for flowering time in addition to the life-history traits
140  quantified in the monoploids (Supplemental Table 1). Assuming all replicate plants were isogenic, one
141 plant of each genotype was selected for genotyping, which was successful for 195 lines (Supplemental
142 Table 2). After analysis of genotypic and phenotypic data, 171 genotypes, for which phenotypic data at
143 both ploidy levels could be obtained, were selected. The phenotypic data of these lines were used for
144 all further analyses. The genotype data of these lines were used for the construction of a genetic map
145 (Supplemental Table 3 and Supplemental Figure 1) and the QTL mapping of the analysed traits using
146  standard methods.

147 In addition to the artificial haploid and DH mapping populations, a classical F, population of
148 400 lines derived from the same T540 x Ge-0 F; hybrid was generated and grown simultaneously with
149  the doubled haploids in the second experiment. Half the population was subjected to vernalisation
150 again, while the other half was left to flower (Supplemental Table 4). Moreover, a small set of 71
151 vernalised F,s was genotyped with the same 123 markers as used to genotype the DHs and their
152 linkage patterns were compared with those in the DH population to confirm no anomalies occurred
153 during the DH development (Supplemental Table 5 and Supplemental Figure 1). With the exception of
154  aslight genotype distortion at the top of chromosome 1 in the DH population (Supplemental Figure 2),
155  no systematic differences were observed between the F, and the DH population. Importantly, the
156 genetic maps generated from the two populations displayed an almost identical marker order,
157 consistent with the known physical position of markers (Supplemental Figure 1).

158

159 Detection of genetic variation controlling flowering time conditional on vernalisation
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160 While a vernalisation treatment can have a large overall phenotypic effect on the morphology
161 and inflorescence structures of late flowering accessions (Huang et al., 2013, Lempe et al., 2005),
162 mapping experiments in Arabidopsis have focussed on detecting QTLs in either early flowering
163 populations or on mapping specific QTLs involved in vernalisation requirement with populations
164  derived from parental accessions differing in this aspect (Simon et al., 2008, Alonso-Blanco et al.,
165  1998b, O’Neill et al., 2008, El-Lithy et al., 2006, Ungerer et al., 2002). Here we have the opportunity to
166 compare and map natural variation in flowering time with and without vernalisation in a late flowering
167 segregating DH and F, population.

168 Although both parents of the DH and F, population are late flowering, they do not per se
169 require vernalisation to flower. In our experiment without vernalisation T540 flowered on average after
170 101.8 days after sowing (DAS), while this was 86.5 days for Ge-0 (Table 1 and Supplemental Table 1).
171 With vernalisation these accessions flowered on average after 19.1 and 14.2 days after transfer (DAT)
172 from the cold, respectively. Similar data were obtained for the F, population (Table 1 and
173 Supplemental Table 4). The variation in flowering time between the two accessions segregated in the
174  diploid populations with only minor transgression in both conditions. Without vernalisation, the earliest
175 line of the DH population flowered after 63 DAS, while the latest flowered at 123 DAS. With
176  vernalisation the difference between extreme lines reduced to only ten days (12 and 22 DAT,
177 respectively). The correlation in flowering time between the vernalised and non-vernalised plants was
178 positive but far from absolute (R = 0.39) (Supplemental Figure 4).

179 The data for flowering time of the doubled haploids under different vernalisation conditions
180  allowed a multi-environment composite interval mapping (CIM) where the effect of vernalisation was
181 investigated. Additionally, the F, population was screened for QTLs in vernalised conditions in a
182 separate analysis. A total of seven QTLs spread over the genome were detected for variation
183 segregating in the DH population (Table 2). Of these seven QTLS, three revealed an interaction with
184  the environment, providing evidence for GXE effects of vernalisation. One QTL with a GXE effect was
185 located on chromosome 4 and the other two were detected on chromosome 5. The QTL for flowering
186  time after vernalisation in the middle of chromosome 4 had a normalized effect-size of 0.33 (indicating
187  a positive contribution of the T540 allele), while this QTL was not significantly (P = 0.653) detected in
188  the non-vernalised DH population. In contrast, both GXE QTLs on chromosome 5 were significant in
189 both environments but with different effect-sizes (Table 2). The major QTL detected at the bottom of
190 chromosome 5 revealed an additive normalized effect-size of 0.65 when the plants were vernalised
191  while this was only 0.19 in the non-vernalised set. This major QTL was also detected in the vernalised
192 F> population. The other GXE QTL detected in the middle of chromosome 5 in the DH population had a
193 normalized effect-size of 0.43 in non-vernalised plants, while this was substantially lower (0.21) in
194  vernalised plants. Additional QTLs without GXE effects were detected in the middle and at the bottom
195 of chromosome 1 and chromosome 2 and at the top of chromosome 3 (Table 2). These results
196 indicate that, conditional on the environment, genetic variation can have a variable impact on the time
197  to flower in Arabidopsis.

198

199 Effects of ploidy level on morphological variation
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200 To investigate if differences in ploidy have an effect on the phenotype, various morphological
201 traits were quantified in the mono- and diploid generation of the recombinant lines generated from the
202 cross T540 x Ge-0 (Figure 2 and Supplemental Table 6). Monoploid recombinant lines were on
203  average much taller than their diploid counterparts (65 versus 46 cm, respectively) (Figure 2A and
204  Supplemental Table 6). lllustrative for this difference in length is that more than 60% of the monoploids
205 grew taller than the tallest diploid, which measured only 61 cm. In addition, branching from the rosette
206 occurred much more frequently in monoploids (95.8%) than in diploids (34.9%), resulting in a larger
207 average number of branches sprouting from the rosette and, similar to main stem length, more
208 pronounced variation (Figure 2B; Supplemental Table 6). lllustratively, a maximum of only three
209 rosette branches was observed in diploids, while monoploids developed on average seven branches
210  from the rosette, with an exceptional maximum of twenty-three branches. In contrast to variation in
211 main stem length and branching from rosette, the variation in branching from the stem spread around
212 almost identical mean values at both ploidy levels, although a larger transgression was observed in
213  the monoploids as compared to the diploids (Figure 2C). Despite the differences in phenotypic
214  variation between the number of branches from the rosette and from the stem, these traits correlated
215 positively in the monoploid population (R2 = 0.32) (Supplemental Figure 3). This resulted in
216 monoploids with up to a total number of thirty-two branches, giving rise to a bushy phenotype.

217 Similar to branching from the stem, the phenotypic variation in the size of seeds harvested
218  from mono- or diploid plants centred around a comparable mean for both types of population, although
219  the between-line variation was somewhat larger for seeds derived from diploids than for those derived
220  from monoploids (Figure 2D and Supplemental Table 6). Positive Pearson correlations between mono-
221 and diploids were observed for all traits (Supplemental Figure 3), but values remained moderate (0.3 <
222 R? < 0.4). The replicate measurements of the diploid genotypes also allowed the assessment of trait
223 heritabilities (Supplemental Figure 3). For most traits segregating in the diploid population moderate to
224 high broad sense heritabilities were obtained (0.30 < H? < 0.83). This suggests that differences
225 between mono- and diploids can be partly explained by simple additive ploidy effects but that the
226 larger part of variation might be the result of more complex genotype-by-ploidy interactions.

227

228 Effects of genotype-by-ploidy interaction on the detection of QTLs

229 To determine whether differences in ploidy level had an effect on mappable genetic variation,
230 each of the four traits measured in both the mono- and diploid population were subjected to trait
231 specific dual-trait CIM, in which measurements at the two ploidy levels were considered to be different
232 traits. Significant QTLs could be detected for each trait in both generations. In total fifteen QTLs were
233 detected for the various traits, of which six displayed a significant interaction with the ploidy level
234 (Table 3). Three genotype-by-ploidy QTLs were detected for main stem length, while one GxP QTL
235  was detected for each of the other traits.

236 For main stem length five QTLs were detected in total, with a major QTL on the top of
237 chromosome 5 and minor QTLs on chromosomes 3 and 4 (Table 3). The Ge-0 allele at the major QTL
238 at chromosome 5 increased the stem length in the monoploids (normalized effect-size 0.49), whereas

239 genotypic variation at this locus had no significant influence on the length of the diploids (effect-size
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240 0.03). The QTL on chromosome 3 showed a similar pattern with a significant genotype-effect in the
241 monoploids, although with smaller effect-size than the QTL on chromosome 5, but not in the diploids.
242 Finally, on chromosome 4, three QTLs with overlapping support intervals spanning the entire
243 chromosome and similar effect-signs were detected.

244 For both variation in branching from the rosette and branching from the main stem three QTLs
245 were detected (Table 3). For variation in the number of branches from the rosette, QTLs were
246  detected on the bottom of chromosomes 3 and 5 and the top of chromosome 5. The QTL on the
247 bottom of chromosome 5 revealed a clear GxP interaction, as it was highly significant in the
248 monoploids (P < 0.001) while it was not detected in the diploid generation (P = 0.642). The Ge-0
249 genotype at this QTL explained an increase in the number of branches in the monoploids, while a Ge-
250 0 genotype at the two other QTLs decreased the number of branches from the rosette at both ploidy
251 levels. Another GxP QTL was detected for variation in branching from the main stem on the middle of
252 chromosome 5. This QTL was significantly detected in the diploids (P < 0.001) but not in the
253 monoploids (P = 0.204). Similar to an increase in main stem length, Ge-0 alleles at any of these three
254 QTLs increases the number of branches.

255 Finally, four QTLs were detected for variation in seed area, of which a GxP interaction was
256 identified for the QTL on the middle of chromosome 3 (Table 3). This QTL was significantly detected in
257  the monoploids (P = 0.002) but not in the diploids (P = 0.224). However, this QTL exerted only a minor
258 effect. Another QTL on chromosome 3 was significantly detected in both generations, although it was
259  much weaker in the diploids (P = 0.043) and a large difference in the effect-size of the QTL was
260 observed (0.42 and 0.17 for monoploids and diploids, respectively). The results of the dual ploidy QTL
261  analysis clearly indicate that differences in ploidy do not affect every genotype and trait equally.
262 Indeed, strong GxP QTLs explain for a large part the phenotypic differences observed between
263 genotypes and ploidy levels.

264

265 Pleiotropic effects of genotype-by-ploidy interactions

266 A weak to moderate correlation could be observed between values of the different
267 morphological traits measured in the two isogenic populations of different ploidy (Supplemental Figure
268 3). These relationships suggest a partial co-regulation of traits. Indeed, we detected QTLs at similar
269 positions for multiple traits (Table 3). We, therefore, subjected the various traits measured in the
270 monoploids and diploids after vernalisation to a single multi-trait CIM analysis to identify possible co-
271 location of QTLs. A total of nine QTLs were detected using this approach (Figure 3 and Supplemental
272  Table 7). None of these QTLs were trait-specific and only the minor QTLs on the bottom of
273 chromosomes 1 and 4 were ploidy-specific (P < 0.01), although suggestive QTLs (P < 0.05) were
274  detected for other traits or at the other ploidy level as well (Supplemental Table 7).

275 A minor QTL on the lower arm of chromosome 3 significantly (P < 0.01) explained variation in
276  all monoploid traits but only in branching from the rosette in the diploids. The T540 allele at this locus
277 increases the number of branches from the rosette in the monoploids and diploids, even though the
278 diploids did not display a large variation for this trait. Additionally, the same T540 allele causes an

279 increase in branches from the stem in monoploids. However, the same allele decreases main stem
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280 length and seed size of the monoploids. Additional minor to moderate QTLs co-locating on the lower
281 arm of chromosomes 2 and 4 and in the middle of chromosome 3 were detected, explaining variation
282 in multiple traits in both the mono- and diploids. The sign and effect-size of these coinciding QTLs was
283 in line with the observed correlation between these traits (Supplemental Figure 3).

284 By far the strongest and largest number of QTLs was detected on chromosome 5. Strong
285 QTLs for variation in main stem length and rosette branching in the monoploids coincided at the top of
286  the chromosome, although with opposite effect-sign (Supplemental Table 7). Another strong QTL for
287  variation in the size of seeds derived from monoploids at 61.2 cM coincided with highly significant
288 QTLs for variation in stem branching, flowering time after vernalisation and main stem length of
289 diploids. Finally, close to the end of the chromosome (121.7 cM), a strong QTL for variation in main
290 stem length and branching of the monoploids co-located with a QTL for variation in flowering time after
291  vernalisation and branching from the rosette of diploids. The Ge-0 allele at this locus increased all trait
292  values except flowering time after vernalisation, which was delayed by the T540 allele.

293 Since genetic variation at the two QTLs at the top and bottom of chromosome 5 has the
294  strongest effect on branching and main stem length (in addition to flowering time in the diploids) we
295 analysed the effect of each of the four possible haplotypes in both the monoploid and diploid
296 populations. Reflecting the absence of a significantly detected QTL for variation in stem length and
297 branching at the top of chromosome 5 in the diploids, genotypic variation at the two QTLs had a much
298 stronger effect on the monoploids (Supplemental Figure 4). This clearly indicates that the effect of
299  genetic variation can be much stronger in monoploids than in diploids (Figure 2).

300

301

302 Discussion

303

304  Application of a late flowering doubled haploid mapping population

305 It is well known that different accessions of Arabidopsis respond differently to environmental
306  conditions (Lempe et al., 2005, Koornneef et al., 2004). For instance, day-length sensitivity and
307  vernalisation requirement determine for a large part the discrimination between winter- and summer-
308 annuals (Romera-Branchat et al., 2014, Andres and Coupland, 2012). Moreover, when mapping
309 populations are subjected to short or long day-length conditions with or without vernalisation,
310 differences in the number and strength of detected flowering time QTLs can be observed (Alonso-
311 Blanco et al., 1998a). The use of a haploid-inducer line in this study allowed the generation of a
312 homozygous mapping population from underexploited late flowering accessions. As such, a diploid
313 population could be developed in only three generations. For this population, QTL mapping for
314  variation in flowering time in two different environments (i.e., with and without vernalisation) was
315 performed.

316 In addition to a number of minor QTLs, a major QTL for variation in flowering time of
317 vernalised plants was detected near the previously described and identified VERNALISATION
318 INSENSITIVE 3 (VIN3; At5g57830) locus at the bottom of chromosome 5 (Dittmar et al., 2014, Grillo

319 et al., 2013, Alonso-Blanco et al., 1998a). Previously, variation in flowering time associated with this
8
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320 locus was explained by an indel of three nucleotides within an exon of VIN3 (Grillo et al., 2013).
321 However, this indel is not polymorphic for Ge-0 and T540, although multiple other SNPs differentiate
322  the intronic and promotor region of VIN3 of these accessions, including 28 nucleotides deleted from
323  the T540 VIN3 promotor compared to Ge-0 (Supplemental Figure 5).

324 A second gene, REDUCED VERNALISATION RESPONSE 2 (VRN2; At4g16845), related to
325  response to vernalisation (Gendall et al., 2001), is located within the support interval of a QTL for
326  variation in flowering time after vernalisation, detected on chromosome 4. The VRN2 protein mediates
327  vernalisation through interaction with the Polycomb Group (PcG) protein complex including VIN3
328 (Bastow et al., 2004, Sung and Amasino, 2004). This PcG complex is known to interact with, and
329 cause the stable reduction of the expression levels of, the floral repressor FLOWERING LOCUS C
330 (FLC; At5g10140) (Bastow et al., 2004, Sung and Amasino, 2004), which collocates with the position
331 of a flowering time QTL on the top of chromosome 5. This QTL was also detected for variation in main
332 stem length, which strongly suggests a pleiotropic effect on the inflorescence architecture and
333 flowering pathways, previously attributed to FLC (Huang et al., 2013).

334 The detection of flowering time QTLS in a segregating mapping population of late flowering
335 accessions, especially after vernalisation, clearly identifies major QTLs other than those usually
336 associated with flowering time variation in early accessions. This suggests that the regulation of
337  flowering time in late accessions is controlled by variation at other loci than those in early flowering
338 accessions (e.g., FRI and FLC). It is likely that flowering time is not the only trait that discriminates
339 summer annuals from winter annuals, which advocates the analysis of traits in late flowering
340  populations in addition to the abundantly available early flowering populations.

341

342 Effects of haploidisation on phenotypic variation

343 Exploiting the availability of a mono- and diploid Arabidopsis mapping population, QTL
344  analyses were applied to map and compare possible ploidy-dependent effects. A dual-trait CIM
345 analysis resulted in the detection of six QTLs with a GxP interaction, while additional QTLs showed
346 large differences in effect-sizes at either ploidy level. An obvious explanation for the GxP QTLs is that
347 monoploid plants are sterile due to unbalanced segregation of the chromosomes during meiosis.
348 Indeed, although not explicitly quantified, monoploids displayed an extended period of flowering
349 compared to fertile diploids, possibly causing the increase in main stem length. Similarly, the
350 development of exceptionally high numbers of rosette branches increases the total number of flowers
351 produced (Ehrenreich et al., 2007). This suggests that the plants attempt to compensate for the lack of
352  viable seed production by an increase in reproductive tissue formation, implying that the QTLs
353 detected specifically for monoploids might be involved in the response to sterility. A similar
354 phenomenon of additional branch formation has been described for the male sterile Landsberg erecta
355 mutant (msl-Ler) (Hensel et al.,, 1994). Nonetheless, QTLs explaining the observed variation in
356  response to haploidisation were detected, indicating natural variation for the strength of ploidy effects.
357 The antagonistic effect of the QTL on the top of chromosome 5 for either additional rosette
358 branch formation (inferred by the T540 allele) or taller growth (inferred by the Ge-0 allele) implies that

359 both accessions follow a different morphological approach to achieve a similar increase in the number
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360 of flowers. The fact that a single QTL is identified for variation in rosette branching and main stem
361 length might be due to one of the many pleiotropic genes that function in the control of inflorescence
362 architecture (Rameau et al., 2015). Possible candidate genes may be part of the florigen gene family
363  (Wickland and Hanzawa, 2015) which is known to function as a mobile flowering time switch. For
364 instance, FLOWERING LOCUS T (FT; At1g65480) and TWIN SISTER OF FT (TSF; AT4G20370), are
365 known to function in both flower induction and shoot branching pathways (Hiraoka et al., 2012).
366  Another member of the same gene family, TERMINAL FLOWERING 1 (TFL1; At5g03840), is located
367  within the support interval of the QTL at the top of chromosome 5 and has been shown to be involved
368 in flowering architecture (Baumann et al., 2015). Although no variation within the TFL1 coding
369 sequence could be observed between the two accessions, several SNPs and possibly deletions within
370  the promotor region of the T540 allele might cause a differential expression of this gene (Supplemental
371 Figure 6A). Assuming that flowering architecture is not influenced by VIN3, an alternative candidate
372  explaining the effect of the QTL at the bottom of chromosome 5 on both branching and main stem
373 length is AUXIN RESPONSE FACTOR2 (ARF2; At5962000), which is involved in multiple
374  developmental processes via cell proliferation (Okushima et al., 2005, Schruff et al., 2006). Sequence-
375 based evidence suggests that T540 and Ge-0 possess functionally different alleles (Supplemental
376 Figure 6B). Moreover, a knock-down of ARF2 leads to an increase in stem length and a sterile
377 phenotype (Okushima et al., 2005).

378 Other QTLs, such as the one explaining variation in the size of seeds on the top of
379 chromosome 3, coincide with likely candidate genes as well. This QTL has been identified previously
380 as HAIKU 2 and was associated to a gene (IKU2; At3g19700) in the endosperm growth pathway (Luo
381 et al., 2005). In addition, a monoploid specific QTL on chromosome 2 explaining variation in branching
382 from the stem coincides with the previously identified AGAMOUS-LIKE 6 gene (AGG6; a.k.a.
383 REDUCED SHOOT BRANCHING 1; AT2G45650), to which pleiotropic phenotypic effects on both the
384  flowering and branching pathways have been previously attributed (Huang et al., 2012).

385 Although sterility might be causal for some of the GxP interactions of the QTLs, it is
386 possible that other molecular processes are of influence as well. In previous studies on ploidy series
387 including monoploids, performed in maize (Guo et al., 1996), yeast (Galitski et al., 1999), potato
388 (Stupar et al.,, 2007) and Chinese cabbage (Gu et al., 2016), differentially expressed genes were
389 identified at different ploidy levels, indicating a specific sensitivity to ploidy, instead of sterility.
390 Moreover, in a dosage series (x , 2x, 4x) of maize inbred lines (Riddle et al., 2006), genetic
391 background and ploidy was suggested to interact. Further evidence for GxP interactions independent
392 of sterility come from an RNA-seq comparison of diploid and tetraploid Arabidopsis accessions, in
393  which the accessions Col-0 and Ler-O displayed different numbers of upregulated genes at the
394  tetraploid level (Yu et al.,, 2010). In both studies it was argued that the altered nuclear surface to
395  volume ratio might have caused the differential expression of genes. However, clear mechanisms
396 explaining how these altered ratio’s cause gene expression differences are so far elusive. Despite the
397 uncertainty of the possible mechanisms of GxP interactions it is clear that the mapping of quantitative
398 traits in mono- and diploids can reveal additional variation, which might be instrumental in the

399 elucidation of the genetic regulation of complex traits.

10


https://doi.org/10.1101/2021.11.19.469311
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.19.469311,; this version posted November 20, 2021. 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.

400

401

402  Experimental Procedures

403

404 Population development

405 Two late flowering accessions, T540 (CS76239) from Sweden and Ge-0 (CS76135) from
406  Switzerland were selected based on phenotypic differences and expected unexplored genotypic
407 differences compared to widely used early flowering accessions. These accessions were crossed to
408 produce a biparental hybrid F;. The F; (T540 x Ge-0) was used as a pollen donor and crossed to the
409 GFP-tailswap haploid-inducer line to generate monoploid offspring (Ravi and Chan, 2010). From these
410 crosses, 250 viable seeds were sown and 210 putative monoploid lines were selected based on
411 morphology during growth (Wijnker et al., 2014). Spontaneous genome doubling in the monoploids

412  followed by selfing created a set of 171 unique diploid homozygous lines.

413 In addition to the generation of the doubled haploid lines, the F; was selfed to generate a
414 batch of F, seeds.
415

416 Plant growth conditions

417 All seeds from a cross between the F; hybrid (T540 x Ge-0) and the GFP-tailswap line were
418 sown on ¥ MS agar plates without sucrose. The seeds on these plates were stratified for four days at
419  4°C in darkness and subsequently placed in a climate chamber at 25°C with a diurnal cycle of 16
420 hours of light and 8 hours of darkness to induce seed germination. After two days of pre-germination,
421  only potential monoploid seedlings were transplanted to wet Rockwool blocks of 4 x 4 cm in a climate
422 chamber (16h LD, 125 pmolm-2s-1, 70% RH, 20/18°C day/night cycle). All plants were watered three
423 days per week for 5 min with 1/1000 Hyponex solution (Hyponex, Osaka, Japan) using flooding tables.
424 Here they remained for three weeks to allow growth before vernalisation. Vernalisation was performed
425  for eight weeks (12h LD, 125 pmolm-2s-1, 70% RH, 4°C constant). After vernalisation, plants were
426  transferred to the greenhouse where they were allowed to flower and mature. Monoploid plants were
427 selected based on morphology as described before (Wijnker et al., 2014). Subsequently, diploid seeds
428  were harvested after recording phenotypic traits of the monoploids.

429 The second experiment included ten replicates for each of 210 assumed diploids. These were
430 stratified on wet filter paper in similar conditions as the agar plates of the previous experiment.
431 Subsequently, five of the seedlings were grown similar to the monoploids, including three weeks
432  growth in long day conditions and vernalisation for eight weeks, while the five other replicates were
433  transferred to the greenhouse. The five replicates in the greenhouse conditions were allowed to grow
434 in a completely randomized design without vernalisation for a maximum of 100 days after transfer or
435 until flowering or senescence. The five diploids that underwent vernalisation remained in climate
436 chambers with similar conditions as pre-vernalisation (16h LD, 125 pumolm-2s-1, 70% RH, 20/18°C
437 day/night cycle). The plants were randomized in a completely randomized design where they were

438  allowed to grow for a maximum of ninety days.
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439 Similarly, 400 F, plants were grown, of which 200 were vernalised as described above. Of the
440  vernalised plants 71 F,s were selected for genotyping.

441

442 Phenotypic measurements

443 The monoploids were phenotyped for the number of branches from the rosette and branching
444  from the stem, main stem length (cm) and seed area (approximately 100 seeds were taken three times
445  from the same storage bag for three separate photos, these were analysed for seed area). For the
446 second experiment, the same four phenotypes were measured. However, now also flowering time
447 before and after vernalisation was included as a phenotype. Flowering time without vernalisation was
448 measured as the number of days after planting until the first flower on the main stem opened its petals.
449 Flowering time with vernalisation was measured as the number of days after vernalisation until the first
450 flower on the main stem opened its petals. Plants that did not germinate or that died within the period
451  of the experiment were discarded. For the plants used for genotyping only flowering time was
452  recorded, as taking a flower head, used for extracting DNA, from the plant might influence the other
453  traits. All the monoploid and F, phenotypes are based on a single observation per genotype, while for
454  the DH population, which were measured with five replicates, the reported values are the means.

455

456 Genotyping of the populations

457 For 210 doubled haploids and 71 F,s the DNA was extracted from flower heads by applying a
458 CTAB DNA extraction protocol which was adapted for use on 96 well plates. Genotyping was
459 performed using a GoldenGate Assay from Illlumina, using 384 SNP markers. Of those, 142 markers
460  were polymorphic for the two parental lines. Of these 142, only 114 markers showed nonredundant
461 recombination patterns for either the diploids or F,s. Nine additional KASPar markers (KBiosciences)
462  were included to a total of 123 markers (Smith and Maughan, 2015). From 210 selected DH lines, 195
463  were successfully genotyped and only four were discarded because of too much heterozygosity or
464 missing data. Eventually, only 171 DHs were used for the final analyses because of redundant
465 genotypes and lack of data in either mono- or diploid generation.

466

467 Genetic map comparison of the doubled haploid and F, population

468 To confirm no anomalies were present in the doubled haploids, a comparison with an F,
469 population was performed. Individual lines from both populations were genotyped and genetic maps
470  were generated. A subset of 71 F,s and 171 DHs were successfully genotyped. Genetic maps were
471  constructed for both the F, and the DHs independently using Kosambi’s regression mapping function
472 in JoinMap 6.1 (Kyazma). Segregation distortions were determined by GenStat 19th edition. The DH
473 map was also used for the genetic mapping in monoploids.

474

475 Statistical analyses and QTL mapping

476 Pearson correlations between traits were calculated using the cor function in R. The broad-
477 sense heritabilities of the doubled haploids were calculated in R using the repeatability function of the

478 heritability package (Kruijer et al., 2015). QTL analyses were performed using GenStat (19th edition)
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479 (Boer et al., 2015), where mean phenotypic values per DH line were used and single observations in
480 the case of the monoploids and F,s. In order to have a maximum QTL-effect and QTL x E or QTL x
481 Ploidy interaction detection, we first analysed the separate traits using single-trait multiple environment
482  composite interval mapping (where either vernalisation or the ploidy level was considered as the
483  environment). The final analyses encompassed a multi-trait single environment analyses, including all
484  traits measured after vernalisation. First an initial analysis of simple interval mapping was performed
485  with a maximum step size of 5 cM along the genome. Other settings were kept as default (maximum
486 cofactor proximity = 50 cM; minimum distance for QTL selection = 30 cM; threshold for genome-wide
487  significance level = a = 0.05). After these first analyses, markers associated with candidate QTLs were
488 automatically set as cofactors for the composite interval mapping. The QTLs that resulted from this
489 scan were tested for interaction effects in the selection of a final QTL model.
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633
Table 1: Flowering time of parental accessions and their derived populations with and without
vernalisation.
FTv, flowering time after vernalisation (days after transfer); FTnv, flowering time without vernalisation
(days after sowing); s.d., standard deviation; Cv, coefficient of variation.
Trait  Genotype Mean (n) s.d. Min  Max Cv (%)
FTv Ge-0 142 (29) 117 13 17 8.2
T540 19.1 (22) 150 15 22 7.8
F1 17.1 (18) 0.80 16 18 4.7
F2 154 (172) 1.34 13 20 8.7
DH 159 (171) 157 12 22 98
FTnv Ge-0 86.5 (8) 16.27 64 107 18.8
T540 101.8(4) 14.08 89 121 138
F2 87.6 (180) 16.41 60 130 18.7
DH 88.4 (163) 12.09 63 123 13.7
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Table 2: QTL detection for flowering time with and without vernalisation in a DH and F, population.

QTL positions are presented in cM with support intervals between brackets. -LOG;o(P) indicates the
significance of the QTL for the combined treatments, while the P-value provides the specific P-value
for each treatment. FT_nv, flowering time without vernalisation (days after sowing); FT_v, flowering
time after vernalisation (days after transfer). Effect size is given as the normalized additive effect of the
QTL, where positive values indicate a positive effect of the T540 allele and negative values indicate a
positive effect of the Ge-0 allele; s.e. is the standard error of the mean effect; %EV is the explained
variance according to a mixed model. For the F, population dominance effects could be calculated,
which are indicated as Type. Significant QTL effects on flowering with or without vernalisation are

indicated in bold.

Population Chromosome Position (cM) -LOGyp(P) Trait P-value Effectsize s.e. %EV Type
FT_nv <0.001 0.31 0.08 9.8 -
I 70.8 (5.2-150.6) 45
FT_v 0.005 0.16 0.06 2.4 -
FT_nv 0.391 0.06 0.07 0.3 -
| 149.5 (5.2-150.6) 4.4
FT_v <0.001 0.21 0.05 4.4 -
FT_nv 0.120 -0.11 0.07 1.1 -
I 80.4 (0.9-93.5) 2.3
FT_v 0.002 -0.15 0.05 2.3 -
FT_nv <0.001 0.26 0.07 6.8 -
DH 11l 5.9 (2.9-117.2) 4.9
FT_v <0.001 0.16 0.05 2.7 -
FT_nv 0.653 -0.03 0.07 0.1 -
v 61 (5.3-92.8) 10.9
FT v <0.001 0.33 0.05 10.9 -
FT_nv <0.001 -0.43 0.07 18.7 -
Y, 61.2 (2.4-133.1) 9.7
FT_v <0.001 -0.21 0.05 4.3 -
FT_nv 0.004 0.19 0.07 3.7 -
\Y 121.7 (75.4-133.1) 38.7
FT_v <0.001 0.65 0.05 426 -
FT_v - 0.26 019 2.0 Additive
v 5.3 (5.3-92.8) 3.2 )
o - 0.98 0.27 - Dominance
FT_v - 1.21 0.23 44.0 Additive
\Y 126.4 (109.5-133.1) 5.7 )
- - - - Dominance
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Table 3: QTL detection for phenotypic variation in a monoploid and diploid segregating mapping
population.

Positions of detected QTLs are shown in cM with support intervals between brackets. -LOG4(P)
indicates the significance of the QTL for the combined ploidy levels, while the P-value specifies the
significance for each level. Effect size is given as the normalized additive effect of the QTL, where
positive values indicate a positive effect of the T540 allele; s.e. is the standard error of the mean
effect; %EV is the explained variance according to a mixed model. QTLs with a significant P-value
(<0.05) are indicated in bold, while non-significant QTLs for a specific ploidy level are noted in grey.
MSL, main stem length (cm); BFR, branching from rosette (nr.); BFS, branching from stem (nr.); SA,

seed area (mm?).

Trait Chromosome Position (cM) -LOGo(P) Population P-value Effectsize s.e. %EV
MSL 1l 67.4 (2.9-117.2) 4.1 Diploid (DH) 0.234 0.10 0.08 0.9
Monoploid <0.001 -0.24 0.07 5.9

v 5.3 (5.3-92.8) 3.7 Diploid (DH) 0.033 -0.15 0.07 23

Monoploid <0.001 -0.24 0.06 5.8

v 57.9 (5.3-92.8) 3.3 Diploid (DH)  0.030 -0.18 0.08 3.2

Monoploid <0.001 -0.26 0.07 6.9

v 88.8 (5.3-92.8) 4.0 Diploid (DH) <0.001 -0.36 0.08 12.6

Monoploid 0.099 -0.12 0.07 1.3

\% 4.7 (2.4-133.1) 17.5 Diploid (DH) 0.698 0.03 0.07 0.1

Monoploid <0.001 -0.49 0.06 23.5

BFR I 102.5 (2.9-117.2) 35 Diploid (DH) 0.001  0.26  0.08 7
Monoploid 0.009 0.18 0.07 3.2

v 4.7 (2.4-133.1) 9.3 Diploid (DH) 0.006 020 0.08 4.2

Monoploid <0.001 0.41 0.07 17

\Y 130.5 (2.4-133.1) 6.6 Diploid (DH) 0.642 -0.03 0.07 0.1

Monoploid <0.001 -0.35 0.07 125

BFS Il 84.3 (0.9-93.5) 41 Diploid (DH) 0.010 -0.17 0.07 2.9
Monoploid <0.001 -0.30 0.08 8.7

\% 71 (2.4-133.1) 3.7 Diploid (DH) <0.001 -0.23 0.06 5.3

Monoploid 0.204 0.09 0.07 0.9

Y, 126.4 (2.4-133.1) 144  Diploid (DH) <0.001  -0.48 0.06 23.1

Monoploid <0.001 -0.30 0.07 8.8

SA Il 84.3 (0.9-93.5) 6.0 Diploid (DH) 0.004 023  0.08 5.3
Monoploid <0.001 0.31 0.06 9.8

1 21.6 (2.9-117.2) 8.1 Diploid (DH) 0.043 -0.17 0.08 29

Monoploid <0.001 -0.42 0.07 174

1 62.7 (2.9-117.2) 2.2 Diploid (DH)  0.224  -0.11  0.09 1.3

Monoploid 0.002 -0.24 0.08 55
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\Y 91.8 (2.4-133.1) 8.0 Diploid (DH)  0.006 -0.21 0.08 45
Monoploid <0.001 -0.37 0.06 134
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663 Figure 1. Crossing scheme for the development of haploid and doubled haploid recombinant
664  populations.

665 Each parental genotype (T540 blue; Ge-0 red) is depicted by five double vertical bars, which represent
666  the five chromosomes, while the box indicates the respective genotype of the cytoplasm. The haploid
667 inducer line was obtained in a Col-0 genotypic background (green). Note that the haploids
668  (monoploids) and doubled haploids (diploids) retain the cytoplasm of the haploid inducer line, while the
669 F> population retains the cytoplasm of the original F;.
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675 Figure 2: Distribution of morphological trait values in monoploid and diploid Arabidopsis plants.

676  The mean value of diploids (DHs) and monoploids is indicated with blue and green dots, respectively.
677  The shaded dots depict the value of individual monoploids and the line average of five replicates for
678  each diploid genotype, respectively. Open circles represent mean trait values of the parental lines Ge-
679 0 (red) and T540 (yellow) and their F; hybrid (orange). Error bars indicate the standard deviation of the
680 mean.
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684 Figure 3: QTL plots of morphological traits mapped in a haploid and diploid segregating population.
685  Traits were mapped in a single multi-trait CIM analysis. Chromosomes are separated by vertical black
686 lines while map positions are indicated on a continuous scale. The horizontal dotted red line indicates
687  the significance threshold (-LOG;oP 2.964). Open and closed symbols represent traits measured in the
688 haploid and diploid population, respectively. Solid lines represent traits measured in vernalised plants
689  while the dashed line represents flowering time measured without vernalisation. MSL, main stem
690 length; TB, total branching; BFS, branching from stem; BFR, branching from rosette; SA, seed area;
691 FT, flowering time.
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