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!
ABSTRACT!
!
The regulation of flowering time has been crucial in the evolutionary process and 

domestication of crops, selecting the most favourable season to initiate reproductive 

development, maximizing yields. However, the genetics of photoperiodic response in 

common bean (Phaseolus vulgaris L.)  has not been elucidated yet, making difficult the 

prediction of how varieties would response to changes in climate, which is important for 

breeding programs in order to ensure the optimal time to flower and to expand the range of 

cultivation of the crop.!

In this work, we identified and studied the expression pattern of key genes involved in 

flowering time in common bean. This proposal has used the completed common bean 

sequence and the knowledge of the molecular basis of flowering in Arabidopsis and other 

legumes in order to identify homologue genes in common bean species. The second step of 

this study was to analyze differential gene expression of some candidate genes in two 

contrasting varieties: PMB0225 and PHA1037, grown in chamber under Short Day (SD) 

conditions, looking for changes in gene expression before the transition to flowering.!

Common bean conserves members of both GI and FT families, which have key roles in 

flowering induction in Arabidopsis as well as in other legumes. However, the route seems to 

differ from the model species. Expression analyses suggest a role for PvGI1, PvGI2, PvFTa3 

and PvFTb3 in the induction of flowering under SD, with expression patterns differing 

between the common bean varieties PMB0225 (photoperiod-insensitive and early flowering 

habit) and PHA1037 (photoperiod-sensitive and late flowering habit). Both kind of genes 

seem to act independently in the activation of flowering, suggesting a different regulation  

from Arabidopsis.!

Key words: flowering time, photoperiod, Phaseolus vulgaris L., candidate genes!
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!!
1. INTRODUCTION!
!
1.1 Common bean!
!
Common bean, Phaseolus vulgaris L. (2n=2x=22), is a member of the Fabaceae family, the 
third largest family of flowering plants. It is one of the most widespread crops of the world, 
being the most commonly grown legume for direct human consumption as food (Smýkal et 
al., 2014). Beans are consumed as a mature grain, as immature seed, as well as a 
vegetable (both leaves and pods), providing dietary proteins that play an essential role in 
human nutrition (Broughton et al., 2003). They are also an important source of dietary fibre, 
vitamins and minerals, with a low content of fat and sodium (De La Fuente et al., 2011). 
Moreover, as legume, common bean has the capacity of fixing atmospheric nitrogen (the 
major limiting nutrient for most cultivated species) through a symbiosis with Rhizobium 
bacteria, which makes this crop highly appropriate for sustainable agriculture.!
Common bean was domesticated more than 7000 years ago in two centers of origin:  
Mesoamerica (Mexico and Central America) and the Andean region (Mamidi et al., 2011). 
Over the millennia, farmers grew mixtures of bean types and selected agricultural 
characteristics including taste, resistance, yield, etc. This process has produced a great 
genetic variability of beans with a wide variety of colors, textures and sizes to meet the 
growing conditions and taste preferences of many different regions.!
Plants can be divided into three major groups on the basis of their responses to photoperiod: 
long-day plants, which flower when the day exceeds a critical length, short-day plants that 
flower when the day is shorter than a critical length and day-neutral plants, which flower 
independently of day length. Wild common bean is a short day species (Gu et al., 1998), 
requiring nights of at least 12 hours for flowering induction. Adaptation of this crop species to 
temperate climates and different latitudes has required the selection of genotypes that flower 
under longer day lengths (Gu et al., 1998).!
The regulation of flowering time is essential for reproductive success and plant development. 
Plant development shows a wide plasticity based on a constant adjustment of its regulation 
to changing environmental conditions. Thus, plants select the most favourable season to 
initiate reproductive development (Ausín et al., 2005). This mechanism has been crucial in 
the evolutionary process of crops to maximize yields (Andrés & Coupland, 2012). The 
genetics of photoperiod response in common bean has been far less understood, being 
difficult to predict how the varieties would respond to changes in climate, which is important 

�4



!Identification of candidate genes involved in the photoperiod response in common bean (P. vulgaris L.)!

for breeding programs in order to ensure the optimal time to flower and in consequence to 
maximize seed yield.!
1.2. Flowering in response to changing day length: the long-day plant Arabidopsis 
thaliana as a model!
A. thaliana is a facultative long-day plant and flowers earlier in response to long days. It has 
been used as a model system to investigate the molecular basis of day-length flowering 
response (Andrés & Coupland, 2012; Mouradov et al., 2002; Ausín et al., 2005). Three 
decades of genetic analyses using Arabidopsis have revealed complex genetic networks that 
regulate flowering. Six main pathways have been demonstrated to control flowering through 
the regulation of some key genes. These pathways are the photoperiod, autonomous, light-
quality, ambient-temperature vernalization and gibberellin pathways (Figure 1; Ausín et al., 
2005; Henderson and Dean, 2004). In Arabidopsis, the floral induction signals from these 
major flowering pathways are transmitted to two central flowering regulators, CONSTANS 
(CO) and FLOWERING LOCUS C (FLC), that antagonistically regulated flowering (Mouradov 
et al., 2002; Turnbull et al., 2011).!

After synchronization of the circadian clock with the favourable season, this clock generates 
a series of rhythmic outputs, one of 
t h e m b e i n g i n v o l v e d i n t h e 
photoperiod regulation of flowering. 
U n d e r l o n g d a y c o n d i t i o n s , 
G I G A N T E A ( G I ) a c t i v a t e s 
CONSTANS (CO ) , which then 
activates FLOWERING LOCUS T 
(FT) (Ausín et al., 2005). FT protein 
is a mobile flowering signal that 
partners with FD protein in the 
meristem to activate SOC1, LEAFY 
(LFY), the so-cal led flowering 
pathway integrators, and the floral 
meristem-identity genes SEPALLATA 
(SEP ) , FRUITFUL (FUL ) and 
APETALA1 (AP1) (Turck et al., 
2008). FLC  is a flowering repressor 
and mediates the autonomous and 
vernalization pathways. Thus, FLC and the photoperiod pathway act antagonistically. The 
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floral meristem-identity genes specify the formation of floral meristems that will develop into 
flowers. The basal level of FLC expression is set in part by the level of expression that 
results from the action of autonomous pathway genes. In response to exposure to the 
prolonged cold winter, the vernalization pathway provides further FLC repression by 
chromatin remodeling. The gibberellin class of plants hormones promotes flowering by 
activating SOC1 and the floral meristem identity gene LEAFY (LFY).!

1.3. Distribution of photoperiod response-related genes in legumes!
!
Legumes are usually classified into two groups: The galegoid legumes from temperate 
regions that present responses to vernalization and flower under Long-Days, such as Pisum 
sativum, Medicago truncatula and Lotus japonicus; and the warm season legumes, from 
lower latitudes and normally flowering under Short-Days, such as Glycine Max and 
Phaseolus vulgaris L.!
Although genetic control of flowering time has not been so extensively studied in legumes as 
in the model plant Arabidopsis, a large proportion of Arabidopsis flowering genes has been 
found to be represented in legumes (Hecht et al., 2005). However, the chromosomal 
distribution of paralogue-rich genes revealed differences in the major evolutionary processes 
affecting flowering genes in legumes, including tandem duplication in Medicago, whole 
genome duplication in soybean and ectopic duplication in Lotus (Kim et al., 2013).!
A number of flowering-time mutants have been described in pea, and these have been 
reviewed by Weller et al. (2009). Analysis of these mutants has led to the identification of a 
number of flowering-time pathways and genes, some of them being very similar to 
Arabidopsis. Analysis of pea genome has shown that contains five FT-like loci (FTa1 or 
GIGAS /a2, b1/b2 and c) (Weller et al., 2009; Hecht et al., 2011). The mutant of one of these 
genes, GIGAS (GI) mutant, flowers late in long days, but later still in short days, indicating 
that pea contains an autonomous induction pathway that operates in both photoperiods. 
Recent work has shown that GIGAS encodes a FT-like protein, PsFTa1 (Hecht et al., 2011). 
Thus pea contains an autonomous floral induction pathway that operates through a mobile, 
FT-like, signaling molecule. Similarly, the STERILE NODES (SNE), DIE NEUTRALIS (DNE), 
and PHOTOPERIOD (PPD) genes required for inhibition of flowering in short days. LATE1 
gene was identified as an orthologue of GIGANTEA in Arabidopsis, showing a strong 
rhythmic expression and with a confirmed role in clock function (Hecht et al., 2007).!
The floral transition has recently been analyzed in other legume species, for example, Laurie 
et al. (2011) analyzed the functions of the five FT loci in Medicago. They conclude that only 
MtFTa1 expression was upregulated by both long days and vernalization. However, the lack 
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of evidence of MtCOL genes participating on flowering control in this species suggest that 
regulation of FT by CO may not be conserved in Medicago truncatula, even though some 
MtCOL genes showed a weak CO-like effect (Wong et al., 2014).!

Soybean possesses at least 10 FT homologues, consisting of five sets of tandemly linked 
gene pairs. GmFT2a and GmFT5a may strongly and redundantly induce flowering under 
shorter days, but under longer days GmFT5a alone may promote flowering in a photoperiod-
independent manner (Watanabe et al., 2012). E1 gene, a legume specific gene, was found 
to have the prominent effect on flowering time and photoperiod sensitivity (Zhai et al., 2014). 
This gene is a part of the phytochrome A signaling pathway and controls two functionally 
coordinated GmFT genes (GmFT2a and GmFT5a) (Xia et al., 2012). An orthologue of GI 
appears in soybean that and corresponds to the E2 locus. It, controls controlling flowering 
time through the regulation of GmFT2a. E3 (GmPHYA3) and E4 (GmPHYA2), phytocrome A 
homologues, also control the expression of GmFT2a and GmFT5a, in and independent or 
joint manner (Watanabe et al., 2012).!

In total, 26 soybean CO homologs (GmCOLs) were recently identified in Glycine max. 
Among these genes, GmCOL1a and GmCOL1b appear to be inducers of flowering under SD 
through the activation of GmFT5a (Wu et al., 2014).!

Time to flowering in chickpea is affected by photoperiod and temperature depending on 
cultivars (Anbessa et al., 2006). Three genes that affect flowering time (Efl-1, Efl-2 or Ppd 
and Efl-3) were reported in this species (Hegde 2010).!

There is less information about flowering time genes for Lotus japonicus compared with the 
other legumes. However, a functionally equivalent of Arabidopsis FT was found, LjFTa, 
although Lotus appears to lack an equivalent of CO gene. The orthologue of FT was found to 
be regulated by microRNAs  (Yamashino et al., 2013).!

In common bean, two loci affect photoperiod response, Ppd (photoperiodic induced delay in 
flowering), at which the dominant allele confers sensitivity to photoperiod, and Hr (Higher 
response), which influences the degree to which a plant responds to photoperiod (Gu et al., 
1998). White et al. (1996) reported a third gene, Tip, which affected flowering time. The 
possibility exists that Tip could actually be allelic to either Ppd or Hr loci, although the effect 
on phenotype appears to be considerably different (White et al., 1996). Ppd is linked to the 
fin locus, on linkage group (LG) 01 (Koinange et al., 1996). The fin locus is responsible for 
determinacy in most varieties with a determinate growth habit, most of them with Andean 
gene pool origin (Singh et al., 1991). One gene, PvTFL1y, was recently identified and 
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validated as a functional homologue of Arabidopsis TFL1 gene, co-segregating with the 
determinacy locus fin (Kwak et al., 2008; Repinski et al., 2012) A second locus for 
determinacy was mapped on LG 07 (Kolkman & Kelly, 2003) and was found in some 
Michigan navy bean cultivars that arose from an artificial mutagenesis program (Kelly, 2001). 
Temperature, could be an important factor determining flowering time in this species, where 
photoperiod sensitivity is lower at cooler temperatures (Raggi et al., 2014).!

1.4. Background and justification!
!
From previous work of the BAS group, a Recombinant Inbreed Line (RIL) population was 
constituted by 185 F7 lines originated from the cross between PMB0225 (insensitive to 
photoperiod) x PHA1037 (sensitive to photoperiod), both accessions belonging to the 
Andean gene pool. In this population, a genetic linkage map was constructed, consisted of 
229 loci (86 AFLP, 98 SSR, 42 SNP, 2 SCAR, and P locus) distributed on 11 LGs. The map 
spanned 858.4 cM, with an average distance of 3.7 cM between adjacent markers (González 
et al., 2015).!
In this RIL population, main QTLs and six epistatic interactions were found under LD and SD 
conditions. QTLs were also located at the physical map of common bean (http://
phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Pvulgaris) by blasting the sequences 
o f t h e fl a n k i n g m a r k e r s " P h a s e o l u s G e n e s " ( h t t p : / /
phaseolusgenes.bioinformatics.ucdavis.edu/ ). !
The parents of this mapping population correspond to contrasting varieties in growth habit 
and flowering and in their adaptation to photoperiod, which constitutes an ideal material for 
this project.!

2. OBJECTIVES!
!
A general objective of this work was to identify the flowering mechanisms under photoperiod 
control and identify the genes that are specifically expressed under short day to induce 
flowering in common bean. According to this ultimate goal, the specific objectives are the 
following:!

1. Characterization of common bean homologue genes of Arabidopsis and other legumes 
involved in flowering pathways.!
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2. Co-location of the common bean genes identified with QTLs involved in flowering in a 
mapping population from contrasting phenotypes in flowering and adaptation to 
photoperiod.!

3. Validation of the previously identified candidate genes by analysis of expression if key 
genes identified in the common bean genome!

!
3. MATERIALS AND METHODS!
!
3.1. Identification of common bean homologue genes through bioinformatic analysis!
!
The coding sequences of homologue flowering genes in legume genomes were respectively 
isolated by BLAST search in several databases using Arabidopsis sequences - AtMFT 
(AT1G18100), AtBFT (AT5G62040), AtTFL-1 (AT5G03840), AtCEN (AT2G27550), AtFT 
(AT1G65480), AtTSF (AT4G20370), AtGI (AT1G22770) - from “The Arabidopsis Information 
Resource” (TAIR)  (http://arabidopsis.org) as the query. The identified protein sequences - 
GmMFTa (Glyma08g05650), GmMFTb (Glyma05g34030), GmBFTa (Glyma09g26550), 
GmBFTb (Glyma16g32080), GmTFL1a/Dt1 (Glyma19g37890), GmTFL1b1 (Glyma.
13G317100), GmTFL1b2 (Glyma.12G184000), GmTFL1a (Glyma.03G194700), GmTFL1c2 
(Glyma.10G071400), GmTFL1c1 (Glyma.11G209500), GmFTa1 (Glyma.16G044200), 
GmFTa2 (Glyma.19G108100), GmFTa3 (Glyma.16G150700), GmFTa4 (Glyma.16G151000), 
GmFTb1 (Glyma08g47820), GmFTb3 (Glyma.18G298900), GmFTb4 (Glyma.18G299000), 
GmFTb5 (Glyma.08G363100), GmFTc1 (Glyma.16G044100), GmFTc2 (Glyma.19G108200), 
GmGI2a/E2 (Glyma10g36600), GmGI3a (Glyma20G170000), GmGI1a (Glyma09g07240), 
MtTFL1a (Medtr7g104460), MtTFL1b (Medtr2g086270), MtTFL1c (Medtr1g060190), MtMFT 
(Medtr8g106840), MtBFT (Medtr0020s0120), MtFTa1 (Medtr7g084970), MtFTa2 
(Medtr7g085020), MtFTa3 (Medtr6g033040), MtFTc (Medtr7g085040), MtFTb1 
(Medtr7g006630), MtFTb2 (Medtr7g006690), MtGI (Medtr1g098160), CaFTa1 
(XP_004493127), CaFTa2 (XP_004493125), CaFTb (XP_004489130), CaFTa3 
(XP_004489723), CaFTc, CaTFL1a (XP_004494168), CaTFL1b (XP_004487504), CaTFL1c 
(XP_004512822), CaMFT (XP_004503299), CaBFT (XP_004515713), CaGi 
(101511540_GI),  LjFTb1 (chr1.CM0017.410.r2.a), LjFTb3 (chr1.CM0017.450.r2.a), LjFTa 
(chr1.CM0104.1670.r2.m), LjTFL1c (chr5.CM0657.210.r2.m), LjBFT (LjSGA_036664.1 - 
p h a s e : 2 / p s e u d o / p a r t i a l ) , L j T F L 1 a ( c h r 1 . C M 0 0 1 0 . 7 0 . r 2 . d ) , L j M F T 
(chr4.CM0042.2080.r2.m), LjGI (chr5.CM0052.430), PsMFT (PsBContig3892), PsBFT 
(PsCam044479), PsTFL1c/LF (AY343326, scaffold_10404), PsTFL1a/DET (AY340579), 
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PsTFL1b (partial AY340580), PsFTb1 (HQ538824), PsFTa1/GIGAS (HQ538822/
PsCam034177), PsFTa2 (HQ538823), PsFTa3 (scaffold_9442), PsGI/LATE1 (EF185297), 
PvFTb1 (Phvul.008G003800), PvFTb3 (Phvul.008G003700), PvFTa1 (Phvul.001G097300), 
PvFTa3 (Phvul.004G074700), PvFTc (Phvul.001G097200), PvTFL1b (Phvul.005G124600), 
PvBFT (Phvul.004G119700), PvFTL1a/fin (Phvul.001G189200), PvTFL1c (TFL1z/Phvul.
007G229300), PvMFT (Phvul.002G327700), PvGI2a (Phvul.007G083500) and PvGI1a 
(Phvul.004G088300)  - were obtained from Phytozome database for Glycine max (Gm) 
Wm82.a2.v1, Medicago truncatula (Mt) Mt4.0v1 and Phaseolus vulgaris (Pv) v1.0, “Kazusa 
DNA Research Institute” (KDRI) database for Lotus japonicus (Lj), KEGG GENOME for Cicer 
arietinum (Ca), and from J. Weller group from the University of Tasmania (UTAS) for Pisum 
sativum (Ps).!

Validated amino acid sequences were aligned using ClustalW alignment of the Geneious 
8.03 software (Kearse et al. 2012). Maximun parsimony method was used for the 
construction of the neighbor-joining trees. Branches with bootstrap values >70% were 
collapsed based on 100,000 replicates. !

3.2.Design of primers and candidate genes sequencing and analysis!
!
Primers were designed using the web-based application Primer3 (http://primer3.wi.mit.edu/; 
Untergasser et al., 2012), optimized for primer length (18-25bp), product length, G/C content, 
annealing temperature, minimal self- and cross-compatibility and presence of a GC clamp at 
3’ end.!

Concentration and quality of RNA was checked with nanodrop Thermo ScientificTM 
(NanoDrop 2000). From the RNA obtained cDNA was synthesized using the reagent 
SuperScript II First-Strand cDNA synthesis system (Invitrogen). Transcripts of the candidate 
genes were amplified in PMB0225 and PHA1037. For sequencing, PCR products were 

purified using Promega Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, 

WI, USA) and eluted in sterile, nuclease free water in accordance with the manufacturer’s 

instructions. Purified cDNA was sent for sequencing and the sequences were edited 

manually using Geneious software to correct falsely identified bases, remove unreadable 

sequence at the 3’ and 5’ ends. Sequence identity was confirmed by alignment with 

Phytozome database.	


!
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3.3. Expression analysis through RT-PCR!
!
Parents PMB0225 and PHA1037 were grown in growth chambers at 25 ºC and 70% of 
humidity under Short Day conditions (8 hours of light) until flowering. Flowering occurred the 
fifth week after sowing in PMB0225 and the sixth week after sowing in PHA1037. Samples  
of first trifoliate and apical meristems were taken every week at the same time from three 
plants of each treatment and parent line.!

Total RNA was extracted from three biological replicates of trifoliate leaves and meristematic 
tissue using SV Total RNA isolation system (Promega) according to the manufacturer’s 
recommendations. The RNA obtained was conserved at -80ºC prior to use. The integrity of 
RNA was checked electrophoretically and quality assessment of total RNA was measured 

with nanodrop Thermo ScientificTM (NanoDrop 2000). First-strand cDNA was synthesized 

using 5000 μL of purified RNA, 1 μL  of oligo-dT primer and 1 μL of random hexamer primer 
with the FERMENTAS kit, according to the manufacter’s protocol. !

Polymerase chain reactions was performed in a 96-well plate with a 7500 Real Time PCR 
System (Applied Biosystems, Foster City, CA, USA), using SYBR Green dye. Reactions 
contained 5 μl of Fast Start Universal SYBR Green Master, 1 μl of cDNA, and 0.3 μM of 
each gene-specific primer in a final volume of 10 μl. The following standard thermal profile 
was used for all PCR reactions: polymerase activation (95°C for 10 min), amplification and 
quantification cycles repeated 45 times (95°C for 15 seconds, 60°C for 30 seconds, 72°C for 
30 seconds) and dissociation curve (95°C 15 seconds, 60°C 1 min, 95°C 30 seconds).!

The Ubiquitine gene (Phvul.001G193800) was used as reference gene for normalization. 
Relative gene expression was calculated from two biological and two technical replicates. 
Average Ct and standard deviation of the replicas of each strain were calculated for the data 
analysis. The relative expressions were calculated as described in the comparative Ct or 
ΔΔCt method (Livak and Schmittgen, 2001; Pfaffl, 2001) as the ratio and deviation between 
the Ct of the target gene and the endogenous reference in a target sample against a control 
sample.!

!!!
!
!
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!
4. RESULTS!
!
4.1. Alignment of sequences and construction of phylogenetic trees!
!
4.1.1. The GI family!
!
The alignment of protein sequences of GIGANTEA in Arabidopsis and their orthologues in 
common bean, Lotus, Medicago, pea, chickpea and soybean showed that this sequence is 
quite well conserved in the legumes analyzed, but differs in the number of exons in the other 
homologue from soybean, GmGI3 (8 exons). Two orthologue sequences of the Arabidopsis 
gene GIGANTEA (GI) were found in common bean (PvGI1 and PvGI2, also called LATE1a 
and LATE1b respectively). Three homologues were found in soybean (GmGI1, GmGI2/E2 
and GmGI3), and one sequence in Lotus (LjGI), chickpea (CaGI), Medicago (MtGI) and pea 
(PsGI_LATE1).!

GmGI1 and PvGI1 (PvLATE1a) presented the same  amino acid residue in several positions, 
revealing the proximity of these two species. However, the protein sequence in GmGI1 is 
substantially shorter than the other legumes and Arabidopsis sequences (Figure 3). 

Moreover, PvGI1 and GmGI1 contain the same exon number,with 7 exons each, although 
they differ in the intron number, with 6 introns in GmGI1 and 7 introns in PvGI1. PvGI2 
(Phvul.007G083500) shares the same exon and intron number than its homologue in 
soybean GmGI2/E2 (7 exons and 7 introns).!

!
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FIGURE 3. ClustalW multiple alignment of a fragment of the GI protein sequences of 
Arabidopsis and legumes

TABLE 1. Common bean GI gene family!

Common bean gene Candidate gene Exons Introns aa

  Phvul.004G088300 PvGI1 7 7 1169

Phvul.007G083500 PvGI2 7 7 1199
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Two soybean GI-like genes (GmGI2 and 3) and one common bean gene (PvGI2) were found 
to fall into a second subclade of GI genes, which also included a gene from Lotus. It is 
remarkable that PvGI2 in common bean and the two homologues in soybean were more 
closely to the sequences from Lotus, pea, chickpea and Medicago than to PvGI1 and GmGI1 
in the respective species (Figure 4).!
As expected, high levels of microsynteny were observed between Medicago, pea and 
chickpea sequences and between common bean and soybean. Lotus was more closely 
related to the common bean and soybean GI homologues (Figure 4).!

�13

FIGURE 4. Phylogenetic neighbor-joining tree of the legume and Arabidopsis 
GI family. Members of the legume GI family have been named in accordance 
with the two subclades visible in this phylogram. Bootstrap values obtained 
from 10,000 trees are indicated as a percentage above each branch.	
!
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!
4.1.2. The FT gene family!
!
The alignment of FT family proteins showed that common bean sequences in the FT-like 
clade have a tyrosine in position 85, whereas TFL1-like clade sequences have histidine at 
the same position (Figure 5A), an amino acid divergence that has been conserved in other 
species and demonstrated to be crucial for FT/TFL1 function (Hanzawa et al. 2005). It is 
remarkable that Y134, a critical residue for the activating function of FT-like genes (Klintenäs 
et al., 2012) is only conserved in the FTa subclade, except for CaFTa2, where a F is found 
instead (Figure 5B). W138, another conserved residue important for FT function (Klintenäs et 
al., 2012), is also conserved in all legume sequences except PvFTc, where it is replaced by 
leucine (Figure 5C). Most species conserve a G or an E in position 137 in the FT clade (D), 
while this residue is not found in the flowering repressor GmFTb5 (Zhai et al., 2014).!

Its homolog in common bean presents a G, suggesting that the repressing role could not be 
conserved, however, the lack of residual conservation in PvFTc could suggest a similar role 
for this gene in this species. Interestingly, GmTFL1b1 and GmTFL1b2 have T138 instead of 
a S138 in the TFL1-like clade (E), a residue important for the repressive activity of this gene 
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(Klintenäs et al., 2012). Three conserved residues, E146, N92 and A72, were present in all 
three FT-like subclades (Figure 5 F, G, H, respectively), in all legume species including 
common bean.!

The length of the proteins varied from 168 to 220 aa (Table 2). All members of this gene 
family displayed a common exon-intron organization. Comparison of the gDNA and cDNA 
sequences revealed that all genes comprised four exons with three introns at conserved 
positions identical to FT/TFL1 genes from other legumes; however, the introns differed in 
length. MFT clade was represented by one sequence, PvMFT, located in chromosome (chr) 
2. TFL1 genes were represented by three sequences, PvTFL1a, b and c, located on chr 1, 5 
and 7, respectively. BFT homolog sequence was located in chr 4. Within the FT clade, five 
sequences were found in the chr 1, 4 and 8. PvFTb1 and PvFTb3 were found in tandem on 
chr 8, in the same way as soybean (GmFTb3 and GmFTb4 in chr 18), Medicago (MtFTb1 
and MtFTb2 in chr 7) and Lotus (LjFTb1 and LjFTb3 in chr 1). A tandem array of FTa1 and 
FTc genes was located in chr 1.!

!
!
All homologues of Arabidopsis genes were distributed throughout the genomes of the six 
legumes, including common bean. These subclades contain proteins encoded by seven 
Lotus, ten common bean and chickpea, eleven pea and Medicago and nineteen soybean FT/
TFL1 homologs. Phylogenetic analysis indicated that common bean contains MFT-like FT-
like (with three subclades a, b and c) and TFL1-like genes. Interestingly, PvFTa1 clustered 
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Common bean gene Candidate gene Exons Introns aa

Phvul.002G327700 PvMFT 4 3 172

Phvul.004G119700 PvBFT 4 3 168

Phvul.001G189200 PvTFL1a 4 3 220

Phvul.005G124600 PvTFL1b 4 3 176

Phvul.007G229300 PvTFL1c 4 3 173

Phvul.001G097300 PvFTa1 4 3 175

Phvul.004G074700 PvFTa3 4 3 176

Phvul.008G003800 PvFTb1 4 3 177

Phvul.008G003700 PvFTb3 4 3 175

Phvul.001G097200 PvFTc 4 3 172

TABLE 2. Common bean FT/TFL1-like genes family!
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together with GmFTa2, PsFTa1/GIGAS and MtFTa1, all of them identified as flowering 
inductors, suggesting that this role could be conserved in common bean. TFL1 clade also 
contains three subclades in common bean: PvTFL1a (fin gene), PvTFL1b and PvTFL1c. 
Each of these sequences are more closely related to a pair of homologs in soybean. The rest 
of legumes analyzed presented one gene in each subclade except Lotus, which presented 
only LjTFL1c and LjTFL1a. MFT clade is located in the root of the tree and presents and 
homologue in common bean PvMFT.   !

!
!
!
!
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FIGURE 6. Phylogenetic neighbor-joining tree of the legume and 
Arabidopsis FT/TFL1 family. Members of the legume FT/TFL1 family have 
been named in accordance with the three subclades visible in this 
phylogram. Bootstrap values obtained from 10,000 trees are indicated as 
a percentage above each branch.	




!Identification of candidate genes involved in the photoperiod response in common bean (P. vulgaris L.)!

!
4.2. Co-location of common bean homologue genes!
!
The physical position of the main and epistatic QTLs for days to flower, which  were 
previously mapped based on the RIL population from the cross between PMB0225 x 
PHA1037, and of the previously identified flowering genes was found and represented in a 
physical map in order to find co-locations (Figure 6).!
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FIGURE 6. Co-location of main (solid bars) and epistatic (cross-hatched bars) 
QTLs for days to flower with FT/TFL1 and GI families genes on a physical map 
based on the RIL population from the cross PMB0225 x PHA0137. QTLs for 
SD (Short Days) are indicated in red, while for LD (Long Days) are in blue. 
Distances among markers and flowering genes are indicated in Mb to the right 
of the chromosomes.!
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The PvMFT gene co-located with the main single-locus QTL for days to flowering DTF2.1. 
This QTL explained a 4% of the total phenotypic variance and is located in the LG02.!
PvFTa3 and PvLATE1a were found to co-localize with DTF4.1 and DTF4.2 (Both QTLs 
overlapped and explained 11 and 12% of the total phenotypic variance respectively). They 
also co-localized with the epistatic QTL eDTF4.2, that acts through the interaction with 
eDTF4.4 explaining a 13% of the phenotypic variance. Moreover, this last epistatic QTL, 
eDTF4.4, co-locate with PvBFT. All of this QTLs are located in the LG04.!
Finally, PvFTb1 and PvFTb3 co-located with the epistatic QTL eDTF8.1, located in the LG08. 
This QTL together with eDTF8.2 explained a 7% of the total phenotypic variance.!
!
!
4.3. Validation of the identified flowering genes!
!
4.3.1. Polymorphisms on sequenced genes in common bean!
!
After sequencing the cDNA of GI and FT genes family, previous design of the respective 
primers, a deletion of 71 bp in the fourth exon of LATE1a (Phvul.004G088300) in the parent 
line PMB0225 was found (Figure 7). However, the exon is complete in the primitive variety 
PHA1037. The BLAST alignment of these sequences with the sequence of LATE1a (PvGI1) 
from the Phytozome reference genome made possible to find this polymorphism. The 
Phytozome genotype (G19833), derived from the Andean gene pool (Race Peru), doesn’t 
contain the deletion, as PHA1037 and it is insensible to photoperiod as well (Schmutz et al., 
2014).!

!
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FIGURE 7. Assembly of cDNA fragments of  
PMB0225 (A) and PHA1037 (B) against Phytozome sequence (G19833), showing 71 bp 
deletion at the end of exon 4 in PMB0225 genotype. Sequenced cDNA corresponding to exon 
4 and part of exon 5 of LATE1a in PMB0225 (A), where a 72 bp deletion is found, and in PHA 
1037, where the exon is complete (B).
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4.3.2. Expression analysis through RT-PCR!
!
PMB0225 and PHA1037 genotypes grown in chambers in Short Day (SD) conditions 
showed differences in the time of flowering. Plants from PMB0225 grown under SD 
conditions flowered as average on day 40,4 ± 1,4. PHA1037 presented a delay on flowering 
time compared with PMB0225 plants, flowering on day 44,3 ± 0,3. !
Detailed information about stage-specific changes in gene expression is crucial for the 
understanding of the gene regulatory networks underlying development. To test whether we 
could find evidence for the differential expression of some flowering genes identified in this 
study (LATE1a, LATE1b, FTa3 and FTb3), their expression was investigated by qRT- PCR in 
apex and leaf tissues of plants throughout plant development from seedling (two weeks) to 
pre-flowering adult plant (five or six weeks), under SD photoperiod. !
Ubiquitine was used as reference gene for normalization. As ectopic expression of AP1 in 
wild-type Arabidopsis plants causes the transformation of vegetative and inflorescence 
meristems into floral meristems (Mandel & Yanofsky, 1995), we also investigated AP1 gene 
expression to test this in common bean.	

!
AP1 behaved as a floral indicator in both genotypes, exhibiting expression in apex but not in 
leaf. Its expression levels tended to increase prior to flowering, achieving the highest 
expression 5 weeks after sowing in PMB0225 and six weeks after sowing in PHA1037, that 
coincided with bud set and bud burst in both varieties. These results confirm that AP1 is a 
good indicator of flowering time in this species. !
LATE1a was expressed with a similar pattern in leaf and apex in PHA1037 plants. 
Interestingly, no detectable levels were observed in PMB0225 either in leaf or apex. In 
PHA1037 the highest levels appeared at the fifth week, decreasing sharply after that time.!
LATE1b was detected in both leaves and apical meristems in PHA1037, while it was barely 
detected in leaves and apical meristems of PMB0225. The gene accumulated higher mRNA 
levels in leaves as compared to apexes in both parents. In PHA1037, it remained relatively 
constant throughout development in leaves, whereas in apexes there is a peak five weeks 
after sowing. It is remarkable that this pattern is the same for LATE1a and LATE1b in the 
apex.!
Within the FT gene family, two genes were analyzed for expression: FTa3 and FTb3. Both 
genes only presented significant levels of expression in trifoliate leaves. FTa3 presents 
similar peaks of expression in PMB0225 and PHA1037, with its maximun at the fourth and 
the fifth week respectively, decreasing quickly after that moment in both of them. The peak 
occurs in both varieties one week before flowering, when floral buds were observed.!
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FTb3 is expressed in leaves in PMB0225 with a peak of expression in 4 weeks-old plants, 
while transcript levels are not detectable in PHA1037 for this gene. !

!
!
!!!!
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FIGURE 7. Differential expression of flowering 
genes in PMB0225 and PHA1037 grown 
under SD conditions (8 h light). Expression 
levels were measured in leaf and apex. 
Values were normalized to the transcript level 
of the ubiquitine gene and represent mean ± 
SE for n = two biological and experimental 
replicates.!
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5. DISCUSSION!
!
The genetic control of flowering time has been subjected to detailed analysis in Arabidopsis 
but has only more recently come under systematic investigation in other species, as the 
legumes, where a limited number of studies have been undertaken to elucidate the 
molecular basis of the flowering process (Hecht et al. 2005; Hecht et al., 2007; Kim et al., 
2013).  In common bean, only one gene, PvTFL1y (PvTFL1a in our tree), was recently 
identified and validated as a functional homologue of Arabidopsis TFL1 gene, co-segregating 
with the determinacy locus fin (Kwak et al., 2008; Repinski et al., 2012). Apart from this, the 
molecular nature of other common bean flowering loci is still not known.!
In this study we have attempted to identify flowering genes involved in the photoperiod 
pathway in common bean through the bioinformatic analysis and the expression analysis of 
candidate genes.  The results of this study will provide a basis for exploring the molecular 
nature of a range of other common bean flowering loci.!
The availability of sequences from Arabidopsis and other legumes have facilitated the 
identification of sequences in this species. However, the mechanism of action of these genes 
seems to differ between species, and with the model plant Arabidopsis, resulting more 
difficult to predict the flowering mechanism on each species. Nevertheless, flowering genes 
seem to be present in most legumes, while in many cases is still unknown if the function is 
conserved. In other legumes, such as pea, the mechanism has been studied in more detail, 
providing a basis for our research.!
!
5.1. The GI gene family!
!
The GIGANTEA phylogram revealed one homologue of the Arabidopsis  gene in Medicago, 
chickpea, pea, and Lotus, three orthologue sequences in soybean, and two homologues in 
common bean, PvLATE1a and PvLATE1b. High levels of microsynteny occurred between 
soybean and common bean, as well as between Medicago, chickpea and pea. The genetic 
similarity between legume species suggests that gene function could be conserved between 
them.!
GIGANTEA is a gene with a central role in flowering activation in Arabidopsis, inducing 
CONSTANTS (CO), which then activates FT. GI presents a strong rhythmic expression, 
being activated under Long Days.  The role of this flowering gene seems to be conserved in 
some legumes such as pea. PsGI_LATE1a has a role in the central clock mechanism and it 
is necessary for the induction of the FT homologue in this species. However, it doesn’t seem 
to act through the activation of CO, differing from the model plant (Hecht et al., 2007). In 

�21



!Identification of candidate genes involved in the photoperiod response in common bean (P. vulgaris L.)!

Arabidopsis, however, GI has also been found to promote flowering independently from CO, 
through the contribution to CDF degradation and also through miRNA172 (Wong et al., 
2014). Studies in soybean confirmed the presence of the three homologue sequences found 
in this species. It is interesting to remark that GmGI1 is more closely related to PvGI1 than to 
the other two soybean sequences. Thus, the sequence could have evolved earlier than the 
other two (Li et al., 2013), while GmGI2/E2 and GmGI3 should have originated from soybean 
lineage-specific duplication (Watanabe et al., 2011). Watanabe et al. demonstrated that the 
GI function is also conserved in soybean, with GmGI2/E2 having a central role in this 
function, through the activation of the FT homologue, GmFT2a. No data was found for the 
role of GI in Chickpea, Lotus or Medicago, however, the high similarity with pea and soybean 
sequences suggests that the role could be conserved in some way.!
One of the common bean genes, PvGI1 (PvLATE1a), with a high level of similarity with the 
GmGI1 gene, was considered a strong candidate for the DTF4.1 locus, due to their co-
location and since the loss of function of GI is known to cause drastic changes in the 
flowering phenotype of other plant species (Fowler et al. 1999; Hecht et al. 2007). On the 
basis of this assumption, we isolated the complete predicted coding region using an RNA 
sample extracted from leaves of PMB0225 and PHA1037. A deletion of 71 bp in the fourth 
exon was found in the parent line PMB0225. This deletion mutation could be considered a 
candidate for a functional nucleotide polymorphism in PvLATE1a. This result could indicate 
that the deletion in PvLATE1a causes the early flowering phenotype in the parental 
PMB0225.!
We have analyzed the expression under Short days of the two sequences found to be 
orthologues of AtGI in common bean, LATE1a and LATE1b. !
Our results prove that these genes play in the induction of flowering, although further 
research is needed. In the future, it would be interesting to compare the expression in Short 
Days conditions with the expression pattern under Long Days. In our results, LATE1a and 
LATE1b showed significant expression under short days in the parent PHA1037, sensible to 
photoperiod.  Both genes peaked one week before flowering, when flower buds were first 
observed, in leaf and apex, with the exception of LATE1b in leaves, where expression is 
significant but almost constant through development, with a small increase at the moment of 
flowering. The appearance of both genes in leaves and apex could suggest a double action 
for these genes in flowering induction, inducing other flowering genes but also acting directly 
in the flowering process, while the action of both genes could be additive. However, the 
variety PMB0225, insensible to photoperiod, doesn't appear to have significant levels of 
expression for these genes in either tissue. This could be related with the domestication 
process, being both GI genes regulated by genes that are activated under SD in the sensible 
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varieties. It is interesting that the lack of expression in PMB0225 coincides  with the deletion 
of 72 bp in the fourth exon of LATE1a that was found in this variety in our study.!
Other study (Watanabe et al., 2011), demonstrated that the genotype mutant of GmGIa 
caused early flowering by inducing the expression of the soybean florigen gene homolog, 
GmFT2a. Our results indicate that the functions of LATE in flowering are conserved in 
common bean and that mutations in the gene may be useful resources for adapting plants to 
a wide range of geographic regions. !

!
5.2. The FT gene family!

!
FT plays a central role as a florigen in floral induction, and its function is conserved among 
unrelated species. Despite de conserved function, its expression may be controlled by 
different systems in different species (Kong et al., 2010). Furthermore, the number of FT 
homologues present in each plant species varies, being a more complex family in many 
other plants. Nevertheless, functional analyses are much less advanced in other plants. !

The FT phylogram showed the three main branches that are likely common to all legumes 
(MFT, BFT/TFL1 and FT) and revealed substantial levels of microsynteny between 
Medicago, chickpea and pea, and between soybean and common bean, as expected 
because of their proximity within the legume family. These results indicated that the 
expansion of the FT/TFL1 family occurred relatively early in the evolution of legumes. In 
soybean, a recent duplication event (approximately 13 MYA) appears to have been 
generated two times more homologs of Arabidopsis genes than are found in other legumes 
(Schmutz et al., 2010). Within the FT clade, three subclades corresponding to FTa, FTb, and 
FTc have members in all the legumes analyzed, confirming previous studies.!

As common bean presented orthologue sequences of all the FT genes, and these 
sequences were identified in other legume species to have a role in flowering induction or 
repression, expression analyses were conducted in order to confirm whether the function is 
conserved in this species.!

In soybean, from the FT homologues found, two of them, GmFT2a and GmFT5a (GmFTa3 
and GmFTc1 respectively in our study), seem to have the prominent effect on the induction 
of flowering, being up-regulated under short days. These two genes enable the adaptation of 
soybean to a wide range of photoperiodic environments. Both genes are strongly expressed 
in trifoliate leaves. Under long day conditions, the expression of GmFT2a and GmFT5a was 
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suppressed (Kong et al., 2010). Interestingly, one of the FT genes in common bean that was 
analyzed for expression in this study, PvFTa3, clusters together with GmFT2a in our 
phylogenetic tree. The expression pattern of both genes also coincided, suggesting that 
PvFTa3 is a strong candidate as a flowering inductor in common bean. Furthermore, FT 
genes in common bean were expressed predominantly in trifoliate leaves, coinciding with 
soybean (Kong et al., 2010). !

Our results suggest that FTa3 and FTb3 could have a role in the induction of flowering, as 
the peak of transcript abundance occurs at the flower bud formation stage, coinciding at the 
same stage that the peak of expression in GmFT2a and GmFT5a in soybean. However, in 
the case of FTb3 in PHA1037, no significant expression is observed, indicating that FTb3 
might have a role in the production of a florigen signal in response to SD photoperiods. It is 
interesting to remark that the lack of expression of GI genes in PMB0225 could have affected 
the FTb expression, by other mechanisms still unravelled.!

!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!
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6. CONCLUSIONS!
!
In the present study, we attempted to identify the orthologue counterparts of Arabidopsis and 
legumes genes involved in the control of flowering time in common bean, which has a 
completely sequenced genome. !
The results suggest that basic flowering pathways are likely to be relatively well conserved 
between species. This study supports the use of a candidate gene approach as the initial 
step to verifying the molecular nature of the genes that regulate the timing of flowering in 
common bean. The genetic diversity on flowering related loci may contribute to the wide 
adaptability of this species to diverse environmental conditions.!
The final conclusions that we can extract from this study are the following:!
!
I. Common bean conserves members of the GI and FT families from Arabidopsis, and that 

are present in the rest of legumes, being more closely related to the warm-season 
legume soybean than to the temperate legumes. !

II. In the case of the FT/TFL1 family, common bean presents the three subclades of FT 
genes that are likely to be common to legumes. The results indicated that the expansion 
occurred relatively early in the evolution of legumes, as it was previously reported.!

III. In common bean, both gene families seem to have a role in the regulation of flowering 
time.!

IV. Varieties PHA1037 and PMB0225 differ in responsiveness to photoperiod, time to 
flowering and expression patterns of the PvLATE1a, PvLATE1b and PvFTb3 genes. 
Expression levels of PvFTa3 were similar in both varieties.!

V. This is the first report about the identification of members of the FT and the GI families 
from the common bean genome. The phylogenetic relationships and expression patterns 
generated here constitute a starting point to elucidate the function of different members 
of these families or other flowering gene families in adaptation programs in P. vulgaris L. !

!
!!! !
!!!!!!
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