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Abstract 18 

We previously identified the FLOWERING LOCUS C (FLC)-like gene, a MADS-box transcription 19 

factor gene that belongs to Arabidopsis thaliana FLC clade, in apple (Malus x domestica), and its 20 

expression in dormant flower buds is positively correlated with cumulative cold exposure. To elucidate 21 

the role of the MdFLC-like in the dormancy process and flower development, we first characterized 22 

the phenotypes of MdFLC-like overexpressing lines with the Arabidopsis Columbia-0 background. 23 

The overexpression of MdFLC-like significantly delayed the bolting date and reduced the plant size, 24 

but it did not significantly affect the number of rosette leaves or flower organ formation. Thus, 25 

MdFLC-like may affect vegetative growth and development rather than flowering when expressed in 26 

Arabidopsis, which is not like Arabidopsis FLC that affects development of flowering. We compared 27 

seasonal expression patterns of MdFLC-like in low-chill ‘Anna’ and high-chill ‘Fuji’ and ‘Tsugaru’ 28 

apples collected from trees grown in a cold winter region in temperate zone, and found an earlier up-29 

regulation in ‘Anna’ compared with ‘Fuji’ and ‘Tsugaru’. Expression patterns were also compared in 30 

relation to developmental changes in the flower primordia during the chilling accumulation period. 31 

Overall, MdFLC-like was progressively up-regulated during flower primordia differentiation and 32 

development in autumn to early winter, and reached a maximum expression level at around the same 33 

time as the genotype-dependent chilling requirements were fulfilled in high-chill cultivars. Thus, we 34 

hypothesize MdFLC-like may be up-regulated in response to cold exposure and flower primordia 35 

development during the progress of endodormancy. Our study also suggests MdFLC-like may have a 36 

growth inhibiting function during the end of endodormancy and ecodormancy, when the temperature 37 
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is low and unfavorable for rapid bud outgrowth.  38 

 39 
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Introduction 44 

 Perennial woody plant species native to temperate zones modulate their growth to 45 

correspond with seasonal environmental changes and often suspend growth during the winter. This 46 

process is known as dormancy and is considered an adaptive process that enables plants to survive 47 

environmental stresses, such as low temperature. Lang (1987) and Lang et al. (1987) defined plant 48 

dormancy as “the temporary suspension of visible growth of any plant structure containing a meristem” 49 

and classified the fruit tree bud dormancy states as paradormancy, endodormancy, and ecodormancy. 50 

Both paradormancy and endodormancy are states induced by the perception of environmental or 51 

endogenous signaling cues, but they differ in whether they originate solely from meristem-containing 52 

tissue (endodormant) or from structures distinct from that undergoing dormancy (paradormant). A 53 

certain specific amount of chilling exposure is critical for inducing the shift from endodormancy to 54 

ecodormancy, known as the “chilling requirement for endodormancy completion and release”. 55 

Ecodormancy is a state brought about by a limitation in growth-promoting factors, such as warm 56 

conditions and the availability of water and nutrients. Whether buds are endodormant or ecodormant 57 

has been determined according to the competency of bud break, which is often based on the increase 58 

and decrease in the mean-time until bud break or in bud break percentage under forcing conditions. 59 

For example, genotype-dependent chilling requirements for endodormancy release are often 60 

considered satisfied at a specific sampling time point, if the bud break frequency increased over a 61 

threshold (often 50%) under forcing conditions (Bielenberg et al. 2015, Kitamura et al. 2018). 62 

Although Lang’s definition has been widely adopted by horticultural researchers, recently 63 
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accumulated data suggest that this terminology may need to be revised (Cooke et al. 2012, Considine 64 

and Considine 2016, Yamane, 2014). Apple (Malus × domestica), an economically important fruit 65 

crops, has adapted to the cool climate of temperate regions. In typical apple cultivars, flower meristem 66 

initiation occurs in early summer after terminal bud set (Kotoda et al., 2010). Then, terminal flower 67 

buds enter a dormant state in winter until blooming in spring. Typical characteristics of apple 68 

dormancy are that dormancy is induced and released in response to low temperature independent of 69 

photoperiod (Heide and Prestrud 2005). To date, the molecular mechanism underlying apple dormancy 70 

has been studied with a focus on specific gene(s) and gene network expression level changes 71 

(Falavigna et al. 2019, Kumar et al. 2016, Porto et al. 2015, Saito et al. 2017, Wang et al. 1991, 72 

Wisniewski et al. 2015) as well as the genetic control of bud break and blooming date (Allard et al. 73 

2016, van Dyk et al. 2010, Celton et al. 2011, Miotto et al. 2019, Trainin et al. 2016, Urrestarazu et al. 74 

2017). 75 

 We previously conducted RNA-sequencing (RNA-Seq) studies and identified a limited 76 

number of genes that were strongly associated with chill-unit accumulation under natural and cold-77 

treated conditions using a strict candidate-gene selection strategy (Takeuchi et al. 2018). A highly 78 

significantly correlated gene was a MADS-box gene (hereafter MdFLC-like; MD09G1009100) found 79 

in a clade that included FLOWERING LOCUS C (FLC) and MADS AFFECTING FLOWERING 80 

(MAF) genes. Arabidopsis FLC represses the transcription of floral integrator genes, such as FT and 81 

SOC1, thus acting as a floral repressor to delay the development of floral buds and bolting, resulting 82 

in the increased number of leaves in flowering and bolting (Searle et al. 2006). In Arabidopsis, all the 83 
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genes in the FLC clade have the ability to repress the flowering pathway (Ratcliffe et al. 2001, Gu et 84 

al. 2013). Also, an FLC ortholog of Arabis alpine, PEP1, functions in the return to vegetative 85 

development after flowering, implying the significance of the FLC orthologs in the plant perennial life 86 

cycle (Wang et al. 2009). Moreover, the involvement of MAF3-like homologs in dehydration-induced 87 

endodormancy regulation was reported in leafy spurge (Dogramaci et al. 2014). 88 

 The expression of MdFLC-like is positively correlated with prolonged chilling exposure in 89 

apple flower buds (Porto et al. 2015, Takeuchi et al. 2018). In contrast, although Arabidopsis FLC is 90 

up-regulated in response to endogenous factors and environmental cues such as low temperatures 91 

(Aikawa et al. 2010; Gu et al. 2013), it is down-regulated by prolonged cold during the vernalization 92 

process (Michaels and Amasino, 1999). The up-regulation of the FLC-like gene’s expression 93 

concomitant to cumulative low temperature exposure has been found not only in apple, but also in 94 

other Rosaceae perennial species such as Prunus pseudocerasus (Zhu et al. 2015) and Taihangia 95 

rupestris (Du et al. 2008). Consequently, FLC-like genes may have unique functions in the perennial 96 

life cycles in Rosaceae; however, the biological function of MdFLC-like has yet to be investigated. 97 

Here, we conducted a functional characterization of MdFLC-like using Arabidopsis overexpression 98 

lines to determine whether MdFLC-like is functionally similar to Arabidopsis FLC. We also compared 99 

gene expression patterns across three apple cultivars, ‘Anna’, ‘Fuji’, and ‘Tsugaru’, which have 100 

different dormancy behaviors, to analyze the expression changes of MdFLC-like in relation to chilling 101 

requirement fulfillment, dormancy progress during endodormancy, the transition from endodormancy 102 

to ecodormancy, and the temperature changes during ecodormancy. Furthermore, expression patterns 103 
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were also compared in relation to developmental changes in the flower primordia during the chilling 104 

accumulation period.  105 

 106 

Materials and Methods 107 

Transformation 108 

 MdFLC-like-specific primers were designed based on the published sequences 109 

(MD09G1009100; Daccord et al. 2017) as follows: mdFLC1-pGWB2-for (5’-110 

[CACGGGGACTCTAG]AATGGGGCGAGGGAAGGTG-3’) and mdFLC1-pGWB2-rev (5’-111 

[GATCGGGGAAATTCGAGCT]CTTCAAAACAATTGTAGTATGGTGGC-3’). The full-length 112 

coding sequence of MdFLC1 was amplified from ‘Fuji’ dormant buds cDNAs using the PrimeStar 113 

GXL (TaKaRa) and the primers listed above. Amplified fragments were cloned into the XbaI- and 114 

SacI-digested pGWB2 vector (Nakagawa et al. 2007), placing the gene under the Cauliflower mosaic 115 

virus 35S promoter, using an In-Fusion HD cloning kit (TaKaRa). The sequences between brackets in 116 

the primers listed above were used for the recombination. The resultant 35S:MdFLC-like plasmid was 117 

verified by Sanger-sequencing and then transformed into Agrobacterium tumefaciens strain EHA105 118 

by electroporation. 119 

 Agrobacterium-mediated transformation of Arabidopsis Columbia-0 was performed using 120 

the floral dip method, as described previously (Zhang et al. 2006). Seeds of the transformed plants 121 

were sterilized with 70% ethanol, washed in purified water, and then placed on 0.1% agar containing 122 

50 μg/mL kanamycin. After incubation in the dark at 4°C for 4 days, seeds were selected under long 123 
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photoperiod conditions (16-h light/8-h dark photoperiod) at 22 °C. We also confirmed the 124 

transformation by the PCR amplification of MdFLC-like. The selected plants were transplanted into a 125 

standard soil mixture soon after cotyledon expansion, and grown in a wrapped pot to maintain a high-126 

humidity level for the initial 3 days. Plants were then grown under a long photoperiod conditions. 127 

Bolting date, flowering date, and the number of rosette leaves at bolting and flowering were recorded 128 

for each transformed plant. 129 

 130 

Plant materials 131 

 Apple plant materials used in this study were collected from trees planted on Apple Research 132 

Station, Institute of Fruit Tree and Tea Science, NARO, Morioka, Japan (39°8’N, 141°1’E, 193-m 133 

altitude). Morioka is located in the northern part of Japan. This area is in temperate zone with cold 134 

winter but not extreme cold subarctic and boreal zone, which is suitable region for apple production. 135 

The annual mean air temperature is 10.2°C. In the first winter season in this study (2016–2017), we 136 

collected shoots less than approx. 40 cm bearing flower buds at terminal positions from the high-chill 137 

Japanese cultivar ‘Fuji’ and low-chill Israeli cultivar ‘Anna’ throughout the dormancy process. In the 138 

second season (2017-2018), we collected shoots in the same manner from ‘Anna’ and high-chill 139 

Japanese cultivar ‘Tsugaru’. The chill unit (CU) on the sampling date was calculated according to the 140 

Utah model (Richardson et al. 1974), which is calculated based on the hourly highest temperatures 141 

recorded in the field of Tohoku Agricultural Research Center, Morioka, Japan (39°8’N, 141°1’E, 176 142 

m altitude). This center is located at approximately 1520 m distance from sample collection site. On 143 
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each sampling date, flower buds dissected from collected shoots were immediately frozen in liquid 144 

nitrogen and stored at –80°C until used. To analyze the expression changes of MdFLC-like in response 145 

to warm temperatures, ~40-cm shoots of ‘Fuji’ and ‘Anna’ collected at the 1200 CU sampling point 146 

were incubated under forcing conditions (22°C and a 16-h light/8-h dark photoperiod). The terminal 147 

flower buds were then sampled just before bud burst occurred and frozen in liquid nitrogen and stored 148 

at –80°C until used. 149 

 150 

Dormancy status evaluation 151 

 At least five shoots were collected on each sampling date, artificially defoliated when leaves 152 

were attached, and incubated in a growth chamber under forcing conditions (22 °C and a 16-h light/8-153 

h dark photoperiod). The basal parts of shoots were then soaked in water containing 1% (v/v) cut 154 

flower preservative reagent (Misakifarm; Otsuka Kagaku, Tokushima, Japan). The water was changed 155 

and the basal ends of the shoots were cut every week. The terminal flower bud burst was recorded 156 

every week for four weeks under forcing conditions. The bud burst was defined as occurring when 157 

green leaf tips became visible and were the same length as the derived dormant bud. The timing of the 158 

end of endodormancy (chilling requirement fulfilled) was defined when over 50% of the terminal bud 159 

burst had been observed under forcing conditions within 4 weeks.  160 

 161 

RNA extraction and qPCR 162 

 Total RNA from apple flower buds was extracted using the PureLink Plant RNA Reagent 163 
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(Thermo Fisher Scientific) in accordance with the manufacturer’s instructions. Then, 600 ng of total 164 

RNA was reverse-transcribed using the ReverTra Ace® qPCR RT Master Mix with gDNA Remover 165 

(Toyobo). Quantitative RT-PCR (qPCR) was conducted using LightCycler 480 (Roche) and 166 

THUNDERBIRD® SYBR qPCR Mix (Toyobo). The expression level of MdFLC-like was analyzed 167 

using primers FLC_qPCR_for (5’-GGAGGAGCGGGCTTATCAAG-3’) and FLC_qPCR_rev (5’-168 

TTGGCGGAGAAGATGACGAG-3’). qPCR for MdFLC-like was performed under the following 169 

conditions: 95°C for 5 min followed by 40 cycles of 95°C for 5 s and 60°C for 1 min. Gene-specific 170 

amplification was confirmed using a melting curve. SAND was used as the reference gene as described 171 

previously (Imai et al. 2014). Three to five independent samples (flower buds) were used as biological 172 

replicates with one technical replicate each for each measurement. 173 

 174 

Comparative observation of flower primordia differentiation and development 175 

 In the first season, flower bud samples collected at 0 CU (Sept. 21st, 2017), 400 CU (Nov. 176 

9th, 2017) and 800 CU (Dec. 25th, 2017) from ‘Fuji’ and ‘Anna’ were fixed in FAA (1:1:18 177 

chroloform:acetic acid:70% ethanol) and stored at 4°C until used. Then, flower bud samples (n=5) 178 

were incubated sequentially in 10%, 20%, and 30% sucrose for 2 h to overnight, then frozen in SCEM 179 

embedding solution (Leica). Frozen samples were sectioned every 10 μm, following the protocol of 180 

Kawamoto’s film method (Kawamoto 2003) using a cryostat (Leica, CM1520). The sections were 181 

stained with 0.5% toluidine blue for 5 min, embedded in SCMM solution (Leica) and observed using 182 

a light microscope (Olympus, BX60).  183 
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 184 

Results 185 

Functional characterization of MdFLC-like in transgenic Arabidopsis 186 

 To assess the functional conservation between MdFLC-like and Arabidopsis FLC in 187 

flowering, the coding sequence driven by the Cauliflower mosaic virus 35S promoter was introduced 188 

into Arabidopsis. In total, 10 independent transgenic lines were obtained and monitored for their 189 

growth and flowering behaviors. Significant delays in bolting and subsequent flowering were observed 190 

in transgenic lines (Figure 1A, B), while their rosette leaf numbers did not differ (Figure 1C, D). 191 

MdFLC-like did not appear to be involved in blooming retention in Arabidopsis, because the 192 

differences in the number of days to bolting and flowering were not significantly different with each 193 

other (Figure 1A, B). Flower organ morphology and differentiation were not affected by MdFLC-like 194 

overexpression (data not shown). Phenotypic changes observed in the transgenic Arabidopsis included 195 

smaller overall plant size (Figure 2A, B) and increased number of scapes compared with those of WT 196 

(Figure 2C-E).  197 

 198 

Dormancy status of ‘Anna’, ‘Fuji’, and ‘Tsugaru’ 199 

 Under our experimental conditions, the terminal flower buds of ‘Anna’ burst in forcing 200 

conditions during all sampling periods, suggesting that this cultivar has very low potential to enter the 201 

endodormancy state (Figure 3). However, the bud burst rate in ‘Anna’ was increased by chilling 202 

accumulation, and reached almost 100% at 600 CU or above. For ‘Fuji’ and ‘Tsugaru’, no bud burst 203 
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was observed in the shoots at 600 CU or less, except ‘Tsugaru’ which showed a 25% bud burst at 0 204 

CU. Bud burst rate was greater than 50% at 986 and 754 CU for ‘Fuji’ and ‘Tsugaru’, respectively 205 

(Figure 3). The days required for bud burst under forcing conditions decreased with CU accumulation 206 

in all three cultivars analyzed (Figure 3). 207 

 208 

Expression changes of MdFLC-like during chilling requirement fulfillment and in response to warm 209 

temperatures 210 

 To study the potential involvement of MdFLC-like in the dormancy process, its expression 211 

changes throughout the process in apple cultivars with different chilling requirements were analyzed 212 

over 2 years. The expression of MdFLC-like initially increased with CU accumulation at the beginning 213 

of winter, and then remained at its maximum level or gradually decreased in all three cultivars in both 214 

seasons (Figure 4). The expression in the low-chill ‘Anna’ reached a maximum earlier than in the high-215 

chill ‘Fuji’ in the 2016–2017 season, and a similar tendency was observed in comparison with high-216 

chill ‘Tsugaru’ in the 2017–2018 season. The time in which the MdFLC-like expression reached its 217 

maximum appeared to match that in which the cultivar-dependent chilling requirement was fulfilled 218 

especially in ‘Fuji’ and ‘Tsugaru’. 219 

 To assess the warm temperature sensitivity of MdFLC-like in the dormant buds, its 220 

expression in terminal flower buds under forcing conditions was evaluated. After shoots that were 221 

collected at 1,200 CU were exposed to warm temperatures, we observed a significant decrease in the 222 

expression of MdFLC-like in terminal flower buds (Figure 5). This decreased expression trend was 223 
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observed both in ‘Anna’ and ‘Fuji’, regardless of the difference in the amounts of chilling requirement. 224 

 225 

Comparative morphological observation of flower primordia at 0, 400, and 800 CU between ‘Fuji’ 226 

and ‘Anna’ 227 

 Among the observed flower buds at 0 and 400 CU, those of ‘Anna’ had larger central and 228 

lateral flowers compared with ‘Fuji’ (Figure 6), suggesting that flower meristem differentiation and 229 

development began earlier and/or proceeded more rapidly in ‘Anna’ than in ‘Fuji’ during autumn at 230 

the sampling site. At 800 CU, the developmental stages of the central and lateral flowers appeared to 231 

be similar between ‘Anna’ and ‘Fuji’ (Figure 6B). A temporal suspension of flower development was 232 

observed after flower primoridia differentiation was completed in ‘Anna’ from 400 CU to 800 CU, 233 

whereas inflorescent meristem development appeared to progress continuously from 0 to 800 CU in 234 

‘Fuji’ under our experimental conditions.  235 

 236 

 237 

Discussion 238 

MdFLC-like inhibited vegetative growth in Arabidopsis 239 

The overexpression of FLC in Arabidopsis results in an extreme delay in flowering and an 240 

increase in the number of rosette leaves at bolting (Michaels and Amasino 1999). Similary, 241 

Arabidopsis lines overexpressing MdFLC-like also required more time to set flowers. The numbers of 242 

rosette leaves, however, were not increased at flowering and the overall plant sizes were significantly 243 
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smaller than the controls. These results implied that MdFLC-like is involved in the inhibition of 244 

vegetative growth rather than flowering as like Arabidopsis FLC. Deng et al. (2011) raised the 245 

possibility that Arabidopsis FLC may regulate not only flowering but also other developmental 246 

pathways by changing binding partners. Indeed, our amino acid sequence alignment indicated that 247 

some amino acid sequence set in the k-box region is deleted whereas those in the MADS-box domain 248 

are highly conserved in MdFLC-like compared to other FLC homologs of apple (Supplementary Fig. 249 

1). This suggests that MdFLC-like protein may have an ability to form different protein-protein 250 

complexes from those of other FLC homologs. Further studies will be needed to clarify the mode-of-251 

action of the MdFLC-like functionality in apple. The study additionally showed that the 252 

overexpression of MdFLC-like resulted in the rapid induction of secondary scapes, which may suggest 253 

that MdFLC-like modulates the plant architecture possibly by affecting phytohormone levels. 254 

Consequently, we hypothesize that MdFLC-like affects vegetative growth rather than reproductive 255 

development in Arabidopsis and may act as a general growth regulator.  256 

 257 

MdFLC-like was highly expressed when genotype-dependent chilling requirement was fulfilled 258 

We first confirmed the very small amount of chilling requirement in low-chill ‘Anna’ based 259 

on bud burst behavior under forcing conditions during seasonal chilling accumulation. ‘Anna’ is an 260 

Israeli low-chill cultivar that needs 200–300 h below 7.2 °C to break bud dormancy, which is estimated 261 

by the accumulated chilling that occurs until the initial bud burst under field conditions (Brooks and 262 

Olmo 1972). Here, ‘Anna’ showed a lower chilling requirement compared with normal commercial 263 
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cultivars in Japan, although exact amount of chilling requirements for ‘Anna’ grown in Morioka, Japan, 264 

appeared to be even lower than 200 CU. The chilling requirements of ‘Fuji’ and ‘Tsugaru’ were 265 

estimated to be approximately 800–1,000 CU, which is consistent with previous studies reporting that 266 

the chilling requirement for a greater than 50% bud break under forcing conditions for ‘Fuji’ grown in 267 

Nagano Prefecture, Japan was ~800 CU (Takeuchi et al. 2018).  268 

Seasonal expression patterns of MdFLC-like were positively correlated with low 269 

temperature accumulations in apple cultivars having different chilling requirements in our 2-year’s 270 

experiment, which is consistent with our previous findings (Takeuchi et al., 2018). Even under the 271 

fluctuating climatic conditions, MdFLC-like’s expression appeared to peak near the time when the 272 

cultivar-dependent chilling requirement was fulfilled especially in high-chill cultivars, suggesting the 273 

robust control of expression during endodormancy until chilling requirement fulfillment, which may 274 

occur through the sensing of chilling accumulation. In addition, MdFLC-like was down-regulated by 275 

warm temperature (Figure 5). In Arabidopsis halleri, seasonal changes in FLC expression are 276 

temperature-dependent and robustly controlled by past temperatures (Aikawa et al. 2010). Thus, apple 277 

MdFLC-like and Arabidpsis FLC may be controlled by a conserved temperature-sensing regulatory 278 

system.  279 

 280 

Differences in flower primordia differentiation may relate to the differences in MdFLC-like 281 

expressions in low and high-chill cultivars before chilling requirement fulfillment? 282 

In apple, the floral meristems are believed to continue to develop during the period when 283 
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the terminal bud break is repressed (Kurokura et al., 2013). Thus, we hypothesize that differential 284 

expression of MdFLC-like between low-chill and high-chill cultivars before chilling requirement 285 

fulfillment may reflect differences in not only temperature response but also internal structures of 286 

flower buds. To test this hypothesis, we compared the morphological changes in flower primordia 287 

between low-chill ‘Anna’ and high-chill ‘Fuji’ at 0–800 CU. Interestingly, the obvious suspension of 288 

flower primordia development has been observed in ‘Anna’ but not in ‘Fuji’ during chilling 289 

accumulation until the late stage of endodormancy. Central and lateral flower sizes of ‘Fuji’ continue 290 

to increase from 0 to 800 CU when the flower size became comparable to that of ‘Anna’.  291 

During 0–800CU, MdFLC-like was up-regulated earlier and faster in ‘Anna’ compared to 292 

‘Fuji’ (Figure 4A). This appeared to be comparable to earlier and faster flower primordia development 293 

in ‘Anna’ compared to ‘Fuji’ (Figure 6). Our study also revealed that MdFLC-like did not affect 294 

Arabidopsis flowering and rather inhibited vegetative growth (Figure 1), which does not support the 295 

idea that MdFLC-like control flower development in apple. Alternatively, our study collectively may 296 

suggest that MdFLC-like expression is controlled in response to flower primordia development. 297 

Further comparative expression studies using vegetative tissues and juvenile tissues may help clarify 298 

the involvement of flower development in regulatory mechanism of MdFLC-like expression. 299 

 300 

Apple flower development properties in comparison with Prunus fruit trees 301 

As ‘Fuji’ apple shown in this study, peach (Prunus persica) in the Rosaceae, the same family 302 

as apple belongs to, flower meristem continues to develop during late autumn and winter dormancy 303 
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(Reinoso et al. 2002). However, the progress of flower primordia development in low-chill cultivars 304 

in comparison with high-chill cultivars appeared to be different between apple (this study) and Prunus 305 

fruit trees. Our microscopic observations suggested that flower differentiation and development is 306 

rather advanced in low-chill ‘Anna’ compared to high-chill ‘Fuji’ at 0 and 400 CU. Faster and more 307 

rapid flower differentiation in ‘Anna’ in comparison with high-chill cultivars was also reported in 308 

‘Anna’ trees grown in warm climate (Oukabli et al. 2003). The present study showed that flower 309 

differentiation in ‘Anna’ was also faster even in cold winter climate region in temperate zone. In 310 

contrast, floral differentiation progresses was slower in low-chill cultivars than in high-chill cultivars 311 

in Prunus species such as peach (Yamane et al. 2011), sweet cherry (P. avium) (Fadón et al. 2018), and 312 

Japanese apricot (P. mume) (Kitamura et al. 2016). One of the possibilities to explain the discrepancy 313 

between apple and Prunus is that they have different ability to respond to dormancy inductive 314 

environmental conditions. Typical apple cultivars do not respond to decreasing photoperiod to induce 315 

dormancy (Heide and Prestrud 2005), whereas Prunus fruit trees usually respond both decreasing 316 

photoperiod and temperature to induce dormancy (Heide 2008). However, more comprehensive 317 

microscopic observation using other apple cultivars showing contrasting chilling requirement will be 318 

required to confirm the relationship between chilling requirement and flower development in apple. 319 

 320 

MdFLC-like may prevent the outgrowth of dormant apple flower buds when winter temperatures are 321 

low 322 

Based on our hypothesis that MdFLC-like may function in vegetative growth inhibition, a 323 
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possible role of MdFLC-like in flower buds during winter could be prevention of unexpected bud 324 

outgrowth during late endodormancy and early ecodormancy. MdFLC-like expression was down-325 

regulated in response to warm temperatures. High MdFLC-like expression level in ecodormant period 326 

may, thus, contribute to the heat requirement for bud break of dormant buds. Decreased expression 327 

level of MdFLC-like in response to warm temperatures towards spring may lead to the actuation of the 328 

buds outgrowth competency in spring.  329 

For the phenological growth regulation of perennial plants, growth inhibition in winter could 330 

be systemically maintained by particular regulatory network. Expressions of the genes in a 331 

monophyletic FLC clade in Arabidopsis were known to be regulated by cold temperatures (Gu et al. 332 

2013). Furthermore, this cold temperature-dependent regulation of FLC expression is known to be 333 

mediated by histone modifications of the FLC locus in Arabidopsis (Bastow et al. 2004). This study 334 

showed that MdFLC-like appeared to function as a growth regulator in response to cold and warm 335 

temperature and also to the flower primordia development. Biological significance of the upregulation 336 

of MdFLC-like during endodormancy progress and the functional characterization of MdFLC-like in 337 

Malus background would further highlight the significance of FLC homologs on the perennial life 338 

cycles of Rosaceae plants. 339 

 340 

 341 

Conclusions 342 

 This study proposed the possibility of the regulational conservation of an FLC homologs in 343 
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Rosid plants, with regards to the temperature sensitivity, although the directions of the expression 344 

changes in response to chilling accumulation were opposite between Arabidopsis and Malus. The gene 345 

expression was positively correlated with chilling accumulation in Malus and they were negatively 346 

correlated in Arabidopsis. In addition, the MdFLC-like function in growth inhibition is different from 347 

that of Brassicaceae FLC in flowering repression. Interestingly, the MdFLC-like expression appeared 348 

to be robustly controlled under fluctuating environmental conditions and was highly associated with 349 

the fulfillment of the chilling requirement in different apple genotypes. This suggested the involvement 350 

of MdFLC-like in the regulatory system underlying the bud dormancy transition and flower 351 

developmental regulation during winter. Consequently, we hypothesized that MdFLC-like has a role 352 

in growth regulation of apple flower buds during late endodormancy and ecodormancy periods to 353 

prevent bud outgrowth. The significance of this pathway in the dormancy process of apple should be 354 

addressed in the future. 355 

 356 
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Figure Legends 501 

 502 

Figure 1. Characterization of MdFLC-like-overexpressing Arabidopsis. Bar plots of (A) the number 503 

of days to bolting; (B) number of days to flowering, (C) number of rosette leaves at bolting, (D) 504 

number of rosette leaves at flowering for 35S:MdFLC-like and wild type (WT) plants. In total, 10 505 

independent transgenic lines were monitored for each genotype. Mean values are indicated as “x”. 506 

Significant differences were determined using a t-test, and p-values were designated. 507 

 508 

Figure 2. Typical appearance of MdFLC-like-overexpressing Arabidopsis. (A, B) Left: wild type 509 

(WT), right: 35S:MdFLC-like; (C) WT; (D, E) 35S:MdFLC-like. Arrows indicate developed scapes. 510 

 511 

Figure 3. Characterization of seasonal changes in the dormancy states of different apple cultivars. 512 

Bars and lines indicate the bud burst rate and the average number of weeks required for the bud burst 513 

under forcing conditions, respectively. At least five shoots were assessed at each sampling date. (A) 514 

‘Fuji’ in 2016–2017, (B) ‘Anna’ in 2016–2017, (C) ‘Tsugaru’ in 2017–2018, (D) ‘Anna’ in 2017–2018.  515 

 516 

Figure 4. Expression patterns of MdFLC-like in apple terminal flower buds (A) in the 2016–2017 and 517 

(B) 2017–2018 seasons. Error bars indicate the standard errors for three to five biological replicates. 518 

 519 

Figure 5. Effects of warm temperature on MdFLC-like expression in apple ecodormant flower buds. 520 
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Shoots bearing flower buds collected at 1200CU (left) were treated with warm temperatures (right). 521 

Error bars indicate the standard errors of three biological replicates. 522 

 523 

Figure 6. Microscopic observations of flower meristem development in dormant apple buds during 524 

dormancy. At least five flower buds were observed at each sampling, and representative tissue sections 525 

are shown. (A) Overall picture of longitudinal sections of terminal flower bud; and (B) Enlarged 526 

picture of central and lateral flower primordia of longitudinal sections of different terminal flower 527 

buds collected at the same date as that in (A). All pictures in (B) were under the same scale. 528 

 529 

Supplementary Figure 1. Amino acid sequence alignment of FLC homologs of Arabidopsis and 530 

apple identified by Takeuchi et al., 2018. 531 
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Supplementary Figure 1 
Amino acid sequence alignment of FLC homologs of Arabidopsis and apple identified by Takeuchi et al., 2018. 
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