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Abstract: Plants use seasonal cues to initiate flowering at an appropriate time of year to ensure
optimal reproductive success. The circadian clock integrates these daily and seasonal cues with
internal cues to initiate flowering. The molecular pathways that control the sensitivity of flowering to
photoperiods (daylengths) are well described in the model plant Arabidopsis. However, much less is
known for crop species, such as legumes. Here, we performed a flowering time screen of a TILLING
population of Medicago truncatula and found a line with late-flowering and altered light-sensing
phenotypes. Using RNA sequencing, we identified a nonsense mutation in the Phytochromobilin
synthase (MtPΦBS) gene, which encodes an enzyme that carries out the final step in the biosynthesis
of the chromophore required for phytochrome (phy) activity. The analysis of the circadian clock in
the MtpΦbs mutant revealed a shorter circadian period, which was shared with the MtphyA mutant.
The MtpΦbs and MtphyA mutants showed downregulation of the FT floral regulators MtFTa1 and
MtFTb1/b2 and a change in phase for morning and night core clock genes. Our findings show that
phyA is necessary to synchronize the circadian clock and integration of light signalling to precisely
control the timing of flowering.

Keywords: flowering time; phytochrome; circadian rhythm; legumes; Medicago

1. Introduction

The control of flowering time involves mechanisms that integrate environmental cues,
mainly light and temperature, to allow plants to flower when conditions are optimal for
reproductive success. The regulation of flowering time requires complex pathways that
have arisen through a relatively conserved set of genes in flowering plants [1]. The majority
of flowering time control research has been undertaken in the model plant Arabidopsis
thaliana (Arabidopsis) and has resulted in a comprehensive understanding of the molecular
mechanisms involved [2]. Photoperiod, or daylength, is an environmental factor that has
a major influence on the timing of flowering. In Arabidopsis, the perception of a long day
(LD) is achieved through the regulation of the gene CONSTANS (CO) [3]. The circadian
clock controls the transcription of AtCO mRNA, which peaks in the evening. The AtCO
protein is stabilized by light through the activity of the photoreceptors crytochrome 2
(cry2) and phytochrome A (phyA) and promotes the expression of the flowering integrator
FLOWERING LOCUS T (FT) and induction of floral identity genes to promote flowering [4].

The circadian clock, an internal timekeeping mechanism, has an integral role in pho-
toperiod detection, and influences the seasonal control of a wide range of developmental
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traits, including flowering, shoot branching, stress tolerance, and the development of fruits
and seeds [5,6]. The core circadian oscillator of Arabidopsis is composed of the morning
genes LATE ENOLGATED HYPOCOTYL (LHY) and CIRCADIAN CLOCK ASSOCIATED
1 (CCA1), the expression of which both peak at dawn. The PSEUDO RESPONSE REGU-
LATOR (PRR) family of genes then peak from late morning to early evening, the latest
being PRR1 (also known as TIMING OF CAB EXPRESSION 1 (TOC1)), which is part of a
direct negative feedback loop with LHY. Lastly, peaking in the evening are GIGANTEA
(GI) and the evening complex genes EARLY FLOWERING 3 and 4 (ELF3 and ELF4) and
LUX ARRHYTHMO (LUX), which all repress the genes expressed earlier in the day [7].
Understanding how flowering time mechanisms differ between Arabidopsis and other crop
species is of key importance.

Medicago truncatula (Medicago), commonly known as barrel medic, is a small annual
legume that provides high-quality feed to livestock. It is part of the Fabaceae family that
contains important crops such as lentil, pea, chickpea, alfalfa and clover. Medicago is a
good model for the legume family because of its small diploid genome and short life cycle.
Medicago has six FT-like genes, of which MtFTa1 responds to long exposure to cold (ver-
nalization) and is rapidly up-regulated in leaves in response to the LD photoperiod [8,9].
Integrator genes that regulate photoperiodic flowering genes have been discovered in
Medicago [10–12]; however, it is still not clear which component/s is/are key for trans-
lating light inputs into the circadian clock to provide photoperiod-specific regulation of
flowering. In Pisum sativum (pea), orthologs of the clock genes ELF3, LUX, ELF4 all con-
tribute to the repression of FT family gene expression and flowering under short days
(SD) [13–16]. Unlike in Arabidopsis, the Medicago CO-like genes (MtCOLa-MtCOLk) do not
appear to have a central role in the photoperiodic regulation of Medicago FT-like genes [17].
Furthermore, when the various MtCOL genes were overexpressed in the late flowering
Arabidopsis co mutant, they were not able to rescue the flowering phenotype [17]. In addi-
tion, the COLa gene [18] is not misregulated in the pea evening complex mutants, despite
substantial changes in FT expression, indicating that PsCOLa plays no role in flowering
and photoperiod responsiveness in peas [13,19].

A legume-specific E1 protein has been proposed as a key integrator of photoperiodic
flowering in SD legume soybeans, raising questions about its possible role in LD legumes
such as Medicago. The soybean GmE1 gene acts as a repressor of GmFT expression and
flowering under LD conditions and has higher expression in LD conditions than in SD
conditions [20]. GmE1 has a diurnal transcriptional rhythm with a bimodal pattern, with
peaks of transcription occurring four hours after dawn (ZT4) and just before dusk (ZT16)
in LD conditions, and it is regulated by the soybean PHYA genes, GmE3 and E4. When
comparing the transcriptional profile of GmFT-like genes, the first transcription peak of
GmE1 overlaps with the transcription peaks of GmFT2a and GmFT5a, suggesting that GmE1
might control expression of these GmFT genes [20]. Moreover, GmE1 overexpression leads
to late flowering plants with the repression of GmFT2a and GmFT5a and upregulation of
the repressed GmFTa1 and GmFT4 genes [20–24]. In Medicago, the characterization of two
tnt1 mutants for MtE1 showed a slight late-flowering phenotype under LD conditions, sug-
gesting that MtE1 might promote flowering through the up-regulation of FT genes [10,25].
However, when MtE1 is overexpressed in wild-type (WT) soybean, Arabidopsis or rice, no
effect on flowering time was observed [25]. Therefore, the putative role of MtE1 in LD
legumes still needs to be clarified.

It is clear that the perception of light is integral to plant flowering time control and
photoperiod sensitivity and several plant photoreceptors have been shown to participate in
this role. In Arabidopsis, both the red (R)/far-red (FR)-sensing phytochromes and the blue-
sensing cryptochromes are known to influence CO stability and also adjust the alignment
of the circadian clock to the day-night cycle. In legumes, PHYA genes appear particularly
important as mutants in soybean are early flowering under LD and mutants in pea are
late-flowering under LD [26,27]. A mutant of Medicago phyA (MtphyA) has recently been
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shown to cause late flowering under LD conditions and impair specific photomorphogenic
responses [10].

The light-absorbing properties of higher plant phytochromes are derived from the
presence of a covalently bound tetrapyrrole chromophore, phytochromobilin (PΦB) [28].
PΦB is synthesized in the plastid from 5-aminolevulinic acid (5-ALA) through two enzy-
matic steps; first, the conversion of heme to biliverdin IXα (BV) by a ferredoxin-dependent
heme oxygenase (HO) and second, the reduction of BV to PΦB, which is achieved by the
enzyme PΦB synthase (PΦBS) [28]. In Arabidopsis and pea, both HO mutants (known as
hy1 and pcd1, respectively) [29,30] and PΦBS mutants (known as hy2 and pcd2, respectively)
have been described [31,32]. These mutants share deficiency in their response to both
R and FR light, which is manifested in multiple photomorphogenic defects, including
reduced inhibition of hypocotyl elongation, pale appearance due to reduced chlorophyll
content, and reduced expansion of cotyledons and leaves. However, they differ in their
flowering phenotype as Arabidopsis hy2 mutants are early flowering, while the pea pcd2
mutant flowers late compared to WT [31,32]. This contrasting phenotype suggests that
there is some difference in the flowering time pathway with respect to phytochrome action
in the two species.

To expand our understanding of genes controlling flowering in legumes, we screened
a TILLING population of Medicago truncatula for mutants displaying a late flowering
phenotype. Here, we show that one such mutant is the result of disruption of the MtPΦBS
gene, and in addition to delayed flowering and the characteristic photomorphogenic
defects, this mutation shortens the period of circadian rhythms. We also compared these
phenotypes with those of mutants for the PHYA and PHYB genes. Our data suggest that
the late flowering of the MtPΦBS mutant reflects a deficiency of phyA and a delayed
expression of FT genes that is also associated with altered circadian clock properties. These
results support the idea that phyA inputs light information into the circadian clock, which
is translated to regulate the expression of MtFTb1/2 to induce precise flowering of Medicago
truncatula when grown under long days.

2. Results
2.1. Screening of a TILLING Population Reveals a Late-Flowering Mutant with
Light-Sensing Deficiency

To identify key components in the integration of environmental signals to induce
flowering in Medicago, we performed a forward screen of a Targeting-Induced Local
Lesions IN Genomes (TILLING) population of Medicago truncatula plants at the John Innes
Centre, Norwich, United Kingdom (“RevGenUK”) [33]. Thirteen putative late-flowering
TILLING lines were grown under long-day (LD) conditions (16 h light/8 h darkness), and
flowering time was measured as the number of nodes to the first flower. We focused on
one line (line#6) which showed a strong late-flowering phenotype compared to wild-type
plants in LD conditions (line#6 = 20.6 ± 6.2 nodes, WT = 9.75 ± 1.0 nodes) (Figure S1).
When germinated seeds were exposed to 4 ◦C for two weeks (vernalization) before being
transferred to LD conditions, the mutant line#6 flowered earlier than in LD but flowered
later than the vernalized WT (line#6 = 6.57 ± 0.78 nodes, WT = 4.60 ± 0.54 nodes, p < 0.001)
(Figure 1A). An independent experiment confirmed the late flowering in LD conditions
for the mutant line#6 (Figure 1B). Furthermore, in LD conditions, line#6 showed altered
photo-morphogenesis, with longer petioles (Figure 1C), longer hypocotyl (Figure 1D)
and smaller and paler leaves compared to WT plants (Figure 1E). The developmental
phenotypes observed suggest that the mutant line has a mutation that is disrupting the
light-sensing pathway which inputs into the photoperiodic sensing pathway, causing a
late-flowering phenotype.
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Figure 1. Characterisation of a late flowering mutant (line#6) with light-sensing deficiency. Flowering
time of WT (Jester) and line#6 of (A) vernalized plants (14d at 4 ◦C) under LD conditions and (B) non-
vernalized plants under LD conditions. (C) Petiole length (mm) and (D) hypocotyl length (ratio
LL/dark) under continuous light (LL). (E) Photograph of WT (Jester) and line#6 plant at the cotyledon
stage, after the expansion of the first trifoliate and after the expansion of the fourth trifoliate leaf
produced from the apical meristem. Ruler = 10 mm. ** p < 0.01, *** p < 0.001 (Student t-test). Error
bars represent SEM.

2.2. A Point Mutation in the MtPΦBS Gene Is Responsible for the Photo-Morphogenic and
Late-Flowering Phenotypes

To locate the mutation causal for the photo-morphogenic and late-flowering pheno-
type, high throughput RNA sequencing (RNA-seq) was performed using the mutant line#6
and WT. The transcription profiles produced were used to discover potential SNPs and
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indels compared to the Medicago reference genome v4.2 [34] (Table S1). A potential flower-
ing and light-sensing candidate gene list was generated from the literature on Medicago,
soybean, pea and Arabidopsis (Table S2). We compared the RNA-seq reads against the refer-
ence genome to discover any genetic differences in the coding sequences of these candidate
genes. The gene Medtr5g097080, with homology to AtHY2, was the only gene from the list
of candidates to display a homozygous SNP variant (Figure S2A). The gene Medtr5g097080
is composed of nine exons with a coding sequence length of 990 bp (Figure S2B), and
phylogenetic analysis suggests it is the Medicago PΦBS orthologue (MtPΦBS) (Figure S2C).
Sanger sequencing confirmed a single nucleotide substitution (537 G > A) within the
fifth exon of MtPΦBS, which causes an early stop codon (Trp179 > Stop). The conserved
Ferredoxin-dependent bilin reductase (Fe_bilin_red) domain is present between 63aa and
280aa, and the eliminated region caused by the early stop codon is of high sequence conser-
vation and likely functional importance (Figure 2A–C). MtPΦBS gene expression in line#6
(now referred to as the Mtpϕb mutant) was approximately 2-fold lower (Figure 2D), which
could potentially reflect targeting of the mutant form to the nonsense-mediated decay [35].

To further clarify whether this substitution might be causal for the phenotypes ob-
served, the Mtpϕbs mutant was backcrossed to WT (Figure 2B–C) and co-segregation
examined in the F2 generation. Seventy-five F2 plants grown under LD conditions were
used to classify Mtpϕbs mutants based on a ‘visual phenotype’, the observation of a collec-
tive set of unique mutant growth phenotypes (longer hypocotyl, longer petioles, and paler
leaves) (Figures 2E and S3).

Flowering time was analysed for forty vernalized F2 plants grown under LD and
VLD conditions. We found that all the photo-morphogenic and the late-flowering pheno-
types segregated with the putative causal SNP in the MtPΦBS gene (G > A; Trp197 > Stop)
(Figure S3B–D). The SNP found in the MtPΦBS gene is the causal genomic change, given that
it is tightly linked genetically and segregates with both flowering and photo-morphogenic
phenotypes. We also checked genes with SNP variants within 2 MB of MtPΦBS gene in
line#6, we found two genes: (1) a co-chaperone GrpE family protein, where the SNP did not
cause a change in the amino acid sequences; (2) a nuclear protein Es2, with no literature
indicating any plant orthologues could have a role in flowering and photomorphogenesis
(Table S3).

In both Arabidopsis and pea, pϕbs mutants result in phytochrome chromophore defi-
ciency [31,32,36]. There are three groups of phytochromes, phytochromeA (phyA), phyB,
and phyC, and each phytochrome has different roles. PhyA and phyB are the most abun-
dant in Arabidopsis, and they play dominant roles in photo-morphogenic responses [37].
Therefore, we next analysed the photo-morphogenic phenotypes, petiole and hypocotyl
elongation under different light conditions for MtphyA, MtpΦbs mutants, a newly isolated
MtphyB mutant. The MtphyB mutant was derived from a TILLING population (in the A17
background) treated with EMS that resulted in a line with a change of 1773 G > A (protein
sequence change Trp547 > Stop) in the PHYB gene (Medtr2g034040) (Figure S4A). MtPHYA
expression is reduced 2-fold in the MtphyA mutant (Figure S4B) and MtPHYB expression is
reduced 5-fold in the MtphyB mutant (Figure S4C). Phytochromes have a broad spectrum
of light absorption, where phyA is considered to be the main far red (FR) sensor and phyB
a dominant regulator of red (R) response. Under constant white light (LL) conditions,
we observed that both MtphyB and Mtpϕbs mutants had a longer hypocotyl compared to
their respective WTs ((Figure S5A). In contrast, for FR conditions, we observed a longer
hypocotyl phenotype for MtphyA, as previously reported [10], and for Mtpϕbs (Figure
S5B). Lastly, under LD conditions, we observed a clear longer petiole for both MtphyB and
Mtpϕbs mutants and to a less extent for MtphyA (Figure S5C). With these data, we can say
that the photo-morphogenic phenotypes observed for Mtpϕbs mutants are likely due to the
loss of function of both phyA and phyB phytochromes.
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Figure 2. A point mutation in the MtPϕBS gene is responsible for the photo-morphogenic and
late-flowering phenotypes. (A) Alignment of Medicago Medtr5g097080 (MtPϕBS) protein sequence
with the PΦBS sequence from other plant species showing the Ferredoxin-dependent bilin reductase
(Fe_bilin_red) domain (from 63aa to 280aa). Red oval shows the location of the stop codon found
in the Mtpϕbs mutant (178 aa Mtpϕbs vs. 329 aa WT). (B) The G > A mutation in Mtpϕbs causes
a disruption of a NcoI restriction site. The NcoI restriction enzyme cuts PCR products from WT
DNA (250 bp + 100 bp) but not Mtpϕbs DNA (350 bp). Heterozygous F1 plants A and B results in
all 3 PCR products (350pb + 250 bp + 100 bp), confirming the WT ×Mtpϕbs cross was successful.
(C) Sequencing of the uncut products confirms the G > A change in the Mtpϕbs mutant and a double
(A/G) peak in F1 plants. (D) MtPΦBS expression levels were measured at ZT = 2 and primers were
positioned upstream of the mutation site at the 5′ end of the gene on either side of the exon1/exon2
boundary. Relative expression of WT-normalized to housekeeper MtPDF2. ** p < 0.01 (Student t-test).
Error bars represent SEM. (E) Picture of representative trifoliate leaves of F2-segregating population.
Green squares indicate Mtpϕbs mutants confirmed using the NcoI PCR assay.

2.3. MtE1, a Legume Specific Flowering Gene, Is Only Expressed in LD Conditions and It Is
Downregulated in the Mtpϕbs Mutant

To deepen our understanding of the molecular mechanisms by which the mutation
in MtPΦBS alters flowering time, we first analysed the expression of known promotors
of flowering—the FT-like genes: MtFTa1, MtFTb1 and MtFTb2 [8]. For this, plants were
vernalized and grown in LD conditions (VLD) and the second trifoliate leaf was harvested
at ZT2, 2 h after dawn, when expression is expected. We observed that MtFTa1, MtFTb1
and MtFTb2 genes were completely downregulated in Mtpϕbs mutants (Figure 3A). This
result is consistent with the late flowering time phenotype observed for Mtpϕbs mutants.
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As expected, we also observed a complete downregulation of the three MtFT genes in the
late-flowering MtphyA mutant [10] (Figure 3B) but not in the MtphyB mutant (Figure 3C).
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Figure 3. The MtpΦbs mutant shows downregulation of MtFT-like genes. Gene expression of Mt,
FTa1, FTb1 and MtFTb2 in (A) Mtpϕbs, (B) MtphyA and (C) MtphyB mutants, and respective WT in
VLD conditions. Flowering time was evaluated as number of nodes to first flower and photographs
were taken at the time the first flower emerged for (D) MtphyA and (E) MtphyB and respective WT
in VLD conditions. Relative transcript abundance was measured in the fully expanded trifoliate
leaves of 14-day-old plants. Tissues were harvested 2 h after dawn in VLD conditions. Relative gene
expression was measured by qRT-PCR with normalization to MtPDF2. Data are the mean± SEM
of three biological replicates and relative to the highest WT value. VLD = Vernalized long-day.
*** p < 0.001; ** p < 0.01, * p < 0.05 (Student t-test).
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When we analysed the flowering phenotypes of the Mtphy mutants, we found that
MtphyA plants were late flowering compared to WT plants (MtphyA = 11 ± 1.4 nodes,
WT = 5.3 ± 0.5 nodes under VLD conditions) (Figure 3D), which is consistent with recently
published data [10], whereas a slight early flowering phenotype was observed for MtphyB
when compared to WT plants (MtphyB = 5.7 ± 0.8 nodes, WT = 7.4 ± 1.3 nodes under VLD
conditions) (Figure 3E). These results suggest that the late-flowering phenotype of MtpΦbs
is a result of a loss of the function of PHYTOCHROME A (MtPHYA) and not MtPHYB under
white-light VLD conditions.

The photoperiod pathway of flowering time involves the integration of light signals
and specific expression of genes at a particular time of day/season. With the absence of a
functional CO in legumes to integrate the photoperiod signals to regulate expression of
the FT genes, MtE1—a legume-specific flowering gene—could be a good candidate for this
role. To first analyse whether MtE1 is genuinely responsive to day length, the expression of
this gene was examined in response to changes in photoperiod. RNA was obtained from
Medicago R108 leaves collected at ZT4 after plants were grown in SD and then transferred
to LD conditions for 1, 2, and 3 d. Expression of MtE1 in pre-shift SD conditions began at
low levels and was upregulated when the plant was transitioned into LD, and its expression
increased further over the 3 LDs (Figure 4A) [38]. This data shows that MtE1 is induced in
LD conditions and responds to changes in photoperiod, confirming what was documented
by Jaudal et al. [10].
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Figure 4. The legume-specific flowering gene, MtE1, is downregulated in the Mtpϕbs mutant.
(A) Response to changes in photoperiod. WT R108 leaves were collected at ZT4 of plants grown
in LD and SD conditions. Plants grown in SD were then transferred to LD conditions for 1, 2, and
3 days before being transferred again to SD for 3 more days. MtE1 gene expression in (B) MtpΦbs
and MtphyA mutant, and respective WT. Relative transcript abundance was measured 4h after dawn
in LD conditions. Diurnal expression profiles of (C) MtFTa1, (D) MtE1, (E) MtFTb1 and (F) MtFTb2.
Plants were entrained for 21 days under LD conditions. Tissues were harvested every 4 h for a 24 h
period. Relative gene expression was measured by qRT-PCR with normalization to MtPDF2. Data
are the mean± SEM and relative to the highest WT value. SD = short day (8 h light/16 h dark),
LD = long-day (16 h light/8 h dark). ** p < 0.01, * p < 0.05 (Student t-test).

Next, we analysed the expression patterns of MtE1 in the late-flowering MtpΦbs and
MtphyA mutants. For this, plants were non-vernalized and grown in LD conditions, and
the second trifoliate leaf was harvested at ZT4, 4 h after dawn where peak expression of
GmE1 is observed [23]. We found a strong downregulation of MtE1 in the MtPΦBS mutant
and in the MtphyA mutant (Figure 4B) [10].

The diurnal patterns of MtE1 and MtFT genes was analysed in WT and MtpΦbs mutant
backgrounds by growing plants in LD and taking samples every 4 h for a 24 h period. In
WT plants we observed a dual peak of expression at dawn (ZT0) and mid-afternoon (ZT8)
for MtFTa1 (Figure 4C), we observed two clear peaks at ZT4 and ZT16 for MtE1 and MtFTb1
(Figure 4D,E), and a single peak at ZT4 for MtFTb2 (Figure 4F). In contrast, we observed a
complete deregulation of all four genes in the MtpΦbs mutant background. This revealed
that MtpΦbs late-flowering phenotypes are caused by a deregulation of MtFTa1, MtFTb1 and
MtFTb2 expression. Given that MtE1 and MtFTb1 are induced by LDs and have a similar
expression pattern, both peaking at ZT4 and ZT16, it is possible that they are regulated by
a common mechanism requiring active phyA. As the peak of MtE1 and MtFTb1 expression
occurs about 4 h before the peak expression of MtFTa1 (providing time for their mRNA to
be translated), one or both these genes might be involved in the transcriptional regulation
MtFTa1. Future experiments examining the expression of the MtFT genes in MtE1 and
MtFTb1 mutant or overexpression lines will be required to investigate this possibility.
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2.4. The MtpΦbs Mutant Has Altered Circadian Clock Function

Since phyA could be integrating light information to the circadian clock and translating
to trigger flowering, we decided to study whether the Mtpϕbs, MtphyA and MtphyB mutants
had changes in their regulation of circadian rhythms. For this, we measured the cotyledon
movement, which is a robust physiological output of the clock. Plants are entrained in
LD and circadian period and phase were measured in continuous light (LL) conditions
where the cotyledon movement is only controlled by the circadian clock. For the Mtpϕbs
mutant, we observed an altered circadian phenotype, with an approximately 2 h shorter
period compared to WT plants (23.82 ± 0.17 h and 26.65 ± 0.15 h, respectively, p < 0.001),
but no difference in phase. (Figure 5A,C,E). When we measured the cotyledon movement
for MtphyA mutant, we observed an altered circadian phenotype with an approximately
2 h shorter period compared to WT plants (MtphyA = 23.12 ± 0.5 h and WT = 26.28 ± 0.1 h,
respectively, p < 0.05) (Figure 5B,D,F). No differences were observed for the period between
MtphyB and WT plants (Figure 5B,D). However, a significant shift in the phase of cotyledon
movement was observed for MtphyB compared to WT plants (MtphyB = 16.9 ± 0.67 h and
WT = 9.7 ± 0.47 h, respectively, p < 0.01) (Figure 5B,F). These data suggest that the circadian
period phenotype of the Mtpϕbs in continuous white light is partially due a loss of function
of phyA.
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Figure 5. The MtpΦbs mutant has an altered circadian clock, and it is shared with the MtphyA
mutant. Circadian rhythm of cotyledon movement was recorded in plants entrained under long-day
conditions (16 h light/8 h darkness) and then transferred to constant light (LL) for 5 days. Relative
vertical motion was obtained for (A) WT (Jester); black circles, MtpΦbs mutant blue circles; (B) WT
(R108); black triangle; MtphyA green circles; WT (A17) grey squares and MtphyB, red circles. n = 4
for all genotypes. (C,D) Period length of cotyledon movement estimated by fast Fourier transform–
nonlinear least test (FFT-NLLS). (E,F) Phase of cotyledon movement. Error bars represent SEM.
* p < 0.05, ** p < 0.01, *** p < 0.001 (Student t-test). h = hours.
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2.5. The MtpΦbs Mutant Has a Shift in Expression of the Core Clock Genes

To further understand how the mutation in the Mtpϕbs gene affects the regulation of
the circadian clock, we analysed the expression pattern of the Medicago core clock genes
under diurnal (LD conditions). For this, plants were grown in LD conditions and samples
were taken every 4h starting at ZT = 0 (sunrise) for a day. We observed that the diurnal
expression patterns were maintained with a small downregulation of expression at ZT4 and
ZT12 for the morning and afternoon core clock genes, MtLHY and MtLUXa, respectively
(Figure S6A–D). This was also observed for MtLHY in the MtphyA mutant, but not the
MtphyB mutant (Figure S6E,F). Next, we specifically studied the control of the circadian
clock on gene expression patterns. For this, we grew plants in LD conditions before
transferring them to LL (free-running conditions), where gene expression is only controlled
by the circadian clock and not by the dark/light cycles. Interestingly, we observed a strong
change in the expression profiles of the morning gene MtLHY, the night gene MtTOC1a
and evening genes MtGI and MtLUXa in the Mtpϕbs mutant background (Figure S7).
When we compared the core clock expression profiles in free-running conditions with the
MtphyA and MtphyB mutants, we observed the same expression patterns as Mtpϕbs for
MtphyA (Figure 6A,B), while MtphyB did not have any changes in expression compared
to wild-type plants (Figure 6C). This is consistent with the same short circadian period of
cotyledon movement observed for the Mtpϕbs and MtphyA mutants. When we investigated
the expression of MtPHYA in the Mtpϕbs background under diurnal and free-running
conditions, we observed an earlier peak of expression compared to WT (Figure S8). Together,
these results suggest that the circadian phenotype of Mtpϕbs is due to mis-function of phyA.
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Figure 6. The MtpΦbs mutant has a shift in expression of the core clock genes. Gene expression of
core clock genes in (A) Mtpϕbs, (B) MtphyA and (C) MtphyB mutants, and respective WT in LL3.
Relative transcript abundance was measured in the fully expanded trifoliate leaves of 24-day-old
plants. Tissues were harvested every 6 h after dawn of the third day in LL after being entrained in LD
for 21 days. Relative gene expression was measured by qRT-PCR with normalization to MtPDF2. Data
are the mean± SEM of three biological replicates and relative to the highest WT value. ** p < 0.01,
* p < 0.05 (Student t-test). LD = long-day (16 h light/8 h dark). LL3 = third day of free-running
conditions (constant light).
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3. Discussion

Photoperiodic control of flowering in Arabidopsis has been studied in detail [2], but
increasing evidence suggests that this mechanism differs in other plant species, such as
the legume Medicago [8,9]. The CONSTANS gene has a well-established central role in
the photoperiod sensing pathway in Arabidopsis, but this was not observed for Medicago
MtCOL genes [17]. In contrast, the role of FT genes as key regulators of flowering time
is shared between Arabidopsis and Medicago [8]. To further our understanding of the
control of flowering time in legumes, we screened a TILLING population of Medicago
plants for flowering time behaviour and identified a late flowering line with altered photo-
morphogenesis (Figures 1 and S1). We discovered a homozygous nucleotide substitution
within MtPΦBS, the Medicago orthologue of the Arabidopsis HY2 gene. This was a G > A
base substitution at the 537th base of the coding sequence, within the fifth exon of the
MtPΦBS genomic region, which causes an early stop codon (537 G > A; Trp179 > Stop)
(Figures 2 and S2). The PΦBS enzyme has been shown to function within the phytochrome
chromophore biosynthesis pathway and is responsible for converting Biliverdin IX to phy-
tochromobilin [39]. Consistent with both the Arabidopsis and pea pϕbs mutants, Medicago
plants defective in PΦBS have elongated hypocotyls and petioles, a phenotype shared with
both MtphyA and MtphyB mutants (Figure S5). As only a single MtpΦbs mutant was found,
complementation would be needed to prove the mutation is causal. However, the corre-
lation between the MtpΦbs mutation and the photomorphogenic phenotypes, hypocotyl
and petiole length, flowering time, and leaf colour in the F2 population provides strong
evidence (Figures 2E and S3). Moreover, the Mtpϕbs mutant shares a late-flowering pheno-
type with pea PspΦbs mutants [31]. Interestingly, Arabidopsis plants defective in AtPΦBS
showed an early flowering behaviour [40]. This difference in flowering time phenotype
between Arabidopsis plants defective in PΦBS compared to pea and Medicago counterparts
may be related to the complex regulation and stabilization of CO in Arabidopsis and a lack
of function of this protein in legumes. The mechanism to restrict AtCO expression to the
evenings of LDs in Arabidopsis is intricate and includes the clock genes AtGI and AtFKF1,
the phytochromes phyA and phyB, the cryptochromes cry1 and cry2 and the AtCDFs [2,4].
Therefore, with an absence of CO, phytochromes may function differently in the legume
pϕbs-deficient mutants, which could explain the difference observed in the flowering phe-
notype between Arabidopsis and legumes. The photomorphogenic phenotypes we observed
with the Mtpϕbs mutant suggest that MtPΦBS affects flowering time via the photoperiod
pathway. Consistent with this, we have shown here that Mtpϕbs mutant plants can still
respond to vernalization (Figure 1A), a result previously unknown for PΦBS-defective
legumes, as peas do not have a strong vernalization response [29,31].

In soybean, GmE1 has been shown to be a negative regulator of flowering, inhibiting
flowering in LD conditions. It has been proposed that the presence of GmE1 explains how
this short-day plant (SDP) can respond differently to daylength compared to other LD
legumes [41]. The difference in the mechanism of integration of light signalling between
long-day plant (LDP) and SDP that explains how the switch in flowering time can occur
is not known. In Medicago, a tnt1 line that disrupts MtE1 had a subtle late-flowering
phenotype [25]. Consistent with these data, we observed a strong downregulation of
MtE1 in the Mtpϕbs late-flowering mutant, suggesting that MtE1 could be involved in
the activation of flowering under LD conditions. Further, when the diurnal patterns of
MtE1 were analysed, two peaks of expression, at ZT4 and ZT16, were observed, with no
expression over 24 h for the MtpΦbs mutant (Figure 4). This diurnal pattern was also
observed for GmE1 [23]. The role of MtE1 as a positive regulator of flowering time in
Medicago needs to be confirmed, and it is still unknown if a CO-like protein acts within
the same pathway as MtE1 [17].

Light input to the circadian clock is a complex feedback system, where light input to
the central oscillator acts as a feedback mechanism to control phytochrome expression in
a day. The mechanisms from light perception to clock function are not well understood
in LD legumes. In Arabidopsis, a phyA mutant shows a longer circadian period in red
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light [42] and flowered significantly later than the wild type in continuous R+FR light,
which indicated that phyA promotes flowering in FR conditions [43]. In pea, a dominant
mutation in the PsPHYA gene results in early photoperiod-independent flowering [44].
We found the Mtpϕbs and MtphyA mutants had a shorter circadian period in continuous
white light (Figure 5), and the analysis of core clock genes showed a shared change in
their expression pattern for both Mtpϕbs and MtphyA mutants (Figures 6 and S6). This
suggests that the clock phenotype of the Mtpϕbs mutant is at least partially due to the
mis-function of phyA. The shared flowering and circadian phenotypes for MtpΦb and
MtphyA suggest an important role of phyA inputting light information into the clock to
induce photoperiodic flowering.

Lastly, the MtphyB mutant showed a characteristic longer hypocotyl under white
light (shared with MtpΦbs mutant) but no difference in FR light (Figure S5), as seen in the
Arabidopsis phyB mutant and the pea lv mutant deficient in phytochrome B [45,46]. As the
AtphyB and pea lv mutants also have a longer hypocotyl under R light, it is expected MtphyB
mutant will have the same response, but this will need to be confirmed.

4. Materials and Methods
4.1. Plant Materials

Medicago truncatula Jemalong A17, Jester, MtphyA, MtphyB and R108 were used as
described. The Mtpϕbs line was derived from a forward phenotype screen of an A17
EMS-mutagenized TILLING population (RevGenUK, Norwich UK https://www.jic.ac.
uk/research-impact/technology-research-platforms/reverse-genetics/, accessed on 6 De-
cember 2021) [33] and contains a point mutation G537A (W197X) in the MtPΦBS gene
(Medtr5g097080). The MtphyA mutant comes from a Tnt1 retrotransposon insertion mutant
population and has an insertion in the PHYA gene (Medtr1g085160) in the R108 background
(line NF1583) [10,47]. The MtphyB mutant was derived from a TILLING population (in
the A17 background) treated with EMS that resulted in a line with a change 1773 G > A
(protein sequence change Trp547 > stop) in the PHYB gene (Medtr2g034040).

4.2. Growth Conditions

Scarified seeds (seed surface scratched using fine sandpaper) were water imbibed
and germinated at room temperature on wetted filter paper in a Petri dish in the dark.
When radicles extended to a sufficient length (~10 mm), the seedlings were transferred
into growth media (3 parts soil (Yates Professional Potting Mix, Auckland, New Zealand)
and 1 part vermiculite) in controlled environment rooms. Plants were grown in a growth
cabinet supplied with white light (TL5 28W low-pressure mercury discharge lamp, Philips,
Auckland, New Zealand) ~90–110 µmol/m−2s−1) in 65% relative humidity at 25 ◦C or in a
growth room, supplied with white light (~80–100 µmol/m−2s−1) in ~60% relative humidity
at 18–23 ◦C. For vernalized conditioning, Medicago seeds were scarified and water imbibed
overnight in the dark at room temperature before being placed at 4 ◦C in the dark for two
weeks on wetted filter paper in a Petri dish. The seedlings were then planted into soil and
put into the growth cabinet under the specified light conditions.

4.3. Hypocotyl Length

For the hypocotyl length assay, seedlings were arranged in a row on square agar
plates (12 × 12 cm), sealed with micropore tape and propped vertically. The agar, Becton-
Dickinson Bacto-Agar 214010 (Mount Pritchard, Sydney, Australia), was used at 0.8% (w/v)
concentration in water. The plates were placed in the growth room set at different light
conditions (~1 µmol/m−2s−1) continuous white light or Far Red (FR) light, while the
dark experiments were conducted in the same conditions, but the plates were wrapped in
aluminium foil.

https://www.jic.ac.uk/research-impact/technology-research-platforms/reverse-genetics/
https://www.jic.ac.uk/research-impact/technology-research-platforms/reverse-genetics/
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4.4. Flowering Time Analysis

For flowering time analysis, plants were grown under long days (16 h light/8 h dark)
at a constant temperature of 22 ◦C. Flowering time was estimated by counting the number
of nodes produced until the appearance of the first flower. The node that contains the
flower was included in the measurement, but the node of the unifoliate leaf was not.

4.5. Circadian Leaf Movement Analysis

For leaf movement analysis, seeds were sown into small circular pots (filled with
growth media) and entrained in LD (16 h light/8 h dark) conditions at 22 ◦C for three
days until cotyledons were fully expanded. Then, plants were transferred to continuous
light (LL) and constant temperature (22 ◦C) conditions. Photos were taken every hour
for six days using Wingscapes TimelapseCam Cameras and analysed by recording the
plants’ vertical leaf motion (relative vertical motion: RLM) with a program developed
in java [48] based on Matlab code from the software TRiP: Tracking Rhythms in Plants
(https://github.com/KTgreenham/TRiP; accessed on 6 December 2021) [49]. The circadian
period was obtained via fast Fourier transform nonlinear least-squares (FFT-NLLS) analysis
using the online program BioDare2 (www.biodare2.ed.ac.uk; accessed on 6 December
2021) [50]. The first 24 h were excluded from the analysis to remove potential noise caused
by the transfer from entrainment conditions to constant conditions.

4.6. Genotyping and DNA Sequencing, Protein Alignments and Phylogenetic Analysis

PCR products were sequenced via Sanger sequencing using a capillary ABI 3730xl
DNA Analyser (Applied Biosystems) at Genetic Analysis Services (GAS), Department
of Anatomy, University of Otago (New Zealand). Geneious® (Geneious Pro software,
Biomatters Ltd., Auckland, New Zealand) version 10.2.3 was used to analyse sequencing
data and investigate/compare genome sequences between species to carry out sequence
analysis. For analyses involving the Medicago genome, the latest version of the Medicago
truncatula genome (Medtr 4.0v2) with annotations was used as a reference [34]. Protein
alignment was performed using Geneious® MUSCLE Alignment with default settings
and the domain search was performed in http://www.ebi.ac.uk/interpro/ (accessed on 6
December 2021) Fe_bilin_red domain (from 63aa to 280aa).

4.7. Generation of the F2 Population

The SNP found in MtPΦBS disrupted a NcoI restriction site and was used to confirm
the F1 cross was successful. The F1 plants were then self-pollinated to generate an F2
population that was used to investigate whether the late-flowering phenotype segregated
with the mutation in the MtPΦBS gene.

4.8. RNA Extraction and RNA Sequencing

The fifth trifoliate leaf of 3 individual WT and 3 individual line#6 plants were harvested
in a 1.5 mL microcentrifuge tube containing two 3.2 mm diameter steel beads (Lab Supply
Ltd., Dunedin, New Zealand) and homogenized to a fine powder using the Qiagen TissueL-
yser II. RNA was extracted using the Plant RNA purification reagent (Invitrogen™ Thermo
Fisher Scientific™, Auckland, New Zealand) following the manufacturer’s instructions.

Six RNAseq libraries were prepared using NEXTflex® Rapid Directional qRNA-SeqTM
Kit (Bio-Scientific, Kirrawee, Australia) as instructed by the manufacturer’s protocol. The
same amount of each RNAseq library was pooled and run on one lane of a 125PE HiSeq2000
(Illumina, Singapore).

4.9. Processing of RNA Sequencing Reads

FastQC was used to analyse the quality of the reads (Andrews 2010). Trimmomatic
v0.36 [51] was used to trim adapter and barcode sequences (minimum length of 39 bp with
headcrop = 9). Sequences were aligned to the Medicago Medtr 4.0v2 reference genome [34]
via TopHat2 v2.1.1 with default parameters and -library-type first strand, -GTF, and -b2-

https://github.com/KTgreenham/TRiP
www.biodare2.ed.ac.uk
http://www.ebi.ac.uk/interpro/
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sensitive (v2.3.3 of bowtie2 [52]). Integrative Genomics Viewer [53] (IGV v.2.4.3) was used
to view the RNA-seq reads against the reference genome.

The raw sequencing data have been uploaded to the BioProject collection and are
available under accession number PRJNA794171 [54].

4.10. cDNA Synthesis and Quantitative RT-PCR

Total RNA (1 µg) was used in a gDNA Eraser (TaKaRa) reaction following the manu-
facturer’s instructions, to remove any contaminating gDNA. Genomic DNA-free RNA was
then used to synthesize first-strand cDNA with a PrimeScript RT reagent kit (TaKaRa, San
Jose, CA, USA).

Synthesized cDNA (diluted 1 in 30) was used to analyse the expression of genes
using real-time quantitative RT-PCR (qPCR). The Medicago TUBULIN BETA-1 CHAIN
(MtTUB: Medtr7g089120) or Medicago SERINE/THREONINE-PROTEIN PHOSPHATASE
2A (PP2A; also known as PROTODERMAL FACTOR 2; MtPDF2: Medtr6g084690) genes
were used as the internal controls [55]. cDNA was amplified with SYBR FAST qPCR
master mix (Kapa Biosystems, Dunedin, New Zealand) using the LightCycler 480 (Roche,
Auckland, New Zealand). All reactions were carried out following the manufacturer’s
protocol, and negative controls for each primer pair were included by replacing the template
with nuclease-free ddH2O. The cycling conditions were as follows: initial denaturation
at 95 ◦C for five minutes, followed by 50 cycles of denaturation at 95 ◦C for 10 s, primer
annealing at 58 ◦C for five seconds, and extension at 72 ◦C for eight seconds. Relative gene
expression levels were calculated using the 2(−delta delta C(T)) method [56]. Primers used
for qRT-PCR experiments can be found in Table S4.

5. Conclusions

In conclusion, the MtpΦbs mutant likely affects flowering by disrupting the ability
of phytochromes (mainly phyA) to perceive light and integrate light signals through the
circadian clock to regulate flowering in a timely manner. Therefore, the expression of
many other flowering-time genes is probably altered, making this mutant a powerful
tool to identify additional downstream genes involved in flowering time control. The
results presented here have given further insight into the complicated pathways involved
in flowering time control in Medicago, while discovering some differences and similarities
of the pathway to other plant species. Importantly, this work has highlighted key genes
that require further investigation to uncover similar or unique characteristics of flowering
time control in legume species.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants11030239/s1, Figure S1: Screening of a putative late-flowering
TILLING population, Figure S2: SNP calling revealed a single point mutation in the MtPϕBS gene,
Figure S3: F2 population segregation phenotypes, Figure S4: The MtphyA and MtphyB mutants,
Figure S5: Photo-morphogenic phenotypes for Mtpϕbs, MtphyA and MtphyB mutants, Figure S6:
Diurnal expression patterns for core clock genes in Mtpϕbs, Figure S7: Circadian gene expression
profiles of core clock genes in Mtpϕbs mutant, Figure S8: Diurnal and Circadian Gene expression
profiles of MtPHYA in Mtpϕbs mutant, Table S1: Mapping Statistics for RNAseq of Medicago truncatula
WT jester and line#6, Table S2: Flowering time candidate genes potentially affected in the line#6,
Table S3: Genes containing SNP variants within 2MB of MtPΦBS gene in line#6, Table S4: List of
primers used in this work.

Author Contributions: Conceptualization, S.P.-S., J.L.W., D.M.B. and R.C.M.; methodology, S.P.-S.,
N.N., F.R., J.L.W. and D.M.B.; resources, J.L.W. and F.R.; writing—original draft preparation, S.P.-S.,
N.N., D.M.B.; writing—review and editing, S.P.-S., N.N., J.L.W., D.M.B., R.C.M.; visualization, S.P.-S.;
supervision, S.P.-S., D.M.B.; project administration, R.C.M.; funding acquisition, R.C.M. All authors
have read and agreed to the published version of the manuscript.

Funding: Royal Society of New Zealand Marsden Fund.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/plants11030239/s1
https://www.mdpi.com/article/10.3390/plants11030239/s1


Plants 2022, 11, 239 17 of 19

Informed Consent Statement: Not applicable.

Data Availability Statement: Sequence data is available at https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA794171 (accessed on 6 December 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Amasino, R.M.; Michaels, S.D. The timing of flowering. Plant Physiol. 2010, 154, 516–520. [CrossRef]
2. Andrés, F.; Coupland, G. The genetic basis of flowering responses to seasonal cues. Nat. Rev. Genet. 2012, 13, 627–639. [CrossRef]

[PubMed]
3. Suárez-López, P.; Wheatley, K.; Robson, F.; Onouchi, H.; Valverde, F.; Coupland, G. CONSTANS mediates between the circadian

clock and the control of flowering in Arabidopsis. Nature 2001, 410, 1116–1120. [CrossRef] [PubMed]
4. Shim, J.S.; Kubota, A.; Imaizumi, T. Circadian clock and photoperiodic flowering in Arabidopsis: CONSTANS is a hub for signal

integration. Plant Physiol. 2016, 173, 5–15. [CrossRef]
5. Barak, S.; Tobin, E.M.; Green, R.M.; Andronis, C.; Sugano, S. All in good time: The Arabidopsis circadian clock. Trends Plant Sci.

2000, 5, 517–522. [CrossRef]
6. Greenham, K.; McClung, C.R. Integrating circadian dynamics with physiological processes in plants. Nat. Rev. Genet. 2015, 16,

598–610. [CrossRef]
7. Sanchez, S.E.; Rugnone, M.L.; Kay, S.A. Light perception: A matter of time. Mol. Plant 2020, 13, 363–385. [CrossRef]
8. Laurie, R.E.; Diwadkar, P.; Jaudal, M.; Zhang, L.; Hecht, V.; Wen, J.; Tadege, M.; Mysore, K.S.; Putterill, J.; Weller, J.L.; et al. The

Medicago FLOWERING LOCUS T Homolog, MtFTa1, is a key regulator of flowering time. Plant Physiol. 2011, 156, 2207–2224.
[CrossRef] [PubMed]

9. Putterill, J.; Varkonyi-Gasic, E. FT and florigen long-distance flowering control in plants. Curr. Opin. Plant Biol. 2016, 33, 77–82.
[CrossRef]

10. Jaudal, M.; Wen, J.; Mysore, K.S.; Putterill, J. Medicago PHYA promotes flowering, primary stem elongation and expression of
flowering time genes in long days. BMC Plant Biol. 2020, 20, 329. [CrossRef]

11. Zhang, L.; Jiang, A.; Thomson, G.; Kerr-Phillips, M.; Phan, C.; Krueger, T.; Jaudal, M.; Wen, J.; Mysore, K.S.; Putterill, J.
Overexpression of Medicago MtCDFd1_1 causes delayed flowering in Medicago via repression of MtFTa1 but not MtCO-like
genes. Front. Plant Sci. 2019, 10, 1148. [CrossRef] [PubMed]

12. Thomson, G.; Zhang, L.; Wen, J.; Mysore, K.S.; Putterill, J. The candidate photoperiod gene MtFE promotes growth and flowering
in Medicago truncatula. Front. Plant Sci. 2021, 12, 634091. [CrossRef]

13. Liew, L.C.; Hecht, V.; Laurie, R.E.; Knowles, C.L.C.; Vander Schoor, J.K.; Macknight, R.C.; Weller, J.L. DIE NEUTRALIS and LATE
BLOOMER 1 contribute to regulation of the pea circadian clock. Plant Cell 2009, 21, 3198–3211. [CrossRef] [PubMed]

14. Weller, J.L.; Liew, L.C.; Hecht, V.F.G.; Rajandran, V.; Laurie, R.E.; Ridge, S.; Wenden, B.; Vander Schoor, J.K.; Jaminon, O.; Blassiau,
C.; et al. A conserved molecular basis for photoperiod adaptation in two temperate legumes. Proc. Natl. Acad. Sci. USA 2012, 109,
21158–22163. [CrossRef] [PubMed]

15. Liew, L.C.; Hecht, V.; Sussmilch, F.C.; Weller, J.L. The pea photoperiod response gene STERILE NODES is an ortholog of LUX
ARRHYTHMO. Plant Physiol. 2014, 165, 648–657. [CrossRef]

16. Rubenach, A.J.S.; Hecht, V.F.; Vander Schoor, J.K.; Liew, L.C.; Aubert, G.; Burstin, J.; Weller, J.L. 2017. EARLY FLOWERING 3
redundancy fine-tunes photoperiod sensitivity. Plant Physiol. 2017, 173, 2253–2264. [CrossRef]

17. Wong, A.; Hecht, V.F.; Picard, K.; Diwadkar, P.; Laurie, R.E.; Wen, J.; Mysore, K.; Macknight, R.C.; Weller, J.L. Isolation and
functional analysis of CONSTANS-LIKE genes suggests that a central role for CONSTANS in flowering time control is not
evolutionarily conserved in Medicago truncatula. Front. Plant Sci. 2014, 5, 486. [CrossRef]

18. Hecht, V.; Foucher, F.; Ferrándiz, C.; Macknight, R.C.; Navarro, C.; Morin, J.; Vardy, M.E.; Ellis, N.; Beltrán, J.P.; Rameau, C.; et al.
Conservation of Arabidopsis flowering genes in model legumes. Plant Physiol. 2005, 137, 1420–1434. [CrossRef]

19. Hecht, V.; Knowles, C.L.; Vander Schoor, J.K.; Liew, L.C.; Jones, S.E.; Lambert, M.J.M.; Weller, J.L. Pea LATE BLOOMER1 is a
GIGANTEA ortholog with roles in photoperiodic flowering, deetiolation, and transcriptional regulation of circadian clock gene
homologs. Plant Physiol. 2007, 144, 648–661. [CrossRef]

20. Xia, Z.; Watanabe, S.; Yamada, T.; Tsubokura, Y.; Nakashima, H.; Zhai, H.; Anai, T.; Sato, S.; Yamazaki, T.; Lu, S.; et al. Positional
cloning and characterization reveal the molecular basis for soybean maturity locus E1 that regulates photoperiodic flowering.
Proc. Natl. Acad. Sci. USA 2012, 109, E2155–E2164. [CrossRef]

21. Liu, W.; Jiang, B.; Ma, L.; Zhang, S.; Zhai, H.; Xu, X.; Hou, W.; Xia, Z.; Wu, C.; Sun, S.; et al. Functional diversification of flowering
locus T homologs in soybean: GmFT1a and GmFT2a/5a have opposite roles in controlling flowering and maturation. New Phytol.
2018, 217, 1335–1345. [CrossRef]

22. Thakare, D.; Kumudini, S.; Dinkins, R.D. The alleles at the E1 locus impact the expression pattern of two soybean FT-like genes
shown to induce flowering in Arabidopsis. Planta 2011, 234, 933–943. [CrossRef] [PubMed]

23. Xu, M.; Yamagishi, N.; Zhao, C.; Takeshima, R.; Kasai, M.; Watanabe, S.; Kanazawa, A.; Yoshikawa, N.; Liu, B.; Yamada, T.; et al.
The soybean-specific maturity gene E1 family of floral repressors controls night-break responses through down-regulation of
FLOWERING LOCUS T orthologs. Plant Physiol. 2015, 168, 1735–1746. [CrossRef]

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA794171
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA794171
http://doi.org/10.1104/pp.110.161653
http://doi.org/10.1038/nrg3291
http://www.ncbi.nlm.nih.gov/pubmed/22898651
http://doi.org/10.1038/35074138
http://www.ncbi.nlm.nih.gov/pubmed/11323677
http://doi.org/10.1104/pp.16.01327
http://doi.org/10.1016/S1360-1385(00)01785-4
http://doi.org/10.1038/nrg3976
http://doi.org/10.1016/j.molp.2020.02.006
http://doi.org/10.1104/pp.111.180182
http://www.ncbi.nlm.nih.gov/pubmed/21685176
http://doi.org/10.1016/j.pbi.2016.06.008
http://doi.org/10.1186/s12870-020-02540-y
http://doi.org/10.3389/fpls.2019.01148
http://www.ncbi.nlm.nih.gov/pubmed/31608091
http://doi.org/10.3389/fpls.2021.634091
http://doi.org/10.1105/tpc.109.067223
http://www.ncbi.nlm.nih.gov/pubmed/19843842
http://doi.org/10.1073/pnas.1207943110
http://www.ncbi.nlm.nih.gov/pubmed/23213200
http://doi.org/10.1104/pp.114.237008
http://doi.org/10.1104/pp.16.01738
http://doi.org/10.3389/fpls.2014.00486
http://doi.org/10.1104/pp.104.057018
http://doi.org/10.1104/pp.107.096818
http://doi.org/10.1073/pnas.1117982109
http://doi.org/10.1111/nph.14884
http://doi.org/10.1007/s00425-011-1450-8
http://www.ncbi.nlm.nih.gov/pubmed/21681526
http://doi.org/10.1104/pp.15.00763


Plants 2022, 11, 239 18 of 19

24. Zhai, H.; Lü, S.; Liang, S.; Wu, H.; Zhang, X.; Liu, B.; Kong, F.; Yuan, X.; Li, J.; Xia, Z. GmFT4, a homolog of FLOWERING LOCUS
T, is positively regulated by E1 and functions as a flowering repressor in soybean. PLoS ONE 2014, 9, e89030. [CrossRef]

25. Zhang, X.; Zhai, H.; Wang, Y.; Tian, X.; Zhang, Y.; Wu, H.; Lü, S.; Yang, G.; Li, Y.; Wang, L.; et al. Functional conservation and
diversification of the soybean maturity gene E1 and its homologs in legumes. Sci. Rep. 2016, 6, 29548. [CrossRef]

26. Weller, J.; Murfet, I.C.; Reid, J.B. Pea mutants with reduced sensitivity to far-red light define an important role for phytochrome A
in day-length detection. Plant Physiol. 1997, 114, 1225–1236. [CrossRef]

27. Watanabe, S.; Hideshima, R.; Xia, Z.; Tsubokura, Y.; Sato, S.; Nakamoto, Y.; Yamanaka, N.; Takahashi, R.; Ishimoto, M.; Anai, T.;
et al. Map-based cloning of the gene associated with the soybean maturity locus E3. Genetics 2009, 182, 1251–1262. [CrossRef]
[PubMed]

28. Terry, M.J.; Wahleithner, J.A.; Lagarias, J.C. Biosynthesis of the plant photoreceptor phytochrome. Arch. Biochem. Biophys. 1993,
306, 1–15. [CrossRef]

29. Weller, J.L.; Terry, M.J.; Rameau, C.; Reid, J.B.; Kendrick, R.E. The phytochrome-deficient pcd1 mutant of pea is unable to convert
heme to biliverdin IXalpha. Plant Cell 1996, 8, 55–67. [CrossRef] [PubMed]

30. Davis, S.J.; Kurepa, J.; Vierstra, R.D. The Arabidopsis thaliana HY1 locus, required for phytochrome-chromophore biosynthesis,
encodes a protein related to heme oxygenases. Proc. Natl. Acad. Sci. USA 2002, 96, 6541–6546. [CrossRef]

31. Weller, J.L.; Terry, M.J.; Reid, J.B.; Kendrick, R.E. The phytochrome-deficient pcd2 mutant of pea is unable to convert biliverdin
IXalpha to 3(Z)-phytochromobilin. Plant J. 1997, 11, 1177–1186. [CrossRef]

32. Kohchi, T.; Mukougawa, K.; Frankenberg, N.; Masuda, M.; Yokota, A.; Lagarias, J.C. The Arabidopsis HY2 gene encodes
Phytochromobilin synthase, a ferredoxin-dependent biliverdin reductase. Plant Cell 2007, 13, 425. [CrossRef] [PubMed]

33. RevGenUK [WWW Document]. Available online: https://www.jic.ac.uk/research-impact/technology-research-platforms/
reverse-genetics/ (accessed on 6 December 2021).

34. Tang, H.; Krishnakumar, V.; Bidwell, S.; Rosen, B.; Chan, A.; Zhou, S.; Gentzbittel, L.; Childs, K.L.; Yandell, M.; Gundlach, H. An
improved genome release (version Mt4.0) for the model legume Medicago truncatula. BMC Genom. 2014, 15, 312. [CrossRef]

35. Nickless, A.; Bailis, J.M.; You, Z. Control of gene expression through the nonsense-mediated RNA decay pathway. Cell Biosci.
2017, 7, 26. [CrossRef]

36. Weller, J.L.; Reid, J.B.; Taylor, S.A.; Murfet, I.C. The genetic control of flowering in pea. Trends Plant Sci. 1997, 2, 412–418.
[CrossRef]

37. Legris, M.; Ince, Y.Ç.; Fankhauser, C. Molecular mechanisms underlying phytochrome-controlled morphogenesis in plants. Nat
Commun 2019, 10, 5219. [CrossRef] [PubMed]

38. Thomson, G.; Taylor, J.; Putterill, J. The transcriptomic response to a short day to long day shift in leaves of the reference legume
Medicago truncatula. PeerJ 2019, 7, e6626. [CrossRef] [PubMed]

39. Elich, T.D.; McDonagh, A.F.; Palma, L.A.; Lagarias, J.C. Phytochrome chromophore biosynthesis. Treatment of tetrapyrrole-
deficient Avena explants with natural and non-natural bilatrienes leads to formation of spectrally active holoproteins. J. Biol.
Chem. 1989, 264, 183–189. [CrossRef]

40. Bhaskara, G.B.; Wen, T.-N.; Nguyen, T.T.; Verslues, P.E. Protein phosphatase 2Cs and microtubule-associated stress protein 1
control microtubule stability, plant growth, and drought response. Plant Cell 2017, 29, 169–191. [CrossRef]

41. Weller, J.L.; Ortega, R. Genetic control of flowering time in legumes. Front. Plant Sci. 2015, 6, 207. [CrossRef]
42. Somers, D.E.; Devlin, P.F.; Kay, S.A. Phytochromes and cryptochromes in the entrainment of the Arabidopsis circadian clock.

Science 1998, 282, 1488–1490. [CrossRef]
43. Johnson, E.; Bradley, M.; Harberd, N.P.; Whitelam, G.C. Photoresponses of light-grown phyA mutants of Arabidopsis (phytochrome

A is required for the perception of daylength extensions). Plant Physiol. 1994, 105, 141–149. [CrossRef] [PubMed]
44. Weller, J.L.; Batge, S.L.; Smith, J.J.; Kerckhoffs, L.H.J.; Sineshchekov, V.A.; Murfet, I.C.; Reid, J.B. A dominant mutation in the pea

PHYA gene confers enhanced responses to light and impairs the light-dependent degradation of phytochrome A. Plant Physiol.
2004, 135, 2186–2195. [CrossRef] [PubMed]

45. Reed, J.W.; Nagatani, A.; Elich, T.D.; Fagan, M.; Chory, J. Phytochrome A and Phytochrome B Have Overlapping but Distinct
Functions in Arabidopsis Development. Plant Physiol. 1994, 104, 1139–1149. [CrossRef]

46. Weller, J.L.; Nagatani, A.; Kendrick, R.E.; Murfet, I.C.; Reid, J.B. New lv Mutants of Pea Are Deficient in Phytochrome B. Plant
Physiol. 1995, 108, 525–532. [CrossRef] [PubMed]

47. Cheng, X.; Wang, M.; Lee, H.K.; Tadege, M.; Ratet, P.; Udvardi, M.; Mysore, K.S.; Wen, J. An efficient reverse genetics platform in
the model legume Medicago truncatula. New Phytol. 2014, 201, 1065–1076. [CrossRef]

48. Iserte, J.; Yanovsky, M.J. Leaftion 2016 [Computer software]. Available online: https://gitlab.com/javieriserte/leaftion (accessed
on 6 December 2021).

49. Greenham, K.; Lou, P.; Remsen, S.E.; Farid, H.; McClung, C.R. TRiP: Tracking rhythms in plants, an automated leaf movement
analysis program for circadian period estimation. Plant Methods 2015, 11, 33. [CrossRef]

50. Zielinski, T.; Moore, A.M.; Troup, E.; Halliday, K.J.; Millar, A.J. Strengths and limitations of period estimation methods for
circadian data. PLoS ONE 2014, 9, e96462. [CrossRef] [PubMed]

51. Bolger, A.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

http://doi.org/10.1371/journal.pone.0089030
http://doi.org/10.1038/srep29548
http://doi.org/10.1104/pp.114.4.1225
http://doi.org/10.1534/genetics.108.098772
http://www.ncbi.nlm.nih.gov/pubmed/19474204
http://doi.org/10.1006/abbi.1993.1473
http://doi.org/10.2307/3870068
http://www.ncbi.nlm.nih.gov/pubmed/12239355
http://doi.org/10.1073/pnas.96.11.6541
http://doi.org/10.1046/j.1365-313X.1997.11061177.x
http://doi.org/10.1105/tpc.13.2.425
http://www.ncbi.nlm.nih.gov/pubmed/11226195
https://www.jic.ac.uk/research-impact/technology-research-platforms/reverse-genetics/
https://www.jic.ac.uk/research-impact/technology-research-platforms/reverse-genetics/
http://doi.org/10.1186/1471-2164-15-312
http://doi.org/10.1186/s13578-017-0153-7
http://doi.org/10.1016/S1360-1385(97)85580-X
http://doi.org/10.1038/s41467-019-13045-0
http://www.ncbi.nlm.nih.gov/pubmed/31745087
http://doi.org/10.7717/peerj.6626
http://www.ncbi.nlm.nih.gov/pubmed/30923654
http://doi.org/10.1016/S0021-9258(17)31241-3
http://doi.org/10.1105/tpc.16.00847
http://doi.org/10.3389/fpls.2015.00207
http://doi.org/10.1126/science.282.5393.1488
http://doi.org/10.1104/pp.105.1.141
http://www.ncbi.nlm.nih.gov/pubmed/12232194
http://doi.org/10.1104/pp.103.036103
http://www.ncbi.nlm.nih.gov/pubmed/15286297
http://doi.org/10.1104/pp.104.4.1139
http://doi.org/10.1104/pp.108.2.525
http://www.ncbi.nlm.nih.gov/pubmed/12228490
http://doi.org/10.1111/nph.12575
https://gitlab.com/javieriserte/leaftion
http://doi.org/10.1186/s13007-015-0075-5
http://doi.org/10.1371/journal.pone.0096462
http://www.ncbi.nlm.nih.gov/pubmed/24809473
http://doi.org/10.1093/bioinformatics/btu170


Plants 2022, 11, 239 19 of 19

52. Kim, D.; Pertea, G.; Trapnell, C.; Pimentel, H.; Kelley, R.; Salzberg, S.L. TopHat2: Accurate alignment of transcriptomes in the
presence of insertions, deletions and gene fusions. Genome Biol. 2013, 14, R36. [CrossRef]

53. Robinson, J.T.; Thorvaldsdóttir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; Mesirov, J.P. Integrative genomics viewer.
Nat. Biotechnol. 2011, 29, 24–26. [CrossRef] [PubMed]

54. Raw Sequencing Data. Available online: https://www.ncbi.nlm.nih.gov/bioproject/PRJNA794171 (accessed on 6 December
2021).

55. Kakar, K.; Wandrey, M.; Czechowski, T.; Gaertner, T.; Scheible, W.R.; Stitt, M.; Torres-Jerez, I.; Xiao, Y.; Redman, J.C.; Wu, H.C.;
et al. A community resource for high-throughput quantitative RT-PCR analysis of transcription factor gene expression in Medicago
truncatula. Plant Methods. 2008, 4, 18. [CrossRef] [PubMed]

56. Bookout, A.L.; Mangelsdorf, D.J. Quantitative real-time PCR protocol for analysis of nuclear receptor signaling pathways. Nucl.
Recept. Signal. 2003, 1, nrs-01012. [CrossRef] [PubMed]

http://doi.org/10.1186/gb-2013-14-4-r36
http://doi.org/10.1038/nbt.1754
http://www.ncbi.nlm.nih.gov/pubmed/21221095
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA794171
http://doi.org/10.1186/1746-4811-4-18
http://www.ncbi.nlm.nih.gov/pubmed/18611268
http://doi.org/10.1621/nrs.01012
http://www.ncbi.nlm.nih.gov/pubmed/16604184

	Introduction 
	Results 
	Screening of a TILLING Population Reveals a Late-Flowering Mutant with Light-Sensing Deficiency 
	A Point Mutation in the MtPBS Gene Is Responsible for the Photo-Morphogenic and Late-Flowering Phenotypes 
	MtE1, a Legume Specific Flowering Gene, Is Only Expressed in LD Conditions and It Is Downregulated in the Mtpbs Mutant 
	The Mtpbs Mutant Has Altered Circadian Clock Function 
	The Mtpbs Mutant Has a Shift in Expression of the Core Clock Genes 

	Discussion 
	Materials and Methods 
	Plant Materials 
	Growth Conditions 
	Hypocotyl Length 
	Flowering Time Analysis 
	Circadian Leaf Movement Analysis 
	Genotyping and DNA Sequencing, Protein Alignments and Phylogenetic Analysis 
	Generation of the F2 Population 
	RNA Extraction and RNA Sequencing 
	Processing of RNA Sequencing Reads 
	cDNA Synthesis and Quantitative RT-PCR 

	Conclusions 
	References

