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ABsTrACT
In plants, flowering is a critical developmental transition orchestrated by four regula‑

tory pathways. Distinct alleles encoding mutant forms of the Arabidopsis potential 
calcium sensor CML24 cause alterations in flowering time. CML24 can act as a switch in 
the response to day length perception; loss‑of‑function cml24 mutants are late flowering  
under long days, whereas apparent gain of CML24 function results in early flowering. 
CML24 function is required for proper CONSTANS (CO) expression; components 
upstream of CO in the photoperiod pathway are largely unaffected in the cml24 
mutants. In conjunction with CML23, a related calmodulin‑like protein, CML24 also 
inhibits FLOWERING LOCUS C (FLC) expression and therefore impacts the autonomous 
regulatory pathway of the transition to flowering. Nitric oxide (NO) levels are elevated 
in cml23/cml24 double mutants and are largely responsible for FLC transcript  
accumulation. Therefore, CML23 and CML24 are potential calcium sensors that have 
partially overlapping function that may act to transduce calcium signals to regulate NO 
accumulation. In turn, NO levels influence the transition to flowering through both the 
photoperiod and autonomous regulatory pathways.

INTroDuCTIoN
The switch from leaf to flower production is critically important for plants. Many 

plants flower in response to seasonal day length. For example, 14 or more hours of light 
accelerate floral induction in Arabidopsis. This photoperiod pathway involves circadian 
regulation of CONSTANS (CO) transcription1,2 and the coincident perception of light 
that is necessary for CO protein stabilization.3 The autonomous pathway inhibits prema-
ture flowering through FLOWERING LOCUS C (FLC).4,5 FLC and other autonomous 
pathway genes also affect the circadian clock indicating crosstalk between the photoperiod 
and autonomous pathways.6

The photoperiod and autonomous pathways are also both affected by nitric oxide 
(NO).7 Mutants that overproduce NO are late flowering and have reduced CO and 
enhanced FLC expression; whereas the loss of function of a gene called NO ASSOCIATED 
1 (AtNOA1) (previously called NO SYNTHASE 1, AtNOS1) results in early flowering, 
elevated CO expression, and reduced FLC expression.7,8 The mechanism that regulates 
NO accumulation during flowering is unclear.

Cytosolic calcium (Ca2+) levels oscillate with a 24-hour rhythm in plants.9 The  
amplitude and kinetics of Ca2+ fluctuations reflect light intensity and day-length  
onditions.10 Thus, Ca2+ oscillations have the potential to act as intracellular signals to 
integrate biological clock output and environmental stimuli and to regulate flowering 
transition. However, evidence for a functional role of the Ca2+ oscillations in plants has 
not yet been obtained.9

In many organisms, calcium (Ca2+) signals are sensed by calmodulin (CaM). 
Arabidopsis has a large family of CAM and CAM-like (CML) genes; the physiological 
functions of these potential Ca2+ sensors remain largely unknown.11,12 Arabidopsis 
with a silenced CML24 flower later than wild type when grown under long-day  
photo-periods.13 Here we report that CML24 and its close paralog CML23 regulate the 
transition to flowering by affecting CO and FLC expression and NO accumulation.
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resulTs
CML23 and CML24 share sequence 

similarity and developmental expression 
patterns. CML23 and CML24 likely arose by 
segmental duplication and encode proteins 
that share 78% sequence identity11 (Fig. 1). 
To gain insight into whether the paralogous 
genes may share overlapping function, we 
sought to compare expression characteristics 
of CML23 with that previously determined 
for CML24.13 RT-PCR indicates that CML23- 
and CML24-specific mRNAs accumulate 
in all major organs, including rosette and 
cauline leaves, roots, flowers and imma-
ture siliques13 (additional data not shown). 
CML24 expression levels are on average 
14-fold greater than that of CML23, based 
on Genevestigator14 analysis. Approximately 
two kb of sequences found upstream of the 
CML23 translational start site were recom-
bined with the GUS reporter gene, and six 
independent transgenics were generated 
and found to share similar GUS expres-
sion patterns (data not shown). CML23:GUS 
expression is detected throughout the hypo-
cotyl, and diffusely in most central portions of the cotyledons, 
and the proximal and most distal root regions of four-day-old  
light-grown seedlings (Fig. 2A). CML23:GUS is expressed at  
hydathodes (Fig. 2B), guard cells (Fig. 2C) and inflorescence branch 
points (Fig. 2D). Epidermal, columellar and border-like cells of the 
root have CML23:GUS staining (Fig. 2E), in addition to emerging 
lateral roots and some root hairs (Fig. 2F). In developing flowers, 
CML23:GUS activity is in anthers and pollen (Fig. 2G and inset), 
and stigma of mature flowers (Fig. 2G). CML23:GUS expression is 
high in silique funiculi (Fig. 2H) and the abscission zone (Fig. 2G 
and I). Aspects of expression patterns detected with CML24:GUS 
transgenes13 are highly similar to that of CML23:GUS transgenics 
shown in Figure 2. For example, expression in stomata, hydathodes 
and silique abscission zones are indistinguishable between the two 
genes (Fig. 2).13 However, although CML23:GUS and CML24:GUS 
are both expressed at branching points, CML23:GUS staining is seen 
most prominently in the adaxial region of the branch (Fig. 2D), 
whereas CML24:GUS stains more uniformly and includes the abaxial 
branch region and portions of the primary inflorescence.13 Root tip 
expression is also distinct for the two genes. Whereas CML23:GUS 
expression is more restricted to the outer epidermal regions and the 
extreme root tip (Fig. 2E), CML24:GUS expression is absent from 
the distal tip but is in the meristematic and elongation zones.13 These 
analyses indicate that CML23 and CML24 are expressed in highly 
similar, yet non-identical patterns.

Identification and molecular characterization of cml23 and  
cml24 mutants. To probe the functions of the CML23 and CML24 
genes, we isolated mutants. Tilling was used to identify point mut- 
ations in CML24.15 cml24-1 and cml24-2 are substitutions of  
glutamates (E) for glycines (G) at positions 6 and 67, respectively; 
cml24-4 has lysine (K) instead of E at amino acid 124 (Fig. 1). 
Two CML23 T-DNA insertion alleles were identified from the Salk  
collection.16 Sequencing from the left border verified the inser-
tion sites (Fig. 1). CML23 transcripts are undetectable from either 
mutant using RT-PCR (data not shown), suggesting that cml23‑1 
and cml23‑2 are null alleles.

To evaluate the potential consequences of the three point muta-
tions on CML24 accumulation, we used anti-CML24 antibodies 
to detect the protein in extracts from wild type (Col-0) and cml24 
mutants. SDS-PAGE followed by immunoblotting reveals that all 
the mutants accumulate CML24 protein (Fig. 3). Although Figure 3 
suggests that there may be subtle differences in CML24 accumula-
tion among the mutants, additional independent immunoblotting 
analyses indicate that these apparent quantitative differences are not 
consistently seen (data not shown). These results indicate that the 
cml24-1, cml24-2 and cml24-4 amino acid substitutions do not 
significantly affect overall protein accumulation.

To begin to elucidate whether CML24 protein function is affected 
by the cml24-1, cml24-2 and cml24-4 amino acid substitutions, 
we assessed the ability of the mutant proteins to undergo Ca2+- 
dependent conformational changes. CML24, like CaMs, displays a 
Ca2+-dependent mobility shift in SDS-Page.13 Wild-type CML24, 
mutant CML24 proteins, and protein produced heterologously in  
E. coli run faster in the presence of Ca2+ than in the presence of 
EGTA (Fig. 3). Thus, these mutant CML24 proteins can bind  
Ca2+ and undergo conformational changes as a consequence. 
However, loss of a single Ca2+-binding site or modest reductions 
in Ca2+ binding affinities may not be detectable with this assay. 
For example, the amino acid substitution in cml24-2 is predicted 
to reduce Ca2+ affinity of the second EF hand because of the loss 
of the highly conserved G at position 6 in the Ca2+-binding loop. 
Future experiments with more sensitive Ca2+ affinity assays will 
reveal whether the mutations cause subtle alterations in CML24 
biochemical activity and/or structural conformations. In addition, 
experiments are underway to test the possibility that the mutations 
affect the ability of CML24 to interact with target proteins.

The photoperiod pathway is altered in cml24 mutants. The 
cml24‑4 mutant flowers later than wild type in long-day photo-
periods of 16-hour (Fig. 4A) and 24-hour (data not shown) light 
and generates a greater number rosette leaves than wild type prior 
to flowering (Fig. 4D). Altered rosette leaf number at flowering is 

Figure 1. CML23 and CML24 are calmodulin‑like proteins. Amino acid sequence alignment of 
Arabidopsis CML24 (At5g37770), CML23 (At1g66400), and one of the calmodulins, CaM2 
(At2g41110). Shaded amino acids indicate sequence similarity, underlines delineate EF‑hand Ca2+ 
binding loops, letters above the CML24 sequence indicate amino acid substitutions in the cml24‑1, 
cml24‑2, and cml24‑4 mutants, the solid triangles indicate the two independent insertion sites of the 
T‑DNA insertions in CML23. Amino acid numbers are at right.
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an indicator that flowering time differences are the consequence of 
defective regulation of floral induction and not simply altered growth 
rate. cml24‑4 flowering is comparable to wild type when grown in 
short-day photoperiods (Fig. 4C and E), subjected to an extended 
cold period (data not shown), or treated with gibberellin (GA) 
(data not shown). These three results indicate, respectively, that the 
autonomous, vernalization and GA flowering regulatory pathways 
are intact.17 cml24‑4 is thus specifically defective in the photope-
riod pathway. The coincidence of a photoperiod-specific defect in 
both cml24‑4 and CML24-silenced plants,13 for which little or no  
CML24 protein is detectable,13 suggests that the E124K mutation in 
cml24‑4 causes at least a partial loss of CML24 function.

Conversely, cml24‑2 flowers early (Fig. 4A) and produces fewer 
rosette leaves prior to flowering (Fig. 4D) in long-day photoperiods. 
cml24‑2 flowering time resembles that of wild type in short days 
(data not shown). The opposing effect on flowering time of the 
cml24‑2 and cml24‑4 mutations suggests that the cml24‑2 G67E 
mutation may result in a constitutively active CML24. Consistent 
with a possible gain of function, cml24‑2 is a dominant mutation; 
plants heterozygous for the mutation also flower early under long-day 
conditions (data not shown). Together these data indicate that 
CML24 may act as a regulatory switch, stimulating flowering when 
activated and inhibiting flowering when inactive.

CML23 contributes to flowering regulation under long days. 
Flowering time and rosette leaf number at flowering are not signifi-
cantly affected in cml23‑1, cml23‑2 or cml24‑1 under long or short 
photoperiods (Fig. 4B, D and E, and data not shown). However, when 
the cml23‑2 and cml24‑1 mutations are combined in double mutants, 
the transition to flowering in long days is delayed (Fig. 4A and D). 
These data indicate that CML23 and CML24 have overlapping roles in 

Figure 3. Mutant CML24 proteins show a Ca2+‑dependent mobility shift. 
Wild type (Col‑0) and mutant CML24 proteins (cml24‑1, cml24‑2 and 
cml24‑4) were analyzed along side purified CML24 produced heterolo‑
gously in E. coli (CML24rec). Protein samples contained either 5 mM CaCl2 
(+) or 5 mM EGTA (‑) and were separated by 13% SDS‑PAGE. The proteins 
were transferred to nitrocellulose membrane and probed with anti‑CML24 
antibody. The faster migration of wild‑type, mutant, and recombinant CML24 
in the presence of Ca2+ than in the presence of EGTA indicates that mutations 
in cml24‑1, cml24‑2 and cml24‑4 do not completely impair Ca2+ binding 
and consequent conformational changes.

Figure 2. CML23:GUS is expressed in many organs and throughout development. CML23:GUS is expressed in (A) four‑day‑old seedlings, (B) cauline 
leaves, (C) guard cells, (D) branch junctions on the inflorescence stem, (E) root tip, (F) sites of lateral root formation, (G) flower organs, (H) funiculi  
and (I) siliques.
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photoperiod regulation of flowering, that CML23 is dispensable in the  
presence of a wild-type CML24, and that cml24‑1 is likely a weak 
allele that manifests a late-flowering phenotype only when CML23 
is also defective.

Double mutants of cml23 and cml24 are defective in the autono-
mous pathway. The double mutants also flower later than wild 
type under short photoperiods, revealing a role for the related Ca2+ 

sensors in the autonomous pathway. Relative to wild type, cml23‑2/
cm24‑1 and cml23‑2/cml24‑4 flower later (Fig. 4B and C) and 
produce a greater number of leaves (Fig. 4E) under short-days of 
seven or eight hours of light. These double mutants respond to both 
vernalization and GA (data not shown), indicating that the CML23 
and CML24 functions are likely limited to the photoperiod and 
autonomous pathways regulating flowering.

CML23 and CML24 act upstream of CO and FLC. To begin 
to dissect where CML23 and CML24 act in the photoperiod and 
autonomous pathways, we analyzed expression of genes implicated 
in flowering regulation. FLOWERING LOCUS T (FT) and 
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) 
integrate regulatory information from both the photoperiod and  
autonomous pathways and promote flowering.17,18 The peak of 
FT transcript accumulation that occurs before the start of the dark 
transition is reduced in two late-flowering mutants analyzed, cml24‑4 
and cml23‑2/cml24‑1 (Fig. 5A). SOC1 expression is reduced in all 
the late-flowering mutants (Fig. 5B). In contrast, both FT and SOC1 
expression levels are elevated in the early-flowering cml24‑2 mutant 
(Fig. 5A and B). This altered gene expression in the cml mutants 
suggests that CML23 and CML24 act upstream of these pathway 
integrators.

FT and SOC1 expression levels are dependent upon CO protein 
activity.19-21 CO activity is regulated through coincident signals 
from the circadian clock and photoreceptors, which convey when the  
photoperiod is appropriate for flowering.1,2 The late-flowering mut-
ants cml24‑4, cml23‑2/cml24‑1 and cml23‑2/cml24‑4 have reduced 
CO transcript accumulation during the day (Fig. 5D), the time 
when CO mRNA accumulation can lead to stable and thereby  
functional protein product.3 cml24‑4 has the strongest effect, with  
a loss of 76% of the peak CO transcripts found in wild type at  
12 hours after dawn (Fig. 5D). CO expression levels in cml23‑2/
cml24‑1 and cml23‑2/cml24‑4 are reduced by 24% and 48%,  
respectively (Fig. 5D). In contrast, the early flowering mutant, 
cml24‑2, has elevated daytime CO expression (Fig. 5D). CO, FT, 
and SOC1 expression levels are comparable to wild type in cml24‑1 
(data not shown). Taken together, these data indicate that CML24 
is required for, and CML23 contributes to, the regulation of CO 
transcript accumulation during the day. The defect in daytime  
CO expression in the mutants may account, at least in part, for 
alterations in FT and SOC1 transcript levels and delayed flowering 
in long-day photoperiods.

Genes that act upstream of CO and the circadian clock appear 
largely unaffected by mutations in CML23 or CML24. Transcripts 
from GIGANTEA (GI) and FLAVIN‑BINDING, KELCH REPEAT, 
F‑BOX1 (FKF1), which are required for proper CO expression,1,22,23 
accumulate with nearly identical diurnal kinetics in wild type, 
cml24‑4, and cml23‑2/cml24‑1 (Fig. 5E and F). However, GI tran-
scripts do appear to begin to accumulate slightly earlier in the mutants 
(Fig. 5E). Leaf movements of the double mutants (cml23‑2/cml24‑1 
and cml23‑2/cml24‑4) reveal a possible circadian period lengthening 
(data not shown); however, the effect is likely too modest to account 
for the late flowering behavior. In addition, circadian CO expres-
sion continues in long-day entrained cml23‑2 and cml23‑2/cml24‑4 

placed in constant light conditions (data not shown). CML23 and 
CML24, therefore, are unlikely to play major roles in the regulation 
of the circadian clock or GI or FKF1 expression; however these 
paralogous Ca2+ sensors may act either downstream or in parallel 
with these photoperiod pathway components and at a regulatory step 
upstream of CO.

CO expression in wild type reaches a second peak during the 
night (Fig. 5D); the mechanism of this regulation is not well defined. 
cml24‑4 has reduced whereas cml23‑2/cml24‑1 and cml23‑2/cml24‑4 
have higher CO expression than wild type during the night (Fig. 5D). 
CO expression is unaffected in cml23‑2 mutants (data not shown); 
therefore, CML23 and CML24 have functional overlap in the  
darkness-specific repression of CO. The consequence of aberrant 
nighttime CO expression is, as yet, unclear because CO protein is 
unstable in the dark.3

Figure 4. CML23 and CML24 are required for appropriate timing of the 
transition to flowering. Wild type (Col‑0) and mutants were grown in16‑hour 
photoperiods (A) or short‑day eight‑hour (B) and seven‑hour (C) photoperiods 
and the percentages of plants flowering over time were recorded. Rosette 
leaf numbers at flowering onset from (A–C) were recorded for Col‑0 and 
mutants grown under (D) long‑day and (E) short‑day photoperiods. Values 
are means ± SEM (n = 6 to 33).
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Delayed flowering of double cml23/cml24, but not single,  
mutants in short-day photoperiods (Fig. 4B, C and E) indicate that 
CML23 and CML24 have overlapping functions regulating the 
autonomous pathway. FLC transcript levels are elevated several fold  
in cml23‑2/cml24‑1 and cml23‑2/cml24‑4 (Fig. 5C) and altered 
expression is detectable in the shoot apex (data not shown) where 
FLC is normally expressed.24 These results are consistent with the  
mutants flowering late in short days (Fig. 4B, C, and E). The 
single mutants, cml23‑2, cml24‑1 and cml24‑4, show no or only 
modest increases in FLC transcript accumulation (Fig. 5C and data 
not shown). The coordinate mis-regulation of both CO and FLC  
expression in the double mutants may explain why FT and SOC  
expression levels are more strongly affected in, for example, cml23‑2/
cml24‑1 than in cml24‑4 which is only modestly affected in FLC  
transcript levels. Although mutation of CML24 can be sufficient 
to affect photoperiod-regulated flowering time, the autonomous 

pathway is affected only when both CML23 and CML24 are 
impaired. We conclude that CML23 and CML24 act upstream of 
FLC to inhibit expression and thus promote flowering.

cml23 and cml24 mutants accumulate nitric oxide. NO has been 
shown to affect both the autonomous and photoperiod pathways 
by affecting FLC, GI and CO expression.7 Because NO and the 
CML23/CML24 proteins were found to both act in the regulation 
of FLC and CO, we wanted to determine whether the effects of 
cml23/cml24 mutations were the consequence of altered NO accu-
mulation regulation. Therefore, we compared NO levels in the cml23 
and cml24 mutants with wild-type plants. NO accumulation was 
monitored with an NO-sensitive fluorescent dye, 4-amino-5-meth-
yl-amino-2',7'-di-fluorofluorescein (DAF-FM DA) (Fig. 6). Plants 
were grown in 16 hours of light per day and under axenic condi-
tions to avoid possible effects of plant-associated microbes on NO 
levels. Comparable fluorescence is detected in wild-type, cml23‑2 
and cml24‑2 leaves (Fig. 6A and B). In contrast, the late-flowering 
mutants, cml24‑4, cml23‑2/cml24‑1 and cml23‑2/cml24‑4, have 
1.5- to 1.8-fold elevated fluorescence (Fig. 6A and B). These elevated 
DAF-FM fluorescence levels are comparable in magnitude to that 
seen in the late flowering NO over producer nox1.7 The elevated 
fluorescence in the late-flowering cml mutants is most likely due to 
higher NO accumulation because incubation with cPTIO, an NO  
scavenger, significantly reduces the DAF-FM fluorescence (Fig. 6A 
and B). Although DAF dyes can fluorescence in response to 
compounds likely distinct from NO itself, non-NO specific  
fluorescence is not reduced by cPTIO.25 Taken together these data 
indicate that loss of CML23 and CML24 results in elevated NO in 
leaves.

Aberrant NO accumulation is responsible for altered FLC 
expression in the cml Mutants. To investigate whether the elevated 
NO levels in the cml23/cml24 mutants may be responsible for altera-
tions in gene expression, we quantified FLC transcript abundance in 
wild-type and mutant plants grown under a 16-hour photoperiod, 
and treated with cPTIO to reduce NO levels. A 4-hour cPTIO treat-
ment has no significant effect on FLC transcript levels in wild type or 
cml24‑2, but strongly reduces FLC expression in the late-flowering 
cml24‑4, cml23‑2/cml24‑1 and cml23‑2/cml24‑4 mutants (Fig. 7). 
These results suggest that although NO may not be required for 
basal FLC expression, elevated NO is essential for the enhanced 
FLC expression in the late flowering cml24‑4, cml23‑2/cml24‑1 and 
cml23‑2/cml24‑4 mutants.

DIsCussIoN
CML23 and CML24: Potential Ca2+ sensors with non- 

identical but overlapping function. The Arabidopsis genome contains 
seven CaM-encoding genes and an additional 50 genes encoding 
CaM-like proteins.11 The physiological functions of these potential 
Ca2+ sensors remain largely unknown, despite the central role Ca2+ 
is thought to play as a second messenger. Comparative molecular 
modeling of CML24 based on the paramecium CaM crystal 
structure reveals that despite its sequence divergence from CaM, 
CML24 likely has an overall structure that closely resembles CaM 
with two globular domains separated by a linker helix.26 Like CaM, 
CML24 also binds Ca2+ and undergoes Ca2+-dependent conforma-
tional changes exposing hydrophobic patches.13 These characteristics  
indicate that CML24 is likely to be a CaM-like Ca2+ sensor. 
However, the sequence divergence of CML24 from CaMs argues 
that CML24 has functions that are distinct from those of CaM. 
This work provides genetic evidence for this idea because the CaMs 

Figure 5. Regulation of flowering time gene expression in cml mutants. Wild 
type and cml mutants were grown for two weeks in 16‑hour photoperiods 
and harvested at four‑hour intervals over a 24‑hour period (A, D, E and F) 
or 11 hours after dawn (A–C). Quantitative RT‑PCR was performed to detect 
abundances of (A) FT, (B) SOC1, (C) FLC, (D) CO, (E) GI, (F) FKF1 transcripts 
relative to TUB4 (encoding tubulin) transcripts. In (A), Col‑0 represented by 
the solid bar; cml24‑2 is the open bar. The light and dark periods for (A) and 
(D–F) are represented by the open bars and filled bar, respectively, above  
(A and D). Values are means ± SEM (n = 3 to 5).
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and other CMLs do not compensate for mutations in CML24 and 
the related paralog CML23. Therefore, distinct plant Ca2+-binding 
proteins likely have specialized cellular and physiological functions, 
as has been documented for animal CaM-like proteins.27

Tilling28 is a powerful technique to identify point mutations in 
genes of interest. Although we identified no point mutations that 
resulted in stop codons, we were able to isolate three distinct cml24 
mutants described here (Fig. 1).

Using Ca2+-dependent SDS-PAGE mobility shifts as an assay, 
we find that the mutant CML24 isoforms can all bind Ca2+ and 
change conformation (Fig. 3). However, because this assay may not 
reveal more subtle changes in Ca2+ binding, such as loss of Ca2+ 

binding by only one of the four predicted Ca2+-binding sites or 
a decrease in Ca2+ affinity, we are undertaking further biophysical 
studies to fully ascertain the affect of the three mutations on the 
Ca2+-binding abilities of the mutant CML24 proteins. It is also  
possible that the amino acid substitutions have no effect on 
Ca2+-binding but instead alter the ability of the CML24 proteins 
to interact with and/or regulate the activity of potential proteins.  
These possibilities are under current investigation.

Phenotypic analysis reveals that the late-flowering phenotype 
of cml24‑4 resembles that of cml24 gene-silenced lines (Fig. 4).13 

Therefore the cml24‑4 mutation likely results in at least a partial 
loss of function. cml24‑1 results in detectable nonwild-type pheno-
types only when combined with a mutant cml23 gene (Figs. 4–6). 
Therefore, cml24‑1 is likely a weaker allele than cml24‑4.  Distinctions 
between the cml23‑2/cml24‑1 and cml23‑2/cml24‑4 mutant pheno-
types may be explained by the difference in allele strength of the 
cml24‑1 and cml24‑4 mutations. Alternatively, distinct amino acid 
substitutions may differentially affect CML24 interactions with 
different targets. For example, distinct CaM mutants differentially 
interact with and regulate distinct target proteins and thus result 
in different downstream effects.29,30 To shed light on the distinct 
functional consequences of the different cml24 point mutations,  
we are identifying and isolating proteins that interact with CML24 
and may be downstream targets. To date, null mutations of CML24 
have not been identified. Although gene silencing approaches have 
the potential to be useful in characterizing full loss of CML24  
function, we found CML24 RNAi lines to be unstable (data not 
shown), and our concern about possible cross reactivity silencing 
related genes and potentially complicating interpretation has led us 
to focus our attention on the Tilling lines.

The cml24‑2 mutation results in a dominant phenotype that is 
opposite in character to cml24‑4 and CML24 gene silenced lines 
(Figs. 4 and 5)13 and therefore may be a gain of function mutant. 
Tilling thus enabled the identification of an allelic series of mutations 
that reveal that CML24 may act as a switch to control flowering time. 
Reduction or loss of CML24 function delays whereas gain of CML24 
function accelerates the transition to flowering under long-day 
conditions (Fig. 4).

CML23 is the closest relative to CML24, sharing 78% amino 
acid sequence identity with CML24 (Fig. 1).11 The paralogs likely 
derived from a segmental chromosome duplication revealed in part 
by their common placement adjacent to the paralogous CAM genes, 
CAM1 and CAM4, which encode identical proteins.11 CML23  
and CML24 share highly similar, yet nonidentical, development 
patterns of expression (Fig. 2);13 CML23 expression levels, however, 
are less than 10 percent that of CML24. Although phenotypic 
consequences of cml23 mutations have not yet been detected, combi-
nation of a cml23 null allele with a weak cml24 mutation (cml24‑1)  
results in late-flowering and over accumulation of NO (Figs. 4–7). 

Therefore, CML23 and CML24 share overlapping, but not identical, 
physiological functions.

Roles for potential Ca2+ sensors in regulation of the transition 
to flowering. Ca2+ levels fluctuate in response to many stimuli, 
including stimuli that affect flowering time, such as circadian 
rhythms,10 light31,32 and temperature.33-35 However, whether these 
Ca2+ fluctuations are responsible for regulating aspects of the  

Figure 7. Altered NO levels affect FLC transcript levels. Quantitative RT‑PCR 
of FLC levels relative to TUB4 were determined in 2‑week‑old plants grown 
under long‑day (16‑hr) photoperiods and treated with or without 0.4 mM 
cPTIO for 4 hours. Values are means ± SEM (n = 3 to 4).

Figure 6. CML23 and CML24 regulate NO accumulation in leaves.  
(A) Rosette leaves of two‑week‑old Col‑0 and cml mutants were treated with 
or without 0.4 mM cPTIO (NO scavenger) for four hours and then stained 
with DAF‑FM DA (NO sensitive fluorescence dye). Fluorescence was detected 
with 490‑495 nm excitation and 515 nm emission. (B) Average fluorescence 
intensity levels from the rosette leaves corresponding to the treatments in  
(A) were quantified using Image J (NIH). Values are means ± SEM (n = 6).
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flowering transition is unknown. The findings that the potential 
Ca2+ sensors CML23 and CML24 play roles in regulating the transi-
tion to flowering (Fig. 4) suggest the possibility that these proteins 
may integrate Ca2+ second messengers generated in response to the  
endogenous biological clock and exogenous environmental signals 
into the flowering regulatory pathways.

Mutations in CML24 alone affect the photoperiod pathway  
(Fig. 4A and D), whereas deletion of CML23 has no significant effect 
on flowering (Fig. 4B, D and E). Combining mutations in the two 
genes impacts both the photoperiod and the autonomous pathways 
(Fig. 4A–E). Thus, loss of CML23 reveals additional functions for 
CML24 in the autonomous pathway. However, the loss of CML23, 
when combined with CML24 mutations, also affects the photoperiod 
pathway. That is, the photoperiod defects in cml23/cml24 double 
mutants are not identical to defects of the cml24‑4 single mutants. 
However, because aberrant autonomous pathway regulation can 
impact photoperiod pathway circadian rhythms,6 it is possible that 
CML23 affects photoperiod pathway regulation indirectly through 
its function in the autonomous pathway.

Roles for potential Ca2+ sensors in regulation of nitric oxide  
accumulation. Plants, like animals, use NO as a signaling molecule. 
NO has been implicated in diverse physiological processes.36 
However, the major pathway(s) by which NO is generated is 
not clear. Two enzymatic pathways have been implicated in NO  
production in Arabidopsis, nitrate reductase (NR) and nitric oxide  
associated 1 (AtNOA1, previously called NOS1).8,37,38 AtNOA1- 
dependent NO production is required for proper transition to  
flowering.7 NO levels correlate with FLC expression levels and the  
timing of the transition to flowering.7 Scavenging NO can reduce  
FLC transcript accumulation in the late-flowering cml mutants  
(Fig. 7) consistent with the idea that elevated NO is necessary to 
promote elevated FLC expression. How NO levels are regulated in 
response to flowering pathway signals or environmental stress is not 
known. Elevated NO levels in cml23/cml24 mutants (Fig. 6) indicate 
that CML23 and CML24 have roles in inhibiting NO accumulation 
in plants. CML23:GUS (Fig. 2) and CML24:GUS13 expression in 
roots is high in the distal portion of the transition zone from which 
NO production is detected.38,39 One possibility is that the poten-
tial Ca2+ sensors directly affect the activities of NR or AtNOA1; 
alternatively, CML23 and CML24 may affect nonenzymatic NO 
production and/or NO scavenging.40,41 CaM directly regulates 
animal NO synthase.42 If CaM has a similar stimulatory activity in 
plants, CaM-related proteins, such as CML23 and CML24, may act 
as CaM competitive antagonists to block NO synthesis. Reciprocal 
regulation by two soybean CaM isoforms of mammalian NOS can 
occur in vitro.43

In summary, we have demonstrated overlapping roles for the 
Arabidopsis CML23 and CML24 potential Ca2+ sensor proteins in 
regulating the transition to flowering and NO accumulation. CML23 
and CML24 thus may function to integrate signaling information 
from cytosolic Ca2+ to the production and/or degradation of cellular 
NO to regulate flowering in Arabidopsis.

meThoDs
Plant material and growth conditions. Insertional mutants 

were obtained as segregating T3 populations from the Arabidopsis 
Biological Resource Center;16 Tilling mutants were obtained as 
homozygous and heterozygous populations from the Arabidopsis 
Tilling Project.28 Mutants were back crossed at least twice and all 
Arabidopsis used in this study are of the Col-0 ecotype. Plants were 

cultivated and flowering time assays were conducted as (described in 
ref. 13).

Generation and staining of the CML23:GUS transgenics. To 
generate the CML23:GUS plasmid the forward primer, 5'GGGG
CTGCAGCTGTCTTAATATTTGGTTGTACTAGA3', and the 
reverse primer, 5'GGGGGATCCTTTTTTAGAGAGAAATAGAA
GA 3', were used to amplify 1906 basepairs of sequences upstream of 
the CML23 translational start site. The amplicon was then direction-
ally ligated into the PstI/BamHI sites of the pCB301 binary vector44 
engineered to include the b‑GLUCURONIDASE (GUS) coding 
sequence and NOS termination sequence. The underlined bases 
introduce the restriction enzyme sites into the PCR product.

Agrobacterium transformation of Arabidopsis was performed 
using the floral dip method.45 CML23:GUS transgenics were 
submerged in a 100 mM Na-phosphate buffer, pH 7.0 staining solu-
tion containing 1 mM 5-bromo-4-chloro-3-indolyl-b-d-glucuronic 
acid with cyanide.46 Staining was visualized and photographed using 
the Zeiss axioscope (Carl Zeiss, Germany) and Leica MZFL III 
stereoscope (Switzerland).

Identification of homozygous cml23 and cml24 single and 
double mutants. To identify homozygous cml23 insertional  
mutants, PCR using CML23-specific primers (5'GGACATGTCGA
AGAACGTTTCGAGAAACTG3' and 5' CTGGCGCGCCAGAG
AGCCATTAAAGAAGCAAC3') and T-DNA specific primers (5' A
CTTGATTTGGGTGATGGTTCACGTAG3' and 5' GCAATAAT 
GGTTTCTGACGTATGTGCT3') was performed. Products  
generated were sequenced by Lone Star Sequencing (Houston, TX) 
to determine exact insertion sites and extent of sequence deletions. 
Point mutations generated and identified by Tilling were detected 
by differential restriction enzyme digestion of gene-specific PCR 
products. The following primer sets were used to identify mutants: 
cml24‑1 (G6E), 5'ATAAAGATGCCACCAGCTCACGCAATCTC3' 
and 5'TTGGCGCGCCTCAAGCACCACCACCATTACTCATC
ATCTTCTT3', cml24‑2 (G67E), 5'AACAGCATCACCAGAAGA
AACAGT3' and 5'GAAAAGCGCGACGAATTCGTCCAGATCT
ATGGAT3'; and cml24‑4 (E124K), 5'AAACAATTCGATCTAGA
CGGTAACGGATTC3' and 5'TACGAATCATCACCGTCGACT
AAT3'. CML24 PCR products from segregating progeny of hetero-
zygous cml24‑1 plants were digested with XmnI; similarly, cml24‑2 
PCR product was digested with BamHI, and cml24‑4 PCR product 
was cut with HphI to identify homozygous mutants. Double mutants 
were generated by crossing cml23 T-DNA insertion mutants with 
cml24 point mutants. Homozygous mutants were identified from the 
F2 or later generations using the PCR- and restriction digest-based 
analyses described above.

Immunoblotting. Total plant protein was extracted from roots 
using a lysis buffer (4% [w/v] SDS, 20% [v/v] glycerol, 120 mM Tris, 
pH 6.8) as (described in Ref. 47). Recombinant CML24 was purified 
by binding to phenyl-sepharose, washing with 1 mM CaCl2, and 
eluting with 1 mM EGTA. Protein concentration was determined 
using the Pierce BCA kit. Twenty micrograms of total plant protein 
from wild type (Col-0) or mutant plants (cml23‑2/cml24‑1, cml24‑2, 
and cml24‑4) or 1 mg of recombinant CML24 protein were separated 
in a 13% (w/v) SDS-polyacrylamide gel. Protein extracts were was 
boiled in the presence of 5 mM EGTA or 5 mM CaCl2 before  
subjection to SDS-PAGE. The proteins were transferred to nitrocel-
lulose membrane in transfer buffer (25 mM Tris, 192 mM Glycine,  
1 mM CaCl2, 20% [v/v] methanol, pH 8.3).48,49 Blots were baked 
six hours at 65˚C in a vacuum oven to enhance CML24 protein  
fixation onto the membrane.47 The membrane was incubated with 
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2.4 mg/mL of anti-CML24 primary antibody47 followed by Pierce 
horseradish peroxidase-conjugate goat anti-rabbit secondary anti- 
body (Rockford, IL). The antibody solutions were diluted in  
150 mM NaCl, 10 mM Tris-HCl, pH 7.5, 0.1% (v/v) Tween 20, and 
1% (w/v) nonfat milk. The protein bands were detected using the 
Pierce SuperSignal West Pico Chemluminescent Kit (Rockford, IL).

Quantitative real-time RT-PCR (Q RT-PCR). Q RT-PCR was 
performed as described in reference 13. To analyze gene expression,  
total RNA was extracted using TRI REAGENT (Molecular Research 
Center, Cincinnati, OH) according to the manufacturer’s instruc-
tions. The first strand cDNA was synthesized from 1 mg of RNA 
following DNase treatment and reverse transcription using DNase 
(Roche Diagnostics) and SuperScript III Reverse Transcriptase 
(Invitrogen), respectively. The CO, FLC, FKF1, FT, GI and SOC1 
transcripts were assessed by quantitative real-time RT-PCR in an 
ABI PRISM 7000 (Applied Biosystems) using Thermocycler ABI 
SYBR Green PCR Master Mix (Applied Biosystems). The difference 
in cycle number where product amplification resulted in a fixed 
threshold amount of fluorescence was determined by the following 
equation: 

DCTsample = DCTTUB4-DCTgene of interest. 

One sample was chosen as a calibrator and DDCT was determined for 
each sample according to the equation: 

	 DDCTsample=DCTsample- DCTcalibrator. 

Relative RNA levels were calculated using inverse log2, 2^ 

(DDCTsample). The primer sequences for Q RT-PCR were: CO, 5'AT 
ATGGCTCCTCAGGGACTC3' and 5'GGGTCAGGTTGTTGC 
TCTAC3'; FLC, 5'AAGAAGAGAACCAGGTTTTG3' and 
5'GAAGATTGTCGGAGATTTGT3'; FKF1, 5'CGTTAGAGG 
TTGGGATGTTC3' and 5'CGAGGATCTCTGTACTGTAG3'; 
FT, 5'TGATATCCCTGCTACAACTG3' and 5'TCGCGAGTGT
TGAAGTTCTG3'; GI, 5'GATTGCTGCTCCTGAAATCC3' and 
5'GATGCACTTGCGAGAATCAC3'; SOC1, 5'CAAGCAGAC 
AAGTGACTTTC3' and 5'GCCTCAGATAACGATCTATG3'; and 
TUB4, 5'CTGTTTCCGTACCCTCAAGC3' and 5'AGGGAAAC
GAAGACAGCAAG3'.

Nitric oxide staining, quantitation and manipulation. To 
monitor nitric oxide levels in vivo, the first and second true leaves 
were detached from two-week-old plants and incubated in MES 
buffer (10 mM MES (2-(N-morpholino) ethanesulphonic acid),  
10 mM KCl, 0.1 mM CaCl2, pH 5.8) for two hours. After addition 
of 10 mM 4-amino-5-methylamino-2',7'-difluorofluorescein diac-
etate (DAF-FM DA, Molecular Probes) for 45 minutes, fluorescence 
was analyzed with excitation at 490-495 nm and emission at 515 nm 
and visualized using a MZ FLIII (Leica, Switzerland) fluorescence 
stereomicroscope. All the images had the same exposure time. To 
quantify the DAF-FM DA fluorescence, images were analyzed 
by ImageJ 1.36b (Wayner Rasband, National Institute of Health, 
USA). The NO scavenger, 2-(4-carboxyphenyl)-4,4,5,5-tetrame-
thylimidazoline-1-oxyl-3-oxide (cPTIO, Sigma-Aldrich) (400 mM 
in 0.4%DMSO, 0.1% Tween20), was directly sprayed on leaves of 
two-week-old plants; the control leaves were sprayed with solvent 
(0.4% DMSO, 0.1% Tween20). Leaves were harvested after four 
hours.
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