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SUMMARY

Chrysanthemum (Chrysanthemum morifolium) is well known as a photoperiod-sensitive flowering plant.

However, it has also evolved into a temperature-sensitive ecotype. Low temperature can promote the floral

transition of the temperature-sensitive ecotype, but little is known about the underlying molecular mecha-

nisms. Here, we identified MADS AFFECTING FLOWERING 2 (CmMAF2), a putative MADS-box gene, which

induces floral transition in response to low temperatures independent of day length conditions in this eco-

type. CmMAF2 was shown to bind to the promoter of the GA biosynthesis gene CmGA20ox1 and to directly

regulate the biosynthesis of bioactive GA1 and GA4. The elevated bioactive GA levels activated LEAFY

(CmLFY) expression, ultimately initiating floral transition. In addition, CmMAF2 expression in response to

low temperatures was directly activated by CmC3H1, a CCCH-type zinc-finger protein upstream. In sum-

mary, our results reveal that the CmC3H1–CmMAF2 module regulates flowering time in response to low

temperatures by regulating GA biosynthesis in the temperature-sensitive chrysanthemum ecotype.
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INTRODUCTION

Adaptation of flowering plants to environmental conditions

to ensure appropriate flowering time is critical for repro-

ductive success (Amasino, 2009). To this end, angiosperms

have evolved diverse strategies that vary depending on

whether they are exposed to external stimuli (photoperiod

and vernalization) or endogenous cues (autonomous, gib-

berellins [GAs], and aging), which are interconnected and

form a complex network that regulates flowering (Song

et al., 2013; Srikanth & Schmid, 2011). For vernalization-

requiring plants, prolonged exposure to low temperatures

can promote their flowering ability (Ream et al., 2012), and

some of the mechanisms underlying low temperature-

induced flowering have been elucidated in the experimen-

tal model plant Arabidopsis thaliana (Xu & Chong, 2018).

In winter-annual A. thaliana, FLOWERING LOCUS C (FLC)

encodes a MADS-box transcription factor that acts as a

core floral repressor (Amasino, 2004; Michaels &

Amasino, 1999). There are three phases of FLC expression:

a high level of FLC expression prior to vernalization, silenc-

ing of FLC expression during vernalization, and stable

maintenance of FLC silencing upon returning to warmer

conditions. It has been shown that flowering competence

is acquired through a direct upregulation of FLOWERING

LOCUS T (FT) (Gu et al., 2013; Whittaker & Dean, 2017). It

is also known that in biennial winter varieties of wheat (Tri-

ticum aestivum) and barley (Hordeum vulgare), VERNALI-

ZATION 1 (VRN1), a homolog of A. thaliana APETALA 1, is

the key floral activator during vernalization (Xu &

Chong, 2018) and that in perennial Arabis alpina (a relative

of the annual A. thaliana), PERPETUAL FLOWERING1

(PEP1) confers the vernalization requirement (Wang

et al., 2009).

MADS AFFECTING FLOWERING 2 (MAF2) is a mem-

ber of the MADS-box transcription factor gene family in

Arabidopsis, which has five members (MAF1–5). These
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genes are close homologs of FLC and have also been

shown to regulate flowering time in response to low tem-

peratures (Gu et al., 2013; Ratcliffe et al., 2003). MAF2

expression is less sensitive to vernalization than FLC and

works either independently or downstream from FLC (Rat-

cliffe et al., 2003). Nevertheless, the intricate network by

which MAF2 regulates flowering time remains unclear.

The Asteraceae family is regarded as the most diverse

family of flowering plants (Barreda et al., 2015). Chrysan-

themum (Chrysanthemum morifolium) is a perennial

herbaceous member of Asteraceae, whose floral induction

mainly depends on the photoperiodic pathway (Higuchi

et al., 2013). Hence, chrysanthemum has evolved several

different ecotypes due to the differences in critical day

length for flowering (Kawata, 1987). However, low temper-

ature also has major effects on the flowering of different

chrysanthemum ecotypes. In particular, there is a low

temperature-sensitive ecotype whose floral induction

requires low-temperature exposure, which is also referred

to as vernalization (Harada & Nitsch, 1959; Hisamatsu

et al., 2017; Schwabe, 1950; Schwabe, 1954). Indeed, sev-

eral chrysanthemum varieties form a rosette without low-

temperature treatments, indicating a typical vernalization

requirement (Sumitomo et al., 2009). Nevertheless, it is still

unknown how chrysanthemum regulates floral transition

in response to low temperatures.

Genetic analyses have identified the plant hormone

GA as having a prominent role in flowering time regula-

tion. Among the GA compounds, only those that are bioac-

tive, such as GA1, GA3, and GA4, function in regulating

floral transition (Binenbaum et al., 2018; Langridge, 1957;

Mutasa-G€Ottgens & Hedden, 2009; Song et al., 2013). In A.

thaliana, the application of GAs rescues the flowering

mutant phenotype under non-inductive short-day (SD) con-

ditions (Langridge, 1957). Flower initiation in A. thaliana

under non-inductive SD conditions depends on the biosyn-

thesis of GA and on the regulation of the expression of the

flower meristem identity gene LEAFY (LFY) (Eriksson

et al., 2006). Studies have shown that three major oxidase

genes regulate GA biosynthesis and inactivation: GA20-

oxidase (GA20ox), GA3-oxidase (GA3ox), and GA2-oxidase

(GA2ox) (Lee & Zeevaart, 2007; Rieu et al., 2008). Overex-

pression of GA20ox promotes shoot elongation and early

flowering in A. thaliana (Lee & Zeevaart, 2007; Rieu

et al., 2008), and similarly, in SD chrysanthemum, GAs can

promote flowering under non-inductive long-day (LD) con-

ditions (King, 2012; Pharis, 1972; Yang et al., 2014).

Studies in different species have established a physio-

logical connection between low-temperature conditions

and GA metabolism. In the Brassicaceae species field pen-

nycress (Thlaspi arvense L.), vernalization was found to

affect GA metabolism by increasing the levels of the GA

precursor kaurenoic acid (Hazebroek et al., 1993). Further-

more, in winter canola (Brassica napus), the abundance of

active GA1 and GA3 increased following vernalization treat-

ment (Zanewich & Rood, 1995). Finally, in lisianthus (Eus-

toma grandiflorum), levels of the GA precursor ent-

kaurene were shown to be increased by low-temperature

exposure, leading to higher endogenous GA1 levels (Hisa-

matsu et al., 2004). However, the molecular mechanisms

underlying the connections between low temperature and

GA metabolism remain largely unknown.

Members of the Cys3His-type zinc-finger protein

superfamily are involved in many aspects of plant growth

and development (Bogamuwa & Jang, 2014). In Arabidop-

sis, TZF1 (AtC3H23), a Cys3His-type family member, can

affect plant growth and stress responses (Lin et al., 2011).

AtTZF2 (AtOZF1/AtC3H20) and AtTZF3 (AtOZF2/AtC3H49)

are involved in ABA, jasmonate, and oxidative stress

responses (Huang et al., 2011; Huang et al., 2012; Lee

et al., 2012). However, little is known about the roles of

Cys3His-type zinc finger proteins in regulating flowering

time.

In the current study, we report that low temperature is

a key environmental factor in inducing the floral transition

of a temperature-sensitive chrysanthemum ecotype. We

present evidence for a novel mechanism of low-

temperature response in chrysanthemum in which the

CmC3H1–CmMAF2 module contributes to the induction of

flowering. Our results reveal that in response to low tem-

peratures, CmMAF2 expression was directly induced by

CmC3H1, and CmMAF2 directly targeted CmGA20ox1, ele-

vating bioactive GA levels and in turn activating CmLFY

expression, ultimately resulting in flowering. Our discovery

of this mechanism will contribute to the development of

flowering technologies and the annual production of differ-

ent chrysanthemum ecotypes.

RESULTS

Low temperatures induce the capacity for flowering

To investigate the impact of extended low-temperature

periods on physiological mechanisms that govern flower-

ing in chrysanthemum, we used a cultivar that is sensitive

to low temperatures (C. morifolium cv. Summer Yellow).

As shown in Figure 1, under LD conditions, plant growth

was severely inhibited by 1–5 weeks of low-temperature

treatment (LT1–LT5), and the growth rate increased after

returning to normal temperatures for 1–5 weeks (recovery

phase LT5 + N1 to LT5 + N5). The treated plants reached

the same height as the control plants after returning to

normal temperatures for 5 weeks (LT5 + N5) (Figure 1a,b).

We then tested the effects of low temperatures on growth

under SD conditions. Control plants grew slowly (C8–C13),
while plants exposed to low temperature for 8 weeks

showed rapid growth and were significantly taller than the

control, ultimately reaching the proper height (LT8 + N5)

(Figure S1).
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Next, we determined the flowering time in response

to low temperatures under different day lengths. Under LD

conditions, microscopic observation showed that the api-

cal meristem of plants treated with low temperatures

began to exhibit hypertrophy at LT5 + N1, entered the

early stage of involucral primordium at LT5 + N3, and

formed the involucral primordium at LT5 + N5, while the

control plants (C5–C10) remained in the vegetative stage

(Figure 1c). The time to floret primordium formation, the

development of an apical inflorescence, and flower

Figure 1. Chrysanthemum flowering in response to low temperature. (a) Plants were grown for 5 weeks at low temperature (LT1–5) and then returned to normal

temperature for recovery (LT5 + N1–N5). Control plants (C1–10) were grown under normal temperature and LD conditions. The phenotypes were observed daily.

Scale bars, 5 cm. (b) Plant heights after 5 weeks of growth at low temperature (LT1–5) and 1–5 weeks after returning to normal temperature (LT5 + N1–N5). (c) Scan-

ning electron microscopy images of apex development in plants grown at low temperatures for 5 weeks or at normal temperatures under LD conditions. C5–10, 5–
10-week control; LT5, 5-week low-temperature treatment; LT5 + N1–5, 1–5 weeks after returning to normal temperature; LF, leaf primordium; IN, involucre; BL, bract

leaf primordium. Scale bars, 200 lm. (d) Scanning electron microscopy images of inflorescence and flower bud morphology in plants treated for 5 weeks with low

temperature (LT + LD) or without low temperature (LD) after 11 weeks and 14 weeks under LD conditions. Scale bars, 5 cm. (e) Blooming phenotype in plants treated

for 5 weeks with low temperature (LT5) or without low temperature (LD) after 18 weeks under LD conditions. Scale bars, 5 cm. (f) Days until initial flower bud emer-

gence in plants treated for 5 weeks with low temperature or without low temperature. (g) The phenotype of plants treated for 5 weeks with low temperature (LT +
natural environment [NE]) or without low temperature (NE) after 9 weeks and 13 weeks in the field and photographed on 6 June and 30 June, respectively (Beijing,

China). Scale bars, 5 cm. (h) Days until initial flower bud emergence in plants treated for 5 weeks with low temperature (LT + NE) or without low temperature (NE).

The results are the means of five biological replicates with standard deviations. Asterisks indicate statistically significant differences (Student’s t-test, **P < 0.01).
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blooming occurred significantly earlier after a 5-week low-

temperature treatment at 11 weeks (LT5 + N6), 14 weeks

(LT5 + N9), and 18 weeks (LT5 + N13) compared to non-

treated plants (Figure 1d,e). There was also a statistically

significant difference in initial flower bud formation (diam-

eter = 2 mm). They were observed at 37 � 1.7 days after

transplanting in plants treated with low temperatures and

at 96 � 2.2 days after transplanting in non-treated control

plants (Figure 1f). We then tested the effect of low temper-

atures on flowering in natural environments by transplant-

ing plants that have been treated for LT5 to the field. We

observed that floral buds appeared and bloomed signifi-

cantly earlier in plants treated with low temperatures than

control plants (Figure 1g,h). Under SD conditions, no

flower buds were observed for 200 days on the control

plants, while the emergence of initial flower buds was

observed at 105 � 5.0 days following an 8-week low-

temperature treatment (Figure S1). These data indicate that

low temperatures induce the capacity for flowering inde-

pendent of the photoperiod.

Endogenous GA levels are associated with low

temperature-induced flowering

We analyzed the RNA sequencing (RNA-seq) data from low

temperature-treated and control plants in the floral transi-

tion phase. The results showed that GA pathway genes

were differentially expressed (Table 1). To test this, we

measured endogenous GA levels under low-temperature

conditions and in the recovery phase. We observed that

compared with C5, the low-temperature treatment LT5

caused a significant decrease in the abundance of bioactive

GA1, its precursor GA20, and its metabolite GA8. However,

compared with C7, GA1, GA20, and GA8 levels were higher

at LT5 + N2 (Figure 2a). Similarly, the concentrations of

bioactive GA4 and its precursor GA9 were significantly

reduced in LT5 but were higher in LT5 + N2 plants (Fig-

ure 2a). Thus, growth inhibition due to low temperatures,

combined with early flowering in the recovery phase, was

correlated with the change in active GA levels.

We next verified the relationship between GA levels

and low temperature during chrysanthemum flowering by

applying exogenous GA. Under LD conditions, plant height

significantly increased after application of 100 lM GA4/7

compared to the control. In addition, the time to flowering

was earlier in the plants treated with GA4/7 and similar to

that in plants treated with low temperatures for 5 weeks

(Figure 2b–d).
Under SD conditions, an increase in plant height was

observed in plants treated with 100 lM GA4/7 or low tem-

perature (Figure S2a,b). However, no flower buds appeared

on the control plants by day 200 after transplanting, while

100 lM GA4/7 and low temperature-treated plants had

flower buds by day 137 � 1.6 and 105 � 5.0, respectively

(Figure S2a–c). These results indicate that the effects of

low temperature on flowering time are associated with GA

biosynthesis.

CmMAF2 and CmGA20ox1 expression is regulated by low

temperatures

To elucidate the molecular mechanisms underlying floral

induction in response to low temperatures in chrysanthe-

mum, we identified differentially expressed genes at LT5,

LT5 + N1, and LT5 + N5. We observed that the expression

of a putative MADS-box gene (Cluster-17868.118397) was

Table 1 Differentially expressed genes related to flowering time at 5 weeks at low temperature (LT5), and at 1 and 5 weeks after returning
to normal temperature (LT5 + N1, LT5 + N5)

Gene Annotation RPKM (C5) RPKM (LT5) RPKM (LT5 + N1) RPKM (LT5 + N5)

Vernalization pathway
Cluster-17868.118397 CmMAF2 10.62 � 1.02bc 24.04 � 3.34a 15.49 � 2.97b 8.83 � 0.52c

Gibberellin pathway
Cluster-17868.212239 GA20ox1 1.17 � 0.14a 0.27 � 0.16b 1.22 � 0.21a 0.34 � 0.17b
Cluster-17868.71469 GA2ox 0.80 � 0.30b 4.02 � 0.50a 1.10 � 0.33b 1.37 � 0.15b
Cluster-17868.234688 GA3ox 3.00 � 0.85b 12.50 � 4.98a 1.81 � 0.53b 0.41 � 0.21b
Cluster-17868.223832 GID1c 2.91 � 0.74c 8.50 � 0.25a 6.29 � 1.22b 1.57 � 0.36c
Cluster-17868.139458 GAI-like 22.47 � 1.75b 9.44 � 1.00c 44.58 � 12.78a 41.44 � 0.92a
Cluster-17868.147300 RGA 31.17 � 1.11a 13.18 � 1.09b 30.16 � 1.29a 31.41 � 1.05a

Flowering integrator
Cluster-17868.27582 AFT 0.94 � 0.03c 0.80 � 0.28c 4.73 � 0.40a 2.66 � 0.42b
Cluster-17868.32465 AFL2 4.23 � 0.96a 1.56 � 0.22b 0.78 � 0.40b 5.73 � 0.93a
Cluster-17868.114531 FDL1 4.01 � 1.32a 4.04 � 0.14a 1.82 � 0.52b 1.42 � 0.07b
Cluster-17868.147733 FDL2 9.91 � 0.16a 7.81 � 0.91b 10.05 � 0.85a 7.76 � 0.77b
Cluster-17868.233356 FTL2 0.25 � 0.01c 0.78 � 0.07b 0.16 � 0.04c 1.27 � 0.06a
Cluster-17868.71935 FTL3 3.25 � 0.08b 1.10 � 0.13c 0.27 � 0.08c 5.88 � 1.10a

Three independent experiments were performed; ‘�’ indicates standard deviation. Different letters indicate significant differences according
to Duncan’s multiple range test (P < 0.05).
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2.3-fold higher in LT5-treated plants compared with con-

trols. Its expression in treated plants gradually decreased

after returning to normal temperature (Table 1; Data S1).

Amino acid sequence alignment showed that Cluster-

17868.118397 had a high degree of sequence homology to

A. thaliana MAF2, so this gene was re-named CmMAF2

(Figure S3a,b). In addition, the expression of the GA

biosynthesis gene CmGA20ox1 (Cluster-17868.212239)

decreased 4.3-fold in LT5-treated plants compared with

controls, while its expression gradually increased after

returning to normal temperatures (Table 1; Data S1).

We measured the mRNA expression levels of

CmMAF2 in leaves and shoot tips using quantitative real-

time PCR (qRT-PCR) and found that both of them were

upregulated during low-temperature treatments and down-

regulated after returning to normal temperatures (Fig-

ure 3a,b). However, the expression of the GA biosynthesis

gene CmGA20ox1 showed a reverse trend, being repressed

by the low-temperature treatment and increasing after

returning to normal temperatures in both leaves and shoot

tips (Figure 3c,d). This expression pattern was consistent

with the results from an in situ hybridization analysis,

showing that CmGA20ox1 expression in apical meristems

was lower under low-temperature conditions than under

control conditions. CmGA20ox1 expression was higher at

LT + N1 (Figure 3e). Unlike CmGA20ox1, the expression of

another GA20ox gene, CmGA20ox2, was slightly and con-

tinuously suppressed by low temperatures, and the expres-

sion did not recover after returning to normal

temperatures (Figure S3c).

To understand the effects of low temperatures on

flower initiation in chrysanthemum, we determined the

expression levels of CmFTL1, CmFTL2, and CmFTL3,

three FT-homologous genes, and CmLFY, a flower meris-

tem identity gene. The results showed no significant dif-

ferences in the expression of CmFTL1–3 between low-

temperature treatment and control plants in both leaves

and shoot tips (Figure S2e–j). CmLFY expression in shoot

tips was not significantly changed compared to the con-

trol during the low-temperature treatments, while CmLFY

expression was significantly increased at 2 weeks after

returning to normal temperatures, which is the time point

for floral transition (Figure 3f). We also determined

CmLFY expression levels during GA4/7 and paclobutrazol

(PAC) treatments, and the results showed that CmLFY

expression was significantly induced by GA, while it was

inhibited by PAC (Figure S2d). These data suggest that

CmGA20ox1 and CmLFY might participate in flowering

regulation in low temperature-induced chrysanthemum

ecotypes.

Figure 2. Effects of GA treatments on chrysanthemum flowering under LD conditions. (a) GA content in the shoot tips of plants at LT5 and at LT5 + N2. Plants

grown for 5 or 7 weeks under normal temperature and LD conditions were used as controls (C5 and C7). (b) The effects of exogenous GA4/7 treatment and 5-

week low-temperature treatment (LT5) on plant height of 8-week-old chrysanthemum. GA was given twice per week for 2 months. (c) The effects of exogenous

GA4/7 treatments and 5-week low-temperature treatments (LT5) on initial flower bud appearance in control and treated plants. (d) Phenotypes of control and

treated plants were observed after 14 weeks. The results are the means of three biological replicates with standard deviations. Asterisks indicate statistically sig-

nificant differences (Student’s t-test, **P < 0.01). Different letters indicate significant differences according to Duncan’s multiple range test (P < 0.05). Scale bars,

5 cm.
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CmMAF2 regulates flowering by regulating GA

biosynthesis

To test whether CmMAF2 plays a role in the regulation of

flowering time, we used the 30 region of the gene to specif-

ically silence CmMAF2 expression in chrysanthemum by

RNA interference (RNAi) and generated a population of 36

CmMAF2-RNAi lines. Of these, we selected three for func-

tional analysis based on their reduced CmMAF2 expression

levels, as determined by qRT-PCR analysis (Figure 4a).

Since we did not find any other MAF homologs in our

chrysanthemum transcriptome and public genome data-

bases, we measured the expression of the other MADS-

box gene family homologs AGL8, AGL9, AGL104, SVP1,

and SVP2, whose functions have been associated with flo-

ral transition, in transgenic and wild-type (WT) plants, and

confirmed that only the CmMAF2 gene was silenced (Fig-

ure 4b).

We observed that under LD conditions, the plant

heights of lines RNAi-24, RNAi-31, and RNAi-34 were

38 � 1.0 cm, 34 � 0.3 cm, and 33 � 0.6 cm, respectively,

Figure 3. CmMAF2, CmGA20ox1, and CmLFY expression in response to low temperature (LT). (a,b) Expression of CmMAF2 was analyzed by qRT-PCR in leaves

(a) and shoot tips (b). (c,d) Expression of CmGA20ox1 was analyzed by qRT-PCR in leaves (c) and shoot tips (d). (e) In situ hybridization of CmGA20ox1 in

chrysanthemum apical meristems at LT5 and at LT5 + N1. Plants grown under normal temperature for 5 and 6 weeks (C5 and C6) were used as controls. Scale

bars, 200 lm. (f) CmLFY expression was analyzed by qRT-PCR in shoot tips. UBIQUITIN was used as the reference gene. The results are the means of three bio-

logical replicates with standard deviations. LT1–5, 1–5 weeks of low-temperature treatment. LT5 + N1, LT5 + N2, and LT5 + N5 indicate 1 week, 2 weeks, and

5 weeks of normal temperature after a 5-week low-temperature treatment, respectively.
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which were significantly greater than that of WT plants

(23 � 1.0 cm), but no obvious difference was observed in

the numbers of stem nodes between the transgenic lines

and WT plants (Figure 4c,d). Plants grown under SD condi-

tions showed a similar trend (Figure 4h,i). We then moni-

tored the flowering time of CmMAF2-RNAi and WT plants.

Under LD conditions, the emergence of initial flower buds

was observed at 39 � 3.4, 55 � 3.3, and 47 � 1.8 days

after transplanting in lines RNAi-24, RNAi-31, and RNAi-34,

respectively, while flower buds emerged in WT plants at

96 � 2.2 days. Meanwhile, the blooming time of trans-

genic lines was also earlier than in WT plants (Figure 4e–
g). Under SD conditions, initial flower buds emerged at

93 � 5.3, 111 � 2.2, and 112 � 1.6 days after transplanting

in lines RNAi-24, RNAi-31, and RNAi-34, respectively, while

no flower buds and blooming time were observed in WT

plants until the end of the experiment (200 days after

transplanting) (Figure 4j–l). We exposed the CmMAF2-

RNAi lines and WT plants to a 5-week low-temperature

treatment and observed a reduction in plant height,

although CmMAF2-RNAi plants were still taller than the

WT plants (Figure 4m,n). In addition, no significant differ-

ence in flowering time was observed between the

CmMAF2-RNAi lines and WT plants (Figure 4m,o), suggest-

ing that the low-temperature treatment mitigated the con-

sequences of RNAi-mediated suppression of CmMAF2

expression on flowering time.

To investigate whether CmMAF2 affects flowering

through the GA flowering pathway, we measured

endogenous GA concentrations in CmMAF2-RNAi plants

and observed that bioactive GA levels (GA1 and GA4)

were significantly higher in CmMAF2-RNAi plants than in

WT plants (Figure 5a). We then tested the effects of the

GA biosynthesis inhibitor PAC on flowering time of

CmMAF2-RNAi and WT plants. After PAC treatment,

plant height was significantly reduced in the CmMAF2-

RNAi and WT plants, but the degree of inhibition in

CmMAF2-RNAi plants was lower than in WT plants (Fig-

ure 5b,c). Additionally, flowering time was delayed in

both CmMAF2-RNAi and WT plants, and WT plants

Figure 4. CmMAF2-RNAi plant flowering. (a,b) Expression of CmMAF2 (a) and MADS-box family homologs (b) in WT and CmMAF2-RNAi plants as determined

by qRT-PCR. UBIQUITIN was used as the internal control. (c,h) Plant heights of 4-week-old (c) and 12-week-old (h) WT and CmMAF2-RNAi plants grown under

LD and SD conditions. (d,i) The number of stem nodes was recorded after 9 weeks of LD (d) and 18 weeks of SD (i) conditions. (e,j) Representative photographs

of WT and CmMAF2-RNAi plants at flower bud emergence after 9 weeks of LD (e) and 18 weeks of SD (j) conditions. (f,k) Flower blooming in WT and CmMAF2-

RNAi plants after 15 weeks of LD (f) and 20 weeks of SD (k) conditions. (g,l) Days until initial flower bud emergence in WT and CmMAF2-RNAi plants grown

under LD (g) and SD (l) conditions. (m) Phenotypes of WT and CmMAF2-RNAi plants treated for 5 weeks with low temperature at week 16 after transplanting.

(n) Plant heights of WT and CmMAF2-RNAi plants treated for 5 weeks with low temperature under LD conditions. (o) Days until initial flower bud emergence in

WT and CmMAF2-RNAi plants treated for 5 weeks with low temperature under LD conditions. R24, R31, and R24 correspond to three independent CmMAF2-

RNAi lines. The results are the means of three biological replicates with standard deviations. Asterisks indicate statistically significant differences (Student’s t-

test, *P < 0.05, **P < 0.01). Scale bars, 5 cm.
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showed a more substantial delay in flowering than

CmMAF2-RNAi plants, such that we did not observe

flower buds in WT plants for 100 days after treatment

(Figure 5b–d). These results indicated that GA biosynthe-

sis is involved in regulating CmMAF2 expression and its

effect on flowering.

Figure 5. The effects of GAs on flowering in CmMAF2-RNAi and WT chrysanthemum plants. (a) GA contents in 10-week-old WT and CmMAF2-RNAi plants

grown under LD conditions. (b) Phenotypes of CmMAF2-RNAi lines treated with the GA biosynthesis inhibitor PAC under LD conditions after 6 weeks and of WT

plants treated with the GA biosynthesis inhibitor PAC under LD conditions after 15 weeks. Scale bars, 5 cm. (c) The effect of PAC treatment on the height of 5-

week-old RNAi and WT plants. (d) Effects of PAC treatment on the time until initial flower bud emergence in RNAi and WT plants. R24, R31, and R24 correspond

to three independent CmMAF2-RNAi lines. Mock treatment with 10% ethanol solution was used as a control. (e,f) Expression analyses of genes related to GA

biosynthesis under LD (e) and SD (f) conditions, as determined by qRT-PCR. UBIQUITIN was used as an internal control. The results are the means of three bio-

logical replicates with standard deviations. (g) In situ hybridization analysis of CmGA20ox1 expression in the apical meristems of WT and CmMAF2-RNAi plants

grown under LD conditions. The negative control SP6 was hybridized with the sense probe. Scale bars, 200 lm. The results are the means of three biological

replicates with standard deviations. Asterisks indicate statistically significant differences (Student’s t-test, **P < 0.01).
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CmMAF2 is a direct upstream regulator of the GA

biosynthesis gene CmGA20ox1

To clarify whether CmMAF2 directly regulates genes

involved in GA biosynthesis, we analyzed the expression

of differentially expressed genes related to GA synthesis in

the vegetative stage (1 w) and the early stage of floral tran-

sition (5 w) in both CmMAF2-RNAi transgenic and WT

plants by qRT-PCR. We found that in the vegetative and

early floral transition stages, the expression of

CmGA20ox1 was higher in CmMAF2-RNAi plants than in

WT under both LD and SD conditions, but CmGA3ox

expression was lower. We did not detect a significant dif-

ference in CmGA2ox expression between transgenic and

WT plants under flowering-inductive LD conditions of the

low temperature-induced chrysanthemum variety (Fig-

ure 5e,f; Figure S4a–c). In situ hybridization analysis of

CmGA20ox1 expression in apical meristems showed stron-

ger labeling in RNAi plants than in WT plants, although the

stages of inflorescence differentiation were different

between the RNAi and WT plants (Figure 5g).

We noted that the CmGA20ox1 promoter contains

three annotated CArG-box motifs, while the CmGA2ox pro-

moter does not contain any (Figure 6a; Figure S5). A yeast

one-hybrid (Y1H) analysis to assess the interaction of

CmMAF2 with each of the three motifs revealed that it

bound to them all (Figure 6b). Next, we carried out an elec-

trophoretic mobility shift assay (EMSA) to validate the

interaction of CmMAF2 with the three CArG-box motifs

and observed that a GST-tagged version of CmMAF2

(CmMAF2-GST) bound to each of the CArG-box-containing

fragments that had been biotin-labeled. In this analysis,

increasing the amounts of unlabeled cold probes signifi-

cantly decreased the levels of CmMAF2 binding to biotin-

labeled probes, whereas unlabeled mutant probes did not

compete for CmMAF2 binding (Figure 6d). Finally, we

assayed the activity of a dual-luciferase reporter to evalu-

ate the regulatory effects of CmMAF2 on the CmGA20ox1

promoter in vivo. Tobacco (Nicotiana benthamiana) leaf

cells co-expressing CmMAF2 and the CmGA20ox1 pro-

moter had a significantly lower LUC/REN ratio than leaf

cells transformed with CmMAF2 alone, the CmGA20ox1

promoter alone, or a mutated GA20ox1 promoter (Fig-

ure 6c), suggesting that CmMAF2 directly represses the

expression of CmGA20ox1.

To confirm that CmMAF2 influences flowering by

directly regulating the expression of CmGA20ox1, we

silenced CmGA20ox1 in WT and CmMAF2-RNAi plants

using a modified cabbage leaf-curl geminivirus vector

(CaLCuV) containing the artificial microRNA-CmGA20ox1

(CaLCuV-amiR-CmGA20ox1) (Figure 6e). We observed that

under LD conditions, compared with WT-CaLCuV plants,

silencing CmMAF2 alone significantly increased the plant

height, and silencing CmGA20ox1 alone strongly reduced

plant height, while double silencing of CmMAF2 and

CmGA20ox1 recovered the plant height close to that of

WT-CaLCuV plants (Figure 6f,g). We also observed the

influence of flowering under LD conditions compared with

early flowering of CmMAF2-RNAi-CaLCuV plants; both the

time until initial flower bud emergence and the time until

blooming were significantly longer in CmMAF2 and

CmGA20ox1 double silenced plants, which were close to

those of WT-CaLCuV plants. Silencing CmGA20ox1 alone

delayed flowering extremely much, and we did not even

observe flower opening (Figure 6h,i).

Collectively, these data indicate that CmMAF2 affects

GA levels to regulate floral transition by directly targeting

CmGA20ox1.

CmC3H1 directly activates CmMAF2 expression in

response to low temperatures

To investigate the upstream regulatory mechanism of

CmMAF2, we first used different promoter regions of

CmMAF2 to screen the Y1H library. We found that a CCCH-

type zinc-finger protein-encoding gene, CmC3H1, was a

potential upstream candidate gene. Then, we measured

the expression levels of CmC3H1 in leaves and shoot tips.

The results showed that as a general trend, the expression

pattern of CmC3H1 was consistent with that of CmMAF2

(Figure 3a,b). Namely, the expression of CmC3H1 was

upregulated during low-temperature treatments and then

downregulated after returning to normal temperatures in

both leaves and shoot tips (Figure 7a,b).

Next, we performed a Y1H assay to confirm the inter-

action between CmC3H1 and the CmMAF2 promoter. The

results showed CmC3H1 bound to the third fragment of

the CmMAF2 promoter (Figure 7c). A chromatin immuno-

precipitation assay coupled with PCR (ChIP-PCR) showed

that CmC3H1 independently bound to the P5 or P6 frag-

ment of the CmMAF2 promoter (Figure 7d). We also

assayed the activity of a dual-luciferase reporter to evalu-

ate the regulatory activity of CmC3H1 on the CmMAF2 pro-

moter in vivo. Nicotiana benthamiana leaf cells co-

expressing CmC3H1 and the CmMAF2 promoter had a sig-

nificantly higher LUC/REN ratio than leaf cells transformed

with CmC3H1 or the CmMAF2 promoter alone, suggesting

that CmC3H1 directly activated the expression of CmMAF2

(Figure 7e,f).

Finally, to verify the involvement of CmC3H1 in regu-

lation of flowering, we transiently silenced CmC3H1 in

chrysanthemum plants (Figure 7g). We observed that

under LD conditions, compared with control plants, both

the time to initial flower bud emergence and the time to

blooming were significantly reduced in CmC3H1 silencing

plants (Figure 7h,i). In addition, we evaluated the expres-

sion of CmMAF2 and CmGA20ox1. Compared with the

control plants, CmMAF2 expression was significantly
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downregulated, while CmGA20ox1 expression was signifi-

cantly upregulated in CmC3H1 silenced plants (Figure 7j).

Together, these results demonstrate that CmC3H1

could regulate the expression of CmMAF2 positively and

CmGA20ox1 negatively, suggesting that the C3H1–MAF2

module might regulate flowering in response to low tem-

perature by repressing GA biosynthesis in temperature-

sensitive chrysanthemum ecotypes.
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DISCUSSION

Over time, chrysanthemum has evolved into multiple eco-

types, some of which are more sensitive to the photope-

riod, while others are more sensitive to temperature. On

the one hand, the photoperiod influences flowering time

based on the critical day length for flowering

(Kawata, 1987), mainly through affecting the expression of

BBX24 and AFT/FTL3 in the gene regulatory network (Higu-

chi et al., 2013; Yang et al., 2014). On the other hand, low

temperatures affect floral induction via two different path-

ways. One of the pathways is that low temperatures inhibit

floral induction, and low temperature-treated plants

appeared to be less sensitive to SD conditions (Hisamatsu

et al., 2017; Vegis, 1964). The other pathway is that pro-

longed low-temperature exposure can break the dormant

state of the meristem and induce flowering. The low-

temperature requirement for flowering competence is also

called ‘vernalization’ (Schwabe, 1950). However, little is

known about the underlying molecular mechanisms by

which temperature-sensitive chrysanthemum initiates

flowering in response to low temperatures. Our current

work provides a novel molecular framework: the C3H1–
MAF2 module responds to low temperatures to induce

flowering in temperature-sensitive chrysanthemum. Under

low-temperature conditions, CmMAF2 expression was

upregulated by CmC3H1 to repress the expression of

CmGA20ox1 and reduced the levels of bioactive GAs.

When returning to warm temperatures, CmMAF2 expres-

sion was reduced, the expression of CmGA20ox1 was

induced, and high bioactive GA levels rapidly induced

CmLFY expression, thereby initiating floral transition (Fig-

ure 8).

Cys3His-type zinc finger proteins have been reported

to play critical roles in a broad range of processes, such as

plant growth, development, and stress responses, in Ara-

bidopsis (Bogamuwa & Jang, 2014). However, the mecha-

nisms underlying the roles of C3H1 in regulating flowering

time in response to low temperatures remained unknown.

In the present work, CmC3H1 expression was significantly

upregulated upon exposure to low temperatures in a

temperature-sensitive chrysanthemum ecotype. CmC3H1

activated the expression of the downstream gene CmMAF2

by directly binding to its promoter region. Both CmC3H1

and CmMAF2 expression decreased rapidly after returning

to warm temperatures. Hence, we conclude that CmC3H1

acts directly upstream of CmMAF2 and plays important

roles in regulating flowering time in response to low tem-

peratures.

Floral transition in the low temperature-sensitive

chrysanthemum ecotype requires low-temperature expo-

sure, which is also referred to as ‘vernalization’ (Sch-

wabe, 1950). In A. thaliana, AtFLC expression was reported

to be gradually downregulated during vernalization, and

the flowering process was completed at these low expres-

sion levels after low-temperature treatments (Whittaker &

Dean, 2017). AtMAF2 is considered to be one of the close

homologs to AtFLC, which regulates flowering time in

response to vernalization (Gu et al., 2013; Ratcliffe

et al., 2003). However, our present results show that the

expression pattern of CmMAF2 in response to low temper-

atures is completely different from that of AtFLC. In

temperature-sensitive chrysanthemum, CmMAF2 expres-

sion was upregulated during low-temperature treatment

and downregulated when normal temperatures were

sensed (Figure 3a,b). Besides, CmMAF2 can directly target

the GA biosynthesis gene CmGA20ox1 and regulate the

biosynthesis of bioactive GAs. After long-term exposure to

low temperatures, the plants showed early flowering due

to increased levels of bioactive GAs (Figure 1d,e; Figure 2a).

Prolonged exposure to low temperature appears to induce

flowering in this ecotype. Application of exogenous GAs

can promote flowering in chrysanthemum (Figure 2b–d)
(Yang et al., 2014). On the contrary, reducing GA levels

with PAC delays flowering (Figure 5b–d). Hence, GA is a

prominent phytohormone promoting floral induction in the

temperature-sensitive chrysanthemum ecotype. Mean-

while, GA can circumvent the prolonged low-temperature

requirements for flowering.

The relationship between low temperatures and GA

levels has been elucidated in several plant species. For

Figure 6. CmMAF2 represses the expression of CmGA20ox1 by binding to its promoter. (a) Schematic representation of three CArG-box sequences and their

positions in the 600-bp sequence immediately upstream from the CmGA20ox1 transcription start site (TSS). (b) Interaction between CmMAF2 and the three

CArG-boxes in the CmGA20ox1 promoter, shown by a Y1H assay. The p53-AbAi bait vector and the p53 fragment prey vector were used as positive controls. All

interactions were examined on SD/�Leu medium supplemented with 100 mg ll�1 AbA. (c) CmMAF2 affects the transcriptional activity of CmGA20ox1, as shown

using a dual-luciferase reporter assay in Nicotiana benthamiana leaves. A 680-bp CmGA20ox1 promoter sequence was used. mPro-GA20ox is the same pro-

moter fragment with the three CArG cis-elements mutated. LUC indicates the pGreenII 0800-LUC empty vector containing the REN gene under the control of the

35S promoter. SK indicates the empty pGreenII 0029 62-SK vector. Samples were infiltrated into N. benthamiana leaves, and LUC and REN activities were

assayed 3 days after infiltration. Three independent experiments were performed, and error bars indicate standard deviation. (d) The interaction of CmMAF2

and biotin-labeled CArG cis-elements as shown by EMSA. The oligonucleotide sequences of three CArG-boxes from the CmGA20ox1 promoter were used as

probes. The core sequences are underlined. The purified protein (2 lg) was incubated with 40 nmol of labeled WT or mutated probes. Non-labeled probes at

various concentrations (10–100-fold) were added for the competition test. (e) Transcript abundance of CmGA20ox1 in WT and CmMAF2-RNAi plants infected

with CaLCuV or CaLCuV-amiR-CmGA20ox1. (f,h) Representative photographs of WT and CmMAF2-RNAi plants infected with CaLCuV or CaLCuV-amiR-

CmGA20ox1 after 15 weeks of growth (f) and at flower blooming (h) under LD conditions. (g,i) Plant heights (g) and days to initial flower bud emergence (i) were

recorded (n > 5). Error bars indicate standard deviation. Asterisks indicate significant differences according to a Student’s t-test (*P < 0.05, **P < 0.01). Different

letters indicate significant differences according to Duncan’s multiple range test (P < 0.05). Red scale bars, 1 cm; white scale bars, 5 cm.
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example, in radish (Raphanus sativus) and field pennycress

(Thlaspi arvense), the application of exogenous GA3 can

substitute for the vernalization requirement (Metzger, 1985;

Suge & Rappaport, 1968), and in winter canola, GA levels

increase at the end of vernalization (Zanewich &

Rood, 1995). In the herbaceous perennial A. alpine, PEP1,

another MAF2 homolog, regulates GA metabolism by

binding to GA2ox rather than GA20ox. Additionally, in A.

alpine, GA does not overcome the vernalization require-

ment but reduces the duration of the vernalization time

needed. Bioactive GA1 levels are unchanged during or after

vernalization, whereas GA4 levels are reduced during ver-

nalization and then increase after vernalization (Tilmes

et al., 2019). Our experiments showed that in the

Figure 7. CmC3H1 directly activates CmMAF2 expression in response to low temperatures. (a,b) Expression of CmC3H1 was analyzed by qRT-PCR in leaves (a)

and shoot tips (b). (c) Interaction between CmC3H1 and different regions in the CmMAF2 promoter, as shown by a yeast one-hybrid assay. All interactions were

examined on SD/�Leu medium supplemented with 100 mg ll�1 AbA. (d) ChIP analysis of the indicated fragments (P1–P7) in the CmMAF2 promoter. The chro-

matin of pSuper::CmC3H1-GFP chrysanthemum plants was immunoprecipitated with an anti-GFP antibody and pSuper::GFP chrysanthemum plants served as a

negative control. The amount of the indicated DNA fragment was determined by qRT-PCR and normalized to the pSuper::GFP control (set to 1 for each frag-

ment). (e,f) Interaction between CmC3H1 and the CmMAF2 promoter, as shown using a dual-luciferase reporter assay in Nicotiana benthamiana leaves. A 774-

bp CmMAF2 promoter sequence was used. Representative photographs of firefly luciferase fluorescence signals are shown in (e) and the relative LUC/REN ratio

is shown in (f). (g) Transcript abundance of CmC3H1 in transiently CmC3H1-silenced chrysanthemum plants. (h) Representative photographs of WT plants

infected with CaLCuV or CaLCuV-amiR-CmC3H1 after 14 weeks of flower blooming under LD conditions. (i) Days to initial flower bud emergence were recorded

(n > 5). (j) Expression of CmMAF2 and CmGA20ox1 in transiently CmC3H1-silenced chrysanthemum plants. Error bars indicate standard deviation. Asterisks

indicate significant differences according to a Student’s t-test (**P < 0.01). Red scale bars, 1 cm; white scale bars, 5 cm.
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temperature-sensitive chrysanthemum ecotype, CmMAF2

regulates GA metabolism under low-temperature condi-

tions by binding to CmGA20ox1, causing a reduction in the

levels of both bioactive GA1 and GA4. Meanwhile, in

CmMAF2-silenced transgenic plants, bioactive GA1 and

GA4 levels increased, contributing to early flowering (Fig-

ure 5a). When GA levels were reduced by PAC treatment,

the transgenic plants showed reversed phenotypes. Hence,

in the temperature-sensitive chrysanthemum ecotype, both

GA1 and GA4 levels affect floral induction. Collectively, the

GA metabolism in response to low temperatures is distinct

between chrysanthemum and other species.

It has been reported that three FT-like genes (CsFTL1,

CsFTL2, and CsFTL3) play important roles in photoperiod-

sensitive chrysanthemum, and their expression is induced

by SD signals regulating floral transition via the photope-

riod pathway (Higuchi et al., 2013). However, our present

results showed that in temperature-sensitive chrysanthe-

mum, CmLFY is the critical floral gene responsible for inte-

grating the low-temperature and GA pathways.

MATERIALS AND METHODS

Plant materials and growth conditions

Chrysanthemum (C. morifolium cv. Summer Yellow), which has a
low-temperature sensitivity, was used in this study. Plants were
propagated on half-strength Murashige and Skoog (1/2 MS) med-
ium for 30 days before being transplanted into 9 cm diameter pots
containing a 3:1 (v/v) mixture of peat and vermiculite. For LD con-
ditions, plants were grown in a culturing room at 23 � 1°C, with a
relative humidity of 40% and 100 lmol m�2 sec�1 illumination with
fluorescent lamps (16 h light/8 h dark). For SD treatments, plants
were transferred to a culturing room with an 8 h light/16 h dark
regime and the same humidity and light quality.

Treatments

For low-temperature treatments, plants were transferred to a
4 � 1°C chamber under either LD conditions for 5 weeks or SD
conditions for 8 weeks and then transferred back to normal

temperature under SD or LD conditions. To observe the pheno-
type in the field, the plants were treated with 5 weeks of low tem-
perature (4 � 1°C) in a chamber and then transferred to the
Shangzhuang Experimental Station of China Agricultural Univer-
sity in May (Beijing, China). For GA treatments, plants were
sprayed after transplanting with 10 lM or 100 lM GA4/7 (Sigma
Aldrich, Saint Louis, MO, USA) and grown under either LD or SD
conditions at 23 � 1°C. GA4/7 was dissolved in 10% ethanol, and
the same ethanol concentration was used as a mock control.
Plants were sprayed with GA4/7 twice a week for 2 months. For
PAC treatment, both CmMAF2-RNAi transgenic and WT plants
were sprayed with 250 mg L�1 PAC (Sigma Aldrich) twice a week
for 5 weeks. PAC was dissolved in 1% dimethyl sulfoxide (DMSO),
and the same concentration of DMSO without PAC was used as a
mock control.

Gene cloning

We obtained full-length CmMAF2, CmC3H1, and CmGA20ox1
cDNA using the SMARTTM RACE cDNA amplification kit (Clontech,
Shiga-ken, Japan) according to the manufacturer’s instructions.
Genomic DNA was extracted from chrysanthemum leaves using
the cetyltrimethyl ammonium bromide method (Huang
et al., 2000), and promoters were cloned using inverse PCR and
thermal asymmetric interlaced PCR with 2X M5 HiPer plus Taq
HiFi PCR mix (Mei5 Biotech, China) (Liu & Chen, 2007). All primers
used are listed in Table S1.

Sequence analysis

The conserved MADS-box and zinc-finger domains were predicted
using InterProScan (Jones et al., 2014). Multiple amino acid
sequences were aligned using ClustalW (Thompson et al., 1994)
with default parameters, and the result is shown in BioEdit format
(Hall, 1999). The phylogenetic tree was constructed using the
neighbor-joining algorithm with 1000 bootstrap replicates using
MEGA 5.0 software (Tamura et al., 2011). The protein sequences
of CmMAF2 homologs were identified in the National Center for
Biotechnology Information (NCBI) database. The cis-elements in
the CmGA20ox1 and CmGA2ox1 promoters were analyzed using
the PlantCARE program (Lescot et al., 2002).

qRT-PCR analysis

Tips of the fourth expanded leaves were collected from five repli-
cates for each sample at Zeitgeber time 10 (ZT10). Total RNA was

Figure 8. A schematic model describing the C3H1–
MAF2 module and its response to low temperatures

to induce flowering in temperature-sensitive

chrysanthemum ecotypes. Under low-temperature

conditions, CmMAF2 expression is upregulated by

CmC3H1 to repress the expression of CmGA20ox1,

reducing bioactive GA levels. When returning to

warm temperatures, CmMAF2 expression is

reduced to release the expression of CmGA20ox1,

and high bioactive GA levels rapidly induce CmLFY

expression, thereby initiating floral transition.
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extracted using the RNAiso Plus reagent (TaKaRa, Japan) accord-
ing to the manufacturer’s instructions. One microgram of total
RNA was reverse transcribed to cDNA using the HiScript II Q
Select RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme Biotech
Co., Ltd, China), and qRT-PCR (in a volume of 20 ll containing 2 ll
cDNA as the template) was carried out using the StepOne Real-
Time PCR System (Applied Biosystems, USA) in standard mode
with a KAPA SYBR FAST Universal qRT-PCR Kit (Kapa Biosystems,
USA). The chrysanthemum UBIQUITIN gene (GenBank accession
NM_112764) was used as an internal control. Relative expression
was calculated using the 2�DDCt method (Livak & Sch-
mittgen, 2001). The gene-specific primers are listed in Table S1.

Chrysanthemum transformation

To generate the RNAi vector, 305-bp CmMAF2-specific sense and
antisense fragments were amplified using two pairs of primers
containing either AscI/SwaI or PacI/BamHI sites. The resulting PCR
products were digested with the abovementioned restriction
enzymes and then inserted into the binary vector PFGC1008
digested with the same enzymes to form an intron-containing
‘hairpin’ RNA construct containing the cauliflower mosaic virus
35S promoter. This plasmid was then introduced into Agrobac-
terium tumefaciens strain EHA105 by the freeze–thaw method and
transformed into chrysanthemum by A. tumefaciens-mediated
transformation. Each explant for transformation (1.0 cm 9 1.0 cm
square leaf) was derived from a young chrysanthemum leaf and
pre-cultured on MS medium for 3 days. After agro-infiltration, the
explants were placed under dark conditions for 2 days. Next, the
infected explants were washed gently in washing medium (4.4 g
L�1 MS medium, 30 g L�1 sucrose, 200 mg L�1 cefotaxime, pH 5.8)
and transferred to shoot-inducing medium (4.4 g L�1 MS medium,
30 g L�1 sucrose, 0.3 g L�1 1-naphthaleneacetic acid [NAA], 3.0 g
L�1 6-benzylaminopurine [6-BA], 200 mg L�1 cefotaxime, 1.0 mg
L�1 hygromycin B, 6.4 g L�1 agar, pH 5.8) for 3 days. The medium
was changed every 2 weeks. Elongated shoots were placed into
rooting medium (4.4 g L�1 1/2 MS medium, 30 g L�1 sucrose,
0.02 mg L�1 NAA, 200 mg L�1 cefotaxime, 1.0 mg L�1 hygromycin
B, 7.8 g L�1 agar, pH 5.8) after 30 days.

Phenotypic measurements

To evaluate the time until initial flower bud emergence, the day of
transplanting was set as day 1. The time of the first visible flower
buds (2 mm diameter) was then recorded. The shoot apex and
inflorescence were dissected from the chrysanthemum under a
light microscope (Leica DFC450, Germany). After dissection, sam-
ples were immediately observed by scanning electron microscopy
(Hitachi S-4700, Japan) with an acceleration voltage of 2 kV.

Determination of GA contents

The shoot apex of CmMAF2-RNAi or WT plants was collected in
three replicates at ZT10. GA contents were determined by a com-
mercial company (Metware Biotechnology Co., Ltd., Wuhan,
China) using the AB Sciex QTRAP 6500 liquid chromatography–
tandem mass spectrometry platform. Raw data were analyzed by
Analyst 1.6.3 software (AB Sciex, Waltham, MA, USA).

RNA-seq analysis

Total RNA samples were extracted from the top four expanded
leaves of WT plants grown at low temperature for 5 weeks and
after 1 week or 5 weeks of returning to normal conditions. Three
biological replicates were collected for each time point. RNA-seq
libraries were prepared (Zhong et al., 2011) and sequenced using

the HiSeq 2000 (Illumina) platform at Novogene Co. Ltd. (Beijing,
China, http://www.novogene.com/). RNA-seq data were processed,
assembled, and annotated as previously described (Wei
et al., 2017).

EMSA

EMSA was performed using the LightShift Chemiluminescent
EMSA Kit (Thermo Fisher) according to the manufacturer’s
instructions with minor modifications. Briefly, the PGEX-4 T-2-
CmMAF2 recombinant vector was used to express the GST-
CmMAF2 fusion protein before purification as previously
described (Liu et al., 2017). Next, 40 nmol of labeled WT or
mutated probes was incubated with 2 lg of protein in 20 ll reac-
tion buffer (2 ll of 109 binding buffer, 1 ll of 1 lg ll�1 poly(dI:dC),
1 ll of 50% glycerol, 1 ll of 1% NP-40, and 10 mM ethylenedi-
aminetetraacetic acid) at 25°C for 30 min. Complementary biotin-
labeled, mutated, and unlabeled 30 end DNA oligonucleotides
were synthesized and annealed. Unlabeled DNA was used as a
competitor probe. The probe sequences are shown in Table S1.

Yeast one-hybrid assay

Protein and DNA interactions in yeast cells were determined using
the MatchmakerTM Gold Yeast One-Hybrid Library Screening Sys-
tem (Clontech, Japan). To test whether CmMAF2 binds to the pro-
moter of CmGA20ox1, the CmMAF2 full-length sequence was
inserted into the pGADT7 vector, and the CmGA20ox1 promoter
and mutated fragments were inserted into the pAbAi vector (Clon-
tech, Japan). Interactions were examined on SD/�Leu medium
with 100 mg ll�1 aureobasidin A (AbA) (Clontech, Japan). To iden-
tify the upstream gene of CmMAF2, we created a Y1H library
using high-quality chrysanthemum cDNA. Then, the promoter
sequence of CmMAF2 was divided into three fragments and
inserted into the pAbAi vector. After screening the Y1H library, we
confirmed the screening results. Primers used are shown in
Table S1.

Dual-luciferase reporter assay in N. benthamiana

To investigate whether CmMAF2 regulates CmGA20ox1 directly
in vivo, we used the pGreenII 0800-LUC and pGreenII 0029 62-SK
vectors (Hellens et al., 2005). A 680-bp CmGA20ox1 promoter
sequence and the same sequence with three mutated cArG-boxes
were inserted into the BamHI/NcoI sites of the pGreenII 0800-LUC
vector. The CmMAF2 coding sequence was amplified by PCR and
inserted into the pGreenII 62-SK vector using BamHI and KpnI.
Similarly, to investigate whether CmC3H1 regulates CmMAF2
directly in vivo, a 774-bp CmMAF2 promoter sequence was
inserted into the HindIII/BamHI sites of the pGreenII 0800-LUC vec-
tor, and the CmC3H1 coding sequence was inserted into the
pGreenII 62-SK vector using EcoRI and KpnI.

All constructs were transformed into A. tumefaciens strain
GV3101 harboring the pMP90 and pSoup plasmids (Hellens
et al., 2000). Nicotiana benthamiana plants with three to five
young leaves grown at 22°C under LD conditions were used as
materials. Mixtures of A. tumefaciens cultures expressing either
the coding sequence or the promoter fragments (v:v, 1:5) were
infiltrated into N. benthamiana leaves using a needleless syringe
(Wei et al., 2017). LUC and REN activities were measured using
dual-luciferase reporter assay reagents (Promega, USA) and a Glo-
Max 20/20 luminometer (Promega, USA). The ratios of LUC and
REN are expressed as activation or repression. The LUC images
were taken using an iKon-L936 imaging system (Andor Tech,
Belfast, UK).
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Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation experiments were carried out fol-
lowing a previously described protocol (Saleh et al., 2008). The
full-length sequence of CmC3H1 without the stop codon was
inserted into the pSuper1300 (GFP-C) vector using XbaI and KpnI.
The resulting constructs and empty vector control were separately
introduced into A. tumefaciens strain EHA105. Afterward,
Agrobacterium cultures were harvested by centrifugation, resus-
pended in infiltration buffer (10 mM MES, 10 mM MgCl2, and
200 mM AS, pH 5.6) to a final OD600 of 1.0, and infiltrated into
chrysanthemum leaves using a needleless syringe. After 3 days,
approximately 1.5 g of young leaves was fixed by incubation in
1% formaldehyde under vacuum for 10 min. The reaction was
stopped by adding 2.5 ml 2 M glycine (0.125 mM final concentra-
tion) for another 5 min under vacuum. The leaves were washed
twice with deionized water and frozen in liquid nitrogen. Chro-
matin was then extracted and sonicated, followed by overnight
immunoprecipitation using anti-GFP (BE2001, Easybio, Beijing,
China) and Magna ChIPTM Protein A + G Magnetic Beads (EMD Mil-
lipore, USA). The co-precipitated DNA was purified with a QIA-
quick PCR Purification Kit (Qiagen GmbH, Germany). qRT-PCR
was conducted to measure the enrichment of DNA fragments. Pri-
mers are listed in Table S1.

In situ hybridization

Shoot apices were fixed in 3.7% formalin–acetic acid–alcohol over-
night. Specific CmGA20ox1 probes were designed according to
the 30 untranslated region. Sense and antisense probes were syn-
thesized using SP6 and T7 RNA polymerase, respectively. In situ
hybridization experiments were performed as previously
described (Zhang et al., 2013). Primers are listed in Table S1.

Virus-induced gene silencing

To silence CmGA20ox1 and CmC3H1 in chrysanthemum, a previ-
ously reported virus-based microRNA expression system was
used (Tang et al., 2010; Xu et al., 2020). A modified CaLCuV vector
containing pre-cmo-GA20ox1 (CaLCuV + GA20ox1) and pre-cmo-
C3H1 were generated and introduced into A. tumefaciens strain
GV3101. The transformed A. tumefaciens cultures were inoculated
overnight in LB medium and resuspended in infiltration buffer to
a final OD600 of 1.5.

Then, the cultures containing pCVB and CaLCuV- GA20ox1 or
pCVB and CaLCuV (control) were mixed in a 1:1 ratio (v/v) and
incubated in the dark at 28°C for 3–4 h before vacuum infiltration.
Fifty-day-old WT and RNAi-CmMAF2 plants immersed in infiltra-
tion buffer were vacuum-treated (�0.7 MPa) for 3 min. Similar to
the previous treatment, 50-day-old WT plants immersed in infiltra-
tion buffer containing pCVB and CaLCuV- C3H1 or pCVB and CaL-
CuV (control) were vacuumed (�0.7 MPa) for 3 min. Then, the
plants were placed in the dark at 8°C for 3 days and transplanted
into pots filled with a 1:1 (v/v) mixture of peat:vermiculite and
grown at 23 � 1°C under LD conditions. The silenced plants were
validated by RT-qPCR to determine the expression of CmGA20ox1
or CmC3H1. Three independent experiments were performed, and
at least six positive plantlets were used to observe the pheno-
types.
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