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Abstract
We sequenced the entire tb1 gene in six maize inbreds and its wild relatives (parviglumis, mexicana, perennis and luxuri-
ans) to characterize it at molecular level. Hopscotch and Tourist transposable elements were observed in the upstream of 
tb1 in all maize inbreds, while they were absent in wild relatives. In maize, tb1 consisted of 431–443 bp 5′UTR, 1101 bp 
coding sequence and 211–219 bp 3′UTR. In promoter region, mutations in the light response element in mexicana (~ 35 bp 
and ~ 55 bp upstream of TSS) and perennis (at ~ 35 bp upstream of TSS) were found. A 6 bp insertion at 420 bp downstream 
of the polyA signal site was present among teosinte accessions, while it was not observed in maize. A codominant marker 
flanking the 6 bp InDel was developed, and it differentiated the teosintes from maize. In Tb1 protein, alanine (12.7–14.6%) 
was the most abundant amino acid with tryptophan as the rarest (0.5–0.9%). The molecular weight of Tb1 protein was 
38757.15 g/mol except ‘Palomero Toluqueno’ and HKI1128. R and TCP motifs in Tb1 protein were highly conserved across 
maize, teosinte and orthologues, while TCP domain differed for tb1 paralogue. Tb1 possessed important role in light-, auxin-, 
stress-response and meristem identity maintenance. Presence of molecular signal suggested its localization in mitochondria, 
nucleus and nucleolus. Parviglumis and mexicana shared closer relationship with maize than perennis and luxurians. A 
highly conserved 59–60 amino acids long bHLH region was observed across genotypes. Information generated here assumes 
significance in evolution of tb1 gene and breeding for enhancement of prolificacy in maize.
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Introduction

Maize (Zea mays L.) assumes great significance as a model 
crop for studying crop domestication and evolution (Studer 
et al. 2017). Domestication is a series of selection events 
in wild relatives, and was practiced by ancient farmers to 
bring about necessary changes in plant morphology for its 
better utilization as a source of food, feed, fodder, cloth-
ing and medicinal values (Doebley et al. 2006). Specific 
gene(s) contributing to desirable morphological changes 
was the target of domestication, thereby leading to the 
increase in frequency of their desirable alleles in the popu-
lation (Yao et al. 2019). Subsequent dispersal of crops along 
with hybridization, polyploidy and mutation added further 
diversity into the genome (Vann et al. 2015). It is, therefore, 
important to study the subsequent morphological changes 
and post-domestication diversification to effectively utilize 
the germplasm resources and wild relatives in the breeding 
programmes (Osterberg et al. 2017, Prakash et al. 2019).
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Beadle (1939) elaborated that at least five major loci may 
be responsible for domestication of maize. Doebley (1992) 
mapped QTLs related to domestication of maize. Later, 
major domestication loci such as teosinte branched1 (tb1) 
(Doebley et al. 1995), teosinte glume architecture1 (tga1) 
(Dorweiler et al. 1993) and grassy tiller1 (gt1) (Whipple 
et al. 2011) were mapped and cloned. Among these, tb1 is 
a major locus controlling branching in maize and has been 
mapped on the short arm of chromosome 1 (Doebley 1992). 
Tb1 is responsible for suppression of axillary bud outgrowth 
on main stem and development of female inflorescence in 
maize (Doebley 2004). In maize, tb1 gene is expressed 
twice as that of teosinte, and over-expression of the sup-
pressor protein causes reduction of branching in maize as 
compared to teosinte. This overexpression is due to pres-
ence of ~ 12 kb enhancer region (~ 58–69 kb upstream of 
tb1 coding sequence) in maize (Doebley et al. 1997; Clark 
et al. 2006). Insertion of Hopscotch (~ 58–64 kb) and Tourist 
(~ 64–69 kb) transposable elements (TEs) within this ~ 12 kb 
region was observed in maize, while they were absent in teo-
sinte (Zhou et al. 2011; Studer and Doebley 2012). Mutation 
in Hopscotch region may change the tissue specific expres-
sion of tb1 gene resulting into differential branching archi-
tecture and inflorescence development. Studer and Doebley 
(2012) studied the presence of natural variation at tb1 along 
with adjoining region in maize as well as teosinte, and found 
that several regions (genic and enhancer regions) are con-
served. Mutation at different places in these regions had a 
direct effect on the traits associated with ear morphology 
and development.

Tb1 is a TCP (Teosinte branched1 of maize; Cycloidea 
of snapdragon; Proliferating cell nuclear antigen factor1 
and 2 of rice) domain transcription factor and possesses 
role in growth of meristem, initiation of floral primordia, 
regulation of cell cycle and differentiation (Cubas et al. 
1999; Leukens and Doebley 2001). Though several genes 
such as enhancer of tb1.2 (etb1.2), tassel replaces upper 
ears1 (tru1), teosinte glume architecture1 (tga1), barren 
stalk1 (ba1), grassy tiller1 (gt1) and barren stalk2 (ba2) 

regulate branching architecture in maize (Dorweiler et al. 
1993; Gallavotti et al. 2004; Whipple et al. 2011; Yang 
et al. 2016; Dong et al. 2019; Yao et al. 2019), tb1 acts 
as a master regulatory gene affecting the plant and inflo-
rescence architectures (Studer et al. 2017). Tb1 is a basic 
helix-loop-helix (bHLH) DNA-binding protein which con-
sists of three conserved domains (Leukens and Doebley 
2001). Furthermore, the homologue of tb1 has also been 
reported in pearl millet (Remigereau et al. 2011), wheat 
(Dixon et al. 2018), Arabidopsis (Finlayson 2007) rice 
(Choi et al. 2012) and sorghum (Kebrom et al. 2006).

The recent advancement in molecular biology, sequenc-
ing technologies and ease of analyzing big data by bioin-
formatic tools has given tremendous opportunity for in 
silico characterization of target gene(s). So far, compre-
hensive characterization of tb1 gene among elite maize 
inbreds in comparison with wild relatives has not been 
undertaken. Considering the importance of tb1 in maize, 
the present study was undertaken to (i) characterize the 
tb1 gene at molecular level in diverse maize inbreds and 
(ii) compare the sequence diversity with its wild relatives 
(teosinte accessions).

Materials and methods

Plant materials

Ten genotypes including five diverse maize inbreds (LM17, 
UMI1200, HKI1128, BML7 and CML425), one inbred 
(MGUSP101) developed from ‘Sikkim Primitive’ (prolific 
landrace of maize) and four teosinte accessions (Zea mays 
ssp. parviglumis, Zea mays ssp. mexicana, Zea perennis and 
Zea luxurians) were used in the present study. The details 
of genotypes have been presented in Table 1. Leaf samples 
were collected from the pot grown plants after 28 days of 
germination and DNA isolation was carried out as per stand-
ard protocol by CTAB-method.

Table 1   List of genotypes used 
for sequence analysis

S. no. Genotype Species Institution

1. Zm_LM17 Zea mays ssp. mays PAU, Ludhiana, India
2. Zm_UMI1200 Zea mays ssp. mays TNAU, Coimbatore, India
3. Zm_HKI1128 Zea mays ssp. mays CCS-HAU, Uchani, India
4. Zm_MGUSP101 Zea mays ssp. mays IARI, New Delhi, India
5. Zm_BML7 Zea mays ssp. mays PJTSAU, Hyderabad, India
6. Zm_CML425 Zea mays ssp. mays CIMMYT, Mexico
7. Zm_Luxurians Zea luxuriance CIMMYT, Mexico (EC889920)
8. Zm_Perennis Zea perennis CIMMYT, Mexico (EC889921)
9. Zm_Parviglumis Zea mays ssp. parviglumis CIMMYT, Mexico (EC889910)
10. Zm_Mexicana Zea mays ssp. mexicana CIMMYT, Mexico (EC889911)
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Amplification, cloning and sequencing of tb1 gene

T h e  ~  3 . 5   k b  r e g i o n  f r o m  B 7 3  g e n o m e 
(Chr1:270,552,500…270,556,000 on B73 RefGen_v4) 
encompassing the tb1 gene sequence along with promoter 
was retrieved from MaizeGDB (Portwood et al. 2018). The 
sequence was used to design 13 overlapping primer pairs 
spanning 2.8 kb region of the gene (promoter and cod-
ing region) using Primer3web_v4.1.0 (Untergasser et al. 
2012) online tool (Table S1). Amplification of overlapping 
fragments was performed using polymerase chain reaction 
(PCR) for all ten genotypes. The amplified products in two 
replicates were sequenced through Macrogen Inc., South 
Korea. Sequence reads were then used to make consensus 
complete sequence (~ 2.8 kb approx.) of tb1 gene for each 
genotype.

Presence of hopscotch and tourist TEs

In all 10 genotypes including six maize inbreds (LM17, 
HKI1128, BML7, UMI1200, CML425 and MGUSP101) 
and four teosinte accessions (parviglumis, perennis, luxuri-
ans and mexicana), presence and absence of Hopscotch and 
Tourist TEs in the upstream of the tb1gene was confirmed 
by InDel markers as depicted by Studer et al. (2011). List of 
primers used are given in Table 2.

Sequence retrieval of other species and genotype

Sequences of genotypes of maize and other related species 
were obtained from various publicly available databases 
(Table 3). The 3.5 kb region of B73 containing tb1 gene 
was used as query for nucleotide BLAST with an expecta-
tion value of < 1e−5 at MaizeGDB (Portwood et al. 2018). 
The matching sequences from maize landrace ‘Palamero 

Table 2   List of primers used 
for identifying the presence 
and absence of Hopscotch and 
Tourist transposable element & 
6 bp InDel in teosinte

Primer name Primer sequence (5′ to 3′) Type of primer Reference

Tourist
 FM-F0372 ACC​AGC​AAG​CAG​CAA​GAA​AT Forward Studer et al. (2011)
 IM-R0375 TTG​AGT​GTC​GCC​TAG​ACT​GC Reverse
 RM-R0377 CCT​ACT​TTT​TCA​TCT​CCC​GC Internal reverse

Hopscotch
 FH-F0378 CTG​CGA​TGA​TGC​AAG​GAG​TA Forward
 IH-R0379 CTC​AAT​GCA​TGC​CGT​TAT​TG Reverse
 FH-R0381 CGT​TGT​CGA​CAG​TCT​CCT​CA Internal reverse

6 bp InDel
 TST1F TGC​AAA​TCT​GAT​TCG​TTC​CTT​ Forward Present study
 TST1R AGC​CAG​GAT​TAT​TAT​CAC​ATA​GAA​AT Reverse

Table 3   List of sequences taken from databases for in silico comparison analysis

S. no. Genotype Species Source Position on reference genome

1. Brachypodium Brachypodium distachyon Phytozome v12 Chr1:8277049..8281449 on Bd21-3_v1.1
2. Coix Coix lacryma-jobi FJ487449.1 –
3. Hordeum Hordeum vulgare Ensembl Chr4:17,597,800..17,602,200 on IBSC_v2
4. Oryza Oryza sativa IRGSC_Ensembl Chr3:28427500..28431000 on IRGSP-1.0
5. Pennisetum Pennisetum glaucum EF694124.2 –
6. Sorghum Sorghum bicolor Ensembl Chr1:9,465,750–9,471,250 on Sb_NCBIv3
7. Setaria Setaria italica Ensembl Chr9:7,677,500..7,681,500 on Si_v2.0
8. Triticum_A Triticum aestivum IWGSC_Ensembl Chr4A:582,837,800–582,842,200 on IWGSC
9. Triticum_B Triticum aestivum IWGSC_Ensembl Chr4B:30,360,322–30,364,227 on IWGSC
10. Triticum_D Triticum aestivum IWGSC_Ensembl Chr4D:18,462,728–18,466,728 on IWGSC
11. Zm_B73 Zea mays ssp. mays MaizeGDB Chr1:270552500..270556000 on B73 RefGen_v4
12. Zm_PalameroT* Zea mays ssp. mays MaizeGDB AECO01001281.1
13. Zm_ParB73 Zea mays ssp. mays MaizeGDB Chr5:122942600..122946600 on B73 RefGen_v4
14. Zm_CML247 Zea mays ssp. mays MaizeGDB Chr1:277608178..277612178 on CML247
15. Zm_Mo17 Zea mays ssp. mays MaizeGDB Chr1:270000530..270004530 on MO17
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Toluqueno’ native of Mexico, and inbreds such as CML247 
and Mo17 were also taken. Due to non-availability of 
complete sequence in Genome Browser for ‘Palamero 
Toluqueno’, promoter region could not be retrieved. The 
sequence of most similar paralogue of tb1 (86% similar-
ity) located at chromosome 5 of B73 (maize inbred) was 
also considered for analysis. Since this gene is reported 
to be consisted of only one domain called TCP, we have 
directly used 3.5 kb region for similarity search in whole 
genome sequence of Oryza sativa, Triticum aestivum and 
Hordeum vulgare available at ‘EnsemblPlants’ database 
(Kersey et al. 2017), and 3.5 kb region from the best hit 
genomic sequences encompassing the tb1 gene were down-
loaded. Similarly, sequences for Brachypodium distachyon 
were retrieved from whole genome sequence available at 
Phytozome_v12 (Goodstein et al. 2011). Sequences for Coix 
lacryma-jobi and Pennisetum glaucum were obtained from 
NCBI website by nucleotide BLAST (with e-value < 1e−5) 
with best hit having complete sequence of homologous tb1 
gene with promoter (Altschul et al. 1990). Altogether 10 
orthologues and one paralogue of tb1 were used for in silico 
comparison with tb1 of maize and it wild relatives. Besides, 
the tb1 sequence of six maize inbreds and four wild relatives 
were undertaken in the present study (Table 1), tb1 sequence 
of elite inbreds (B73, Mo17 and CML247) and one landrace 
(Palamero Toluqueno) retrieved from MaizeGDB (Portwood 
et al. 2018) were also taken for comparison. The details of 
these 15 sequences used for in silico comparison are given 
in Table 3.

Gene prediction and phylogenetic tree

All genomic sequences were then analyzed individually 
using online gene prediction software FGENESH (Solovyev 
et al. 2006), which predicted the number and position of 
exons, introns, splice sites, poly-A sites, transcription start 
site, mRNA sequence and protein sequence. Complete gene 
sequence, predicted mRNA and protein sequence of all gen-
otype were then aligned using CLUSTALW and MUSCLE, 
respectively, in MEGA v7.0 (Kumar et al. 2016). The nucle-
otide sequences were then trimmed to have a consensus start 
and end point. Phylogenetic tree using mRNA and protein 
sequences separately was constructed by Neighbour-Joining 
method with 3000 bootstrap in MEGA v7.0.

Sequence analysis of tb1 gene

Aligned nucleotide and protein sequences were manually 
analyzed for presence of conserved region, deletion, dupli-
cation, insertion and point mutation. Transition-Transversion 
bias, nucleotide composition and Tajima’s Neutrality test were 
calculated using MEGA_7.0 and DnaSP (Rozas et al. 2017). 
The amino acid composition of predicted Tb1 protein of all 

genotypes was calculated using PEPSTATS (Chojnacki et al. 
2017). The chemical and physical parameters of protein such 
as molecular weight, theoretical isoelectric point (pI), total 
number of positively and negatively charged residue, extinc-
tion coefficient (M−1 cm−1), instability index, aliphatic index 
and grand average of hydropathicity (GRAVY) were calcu-
lated using ProtParam tool at ExPASy (Gasteiger et al. 2005).

Structural analysis of Tb1 protein

Secondary structure prediction of Tb1 protein was carried 
out using SOPMA (Self-Optimized Prediction Method with 
Alignment) (Geourjon and Deleage 1995). Conserved domain 
in protein sequences were predicted using and NCBI-CDD 
(Marchler-Bauer et al. 2016). The folding state and disorder 
of secondary structure of predicted proteins was generated 
by FoldIndex server (Prilusky et al. 2005) and DISOPRED3 
(Jones and Cozzetto 2014), respectively. Disulfide bond 
connectivity between cysteine residues was predicted using 
DiANNA1.1 (Ferre and Clote 2006).

Modeling of Tb1 protein

Threading based modeling of protein for MGUSP101 was 
done by I-TASSER server (Yang et al. 2015). The best model 
among the top five was selected. Stereo-chemical property 
of predicted model was evaluated using RAMPAGE for 
Ramachandran plot (Lovell et al. 2003).

Functional characterization of tb1 gene

Identification of promoter component was done using Plant-
CARE database (Lescot et al. 2002). Motif prediction was 
done using MOTIF Search and MEME tools (https​://www.
genom​e.jp/tools​/motif​/; Bailey et al. 2009). Prediction of func-
tion of motif (predicted by MEME) was done using GOMo 
(Buske et al. 2010) and other online resources. For functional 
prediction of protein sequences, we employed FFPred_3 at 
PSIPRED server (Cozzetto et al. 2016). Accessibility of sol-
vent to Tb1 protein was estimated by RaptorX ACC program 
(Wang et al. 2016). Sub-cellular localization of protein was 
predicted using TargetP_1.1 server (Emanuelsson et al. 2000). 
To determine the membrane helix and topology prediction, 
HMMTOP and MEMSAT-SVM programs from the PSIPRED 
server (Nugent and Jones 2009) were employed.

Results

Hopscotch and tourist TEs

InDel markers revealed that all six maize inbreds (LM17, 
HKI1128, BML7, UMI1200, CML425 and MGUSP101) 

https://www.genome.jp/tools/motif/
https://www.genome.jp/tools/motif/
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possessed insertion of both Hopscotch and Tourist TEs in 
the upstream of the gene. However, both TEs were absent in 
all four teosinte accessions (parviglumis, perennis, luxurians 
and mexicana). Gel picture depicting the presence of Tourist 
and Hopscotch transposable element is given in Fig. 1a, b.

Sequence of tb1 gene

The consensus nucleotide sequence of teosinte branched1 
gene of maize inbreds viz, LM17 (GenBank accession 
number—MN842297), HKI1128 (GenBank accession 
number—MN842299), BML7 (GenBank accession num-
ber—MN842301), UMI1200 (GenBank accession num-
ber—MN842298), CML425 (GenBank accession num-
ber—MN842306) and MGUSP101 (GenBank accession 
number—MN842300) were generated and subsequently sub-
mitted to have the accession number. Consensus sequences 
of teosinte accessions viz., Zea luxurians (GenBank acces-
sion number—MN842302), Zea perennis (GenBank acces-
sion number—MN842303), Zea mays ssp. parviglumis 
(GenBank accession number—MN842304) and Zea mays 
ssp. mexicana (GenBank accession number—MN842305) 
were also generated and made available in the public 
domain.

Gene structure

Sequence analysis of tb1 gene and orthologues among 10 
genotypes including maize and teosinte accessions, and 15 
sequences retrieved from the public domain revealed pres-
ence of single exon with a range of 1029–1137 nucleotides. 
In all maize accessions, tb1 exon was 1101 bp long. Tb1 pro-
tein length varied among 25 gene sequences from 342 to 378 
amino acid, while all maize inbreds were having 366 amino 
acid based protein. Parviglumis was having mRNA and pro-
tein of equal length to maize, while other teosinte accessions 
(luxurians, perrenis and mexicana) were having shorter 
mRNA (1089–1095 nucleotide) and protein (362–364 amino 
acids). The transcription start site (TSS) for tb1 was found 
to be located 289–1205 bp upstream of coding sequence. In 
all maize genotypes, it was located at 431–438 bp upstream 
of coding sequence start site. In parviglumis and perennis, 
TSS was found to be located as in case of maize. Similarly 
poly-A site was located at 1136–1991 bp downstream of 
coding start site. In all maize and parviglumis accessions, 
poly-A site is 1320 bp upstream of coding sequence start 
site. The predicted exon length, promoter position, protein 
length, poly-A site and TSS for all genotypes has been pre-
sented in Table S2. A common consensus gene structure for 
all maize genotype is displayed in Fig. 1(c).
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Fig. 1   Gel picture showing the presence and absence of a Hop-
scotch Region (with all three primers Forward, Reverse and Internal 
Reverse); F + R only amplified in Teosinte and gave ~ 355 bp product, 
F + IR only amplified in Maize and gave ~ 583 bp product. b Tourist 
transposable element (with Forward, Reverse and Internal reverse 
primer); F + R produced ~ 594 bp product in Maize and ~ 186 bp prod-
uct in Teosinte; F + IR not amplified in teosinte but produced ~ 383 bp 

product in Maize; c Gene structure of teosinte branched1 gene based 
on FGENESH for genotype MGUSP101 (representing tb1 gene struc-
ture in all maize genotypes) and d Gel electrophoresis showing the 
presence of ~ 6  bp insertion in all teosinte accessions used in study. 
Product size amplified was ~ 133 bp in all maize and ~ 139 bp in all 
teosinte



	 3 Biotech (2020) 10:77

1 3

77  Page 6 of 15

Sequence variation

The multiple sequence alignment of 10 genotypes (maize 
inbreds and teosinte accessions) along with Mo17, B73 
and CML247 revealed 6 bp insertion specific to all teosinte 
accessions at 420 bp downstream of predicted poly-A site. 
This has been confirmed by developing InDel-based mark-
ers from the flanking region (Table 1), the PCR amplicons 
for which were resolved on 4% metaphor agarose (Fig. 1d). 
A 3 bp deletion of 5′-CCG-3′ was also present in all the 
teosinte accessions at 17 bp downstream of predicted poly-
A site. Similarly, a 6 bp deletion was present in all teo-
sinte except parviglumis in the coding region. Analysis 
using DnaSP for 13 sequences (10 sequences + 3 retrieved 
from database) revealed total number of 194 polymorphic 
sites with 205 mutations with a nucleotide diversity (Pi) 
of 0.01386, while Tajima’s D was found to be − 2.06018 
(significant at 0.05). Since promoter sequence of ‘Palam-
ero Toluqueno’ was unavailable in the public domain, cod-
ing sequence was used for identification of polymorphic 
sites. For all mRNA of 14 genotypes, MEGA (excluding 
the gaps and missing data ~ 1089 bp in final dataset) pre-
dicted overall transition/transversion bias (R) of 0.801. 
Tajima’s neutrality test based on coding sequence using 
DnaSP revealed 17 polymorphic sites and 19 mutations 
with nucleotide diversity of 0.003340 and Tajima’s test 
statistic (D) as − 1.62874 (not significant).

Phylogenetic tree

Phylogenetic tree construction using neighbor joining 
method at 3000 bootstrap for both protein and mRNA 
sequences revealed two major clusters, A and B (Fig. 2). 
Cluster-A consisted of sequences of temperate plants of 
genera Triticum (all three orthologue present in A, B and D 
genome of wheat), Hordeum and Brachypodium. Cluster-B 
had Oryza at single node and all other C4-plants making a 
separate sub-cluster. Within the sub-cluster of cluster-B, the 
orthologue of tb1 in maize clustered with Sorghum and Coix.

Physiochemical features

Primary structural analysis revealed alanine (12.7–14.6%) 
being the most abundant amino acid and tryptophan as the 
rarest (0.5–0.9%). In tb1 paralogue of B73, alanine was 12%, 
while tryptophan was 1.4%. Across maize genotypes, ala-
nine was 14.5% and tryptophan was 0.8%. Asparagine and 
glutamine were absent in all the protein sequences. A figure 
showing the types of amino acids for MGUSP101 is given in 
Figure S1. Average molecular weight of Tb1 protein ranged 
from 36690.02 g/mol in Hordeum vulgare to 40404.69 g/
mol in Brachypodium distachyon. In all maize genotypes, 
it was 38757.15 g/mol, except ‘Palomero Toluqueno’ and 
HKI1128. The predicted isoelectric point of Tb1 protein 
ranged from 6.72 (for tb1 paralogue in maize) to 8.74 (in 
Coix). Predicted isoelectric point was 8.3 in all maize and 
teosinte accessions. Tb1 protein of all the genotypes had 

Fig. 2   Phylogenetic tree based on protein sequences in MEGA using Neighbour-joining method (The optimal tree with sum of branch length 
1.08004339 has been shown)



3 Biotech (2020) 10:77	

1 3

Page 7 of 15  77

instability index of  > 40, ranging from 46.31 to 58.17. 
Across maize, it was 47.37 except 46.31 in ‘Palomero 
Toluqueno’. Number of positively and negatively charged 
side chains in Tb1 protein are 44 and 41 in all maize and 
teosinte, respectively, while varying in other genus. GRAVY 
(Grand Average of Hydropathy) ranged from − 0.591 to 
− 0.729 across genus for Tb1 protein. Aliphatic index was 
57.81 in all maize genotypes and it ranged from 57.54 to 
59.25 in teosinte, and 55.19 to 61.64 in other genus. The 
molar extinction coefficient recorded at 280 nm measured 
in water, considering all pairs of cysteine form cystine 
ranged from 28670 to 30285 M−1 cm−1 in all genotypes. 
Molar extinction coefficient for Tb1 paralogue in maize was 
abruptly high at 42900 M−1 cm−1 as compared to others, 
whereas in all maize and teosinte, it was 28920 M−1 cm−1.

Secondary structure

Random coiling (41.76 to 49.28%) was the most abundant 
secondary structure followed by ⍺-helix (30.42 to 41.23%), 
extended strand (8.72 to 14.81%) and β-turn (4.03 to 6.4%) 
(Figure S2). A figure depicting the predictions for second-
ary structure of individual amino acid in predicted protein 
of MGUSP101 has been given in Figure S2. Based on in 
silico analysis, we inferred that Tb1 protein contains 4–8 
unfolded regions across genera. Out of total 366 amino acids 
in maize genotypes, 133 (36.33%) remained unfolded. All 
maize and teosinte genotypes had four unfolded regions 
(Figure S3). Length of the largest unfolded region varied 
from 101 to 118 amino acids with all maize genotypes hav-
ing 104 amino acids in the largest unfolded region. A graph 
showing disordered amino acids in MGUSP101 has been 
given in Figure S4. Disulfide bond formation predicted 
that there were 2–9 sites for disulfide bond formation, with 
only two in Oryza sativa and nine in all teosinte and maize 
accessions. In Tb1 paralogue of maize, only eight disulfide 
sites were present. In all maize and parviglumis, sites for 
disulfide bonds formation were at 26, 29, 85, 112, 171, 203, 
296, 307 and 348 amino acid positions. These resulted into 
four disulfide bonds between 26–348, 29–171, 85–296 and 
112–203 amino acids.

Modeling of protein

Template based homology modeling is the best way to 
explore the 3-D structural model of any protein sequence, 
but for Tb1 protein enough templates to cover maximum part 
of protein sequences were not found at SWISS-MODEL. 
Therefore, a threading based modeling was performed 
for MGUSP101 (Fig. 3a, b). Best model had Confidence 
(C)-score of − 2.39, Template modeling (TM)-score of 
0.43 ± 0.14 and RMSD of 12.3 ± 4.4Å. The consensus 
structure for MGU-SP-101 has been presented in Fig. 3a, b. 

Ramachandran plot analysis for stability of protein model 
revealed that 256 (70.3%) lied in favored region, 66 (18.1%) 
lied in allowed region and 42 (11.5%) lied in outlier region 
(Fig. 3c). A graph showing estimated local accuracy of the 
model by algorithm ‘ResQ’ has also been given in Fig. 3a, b.

Domain prediction

Domain prediction revealed that Tb1 is a TCP domain pro-
tein, as reported earlier by Leukens and Doebley (2001). 
TCP domain was predicted to be 149 to 157 amino acids in 
length. All maize and teosinte genotypes were having 154 
amino acids TCP domain. Result showing the TCP domain 
were shown in Figure S5. Tb1 paralogue of maize had only 
151 amino acids based long TCP domain. Motif prediction 
using MOTIF Search revealed two motifs, TCP (at position 
104 to 162 amino acids) and R motif (at position 236 to 253 
amino acids) in all maize and parviglumis. Motif identifica-
tion at MEME_Suite_5.0.5 revealed best 12 motifs (range 
of motifs = 6 to 50 amino acids) (Fig. 4). Of these, motif at 
105–154 amino acids and 228–268 amino acids were pre-
dicted to be TCP and R motifs. The TCP motif consisted 
of 59 amino acids and R-motif had 18 amino acids in all 
genotypes. Sequence alignment of R-motif revealed that it 
is completely conserved in Tb1 of all maize and teosinte 
genotypes and its paralogue in maize. Sequence alignment 
of TCP motif (104 to 162 amino acids) displayed sequence 
as the most conserved in all maize and teosinte accessions. 
Major variation in this region was found for Tb1 paralogue, 
even greater than other species. Sequence alignment of TCP 
and R motifs are given in Fig. 5. 

Functional characterization

The cis-acting regulatory elements were identified for func-
tion using PlantCARE database. Only the elements having 
matrix score  ≥ 5 on any of the strand were selected. Apart 
from prediction of promoter elements such as TATA-box, 
GC-box and CAAT-box, it has also predicted the elements 
responsible for regulating various pathways. Tb1 is a tran-
scription factor and it is having various regulatory roles such 
as abscisic acid responsiveness, anaerobic induction, light 
responsiveness, auxin responsiveness, meristem expression, 
MYBHv1 binding site, MeJA responsiveness, low tempera-
ture responsiveness, drought inducibility, defense and stress 
responsiveness. Mutation has been found in mexicana and 
perennis at a light responsive motif (5′AAT​CTC​ATCC3′ 
identified from Pisum sativum) at ~ 35 bp upstream from 
the TSS in promoter region. In addition, mutation in light 
response motif (5′TCC​CTC​A3′) at ~ 55 bp in the upstream 
from TSS was also observed in mexicana. It is possible that 
change in such motif may cause spatio-temporal expression 
of tb1 resulting into high tillering. GOMo was unable to 
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predict the function of motif predicted by MEME. The bio-
logical, molecular and cellular function prediction (> 0.9 
probability) using FFPred server showed that Tb1 protein 
may be involved in regulation of gene expression, transcrip-
tion, metabolic process, nitrogen metabolism and nucleic 
acid binding transcription factor activity. TargetP_1.1 
results (0.113 for cTP; 0.257 for mTP; 0.027 for SP; 0.689 
for others) and FFPred cellular component has predicted 
mitochondrion, nucleolus and nuclear region as expressed 
region. Besides, it has also been predicted to be expressed 
in other sub-cellular components. Solvent accessibility pre-
diction using RaptorX ACC program for 366 amino acids 
of Tb1 protein of MGUSP101 revealed 235 amino acids 
(64.2%) as exposed, 92 amino acids (25.14%) as buried and 
39 amino acids (10.66%) as intermediate based on relative 

solvent accessibility (exposed: 40 to 100%; intermediate: 10 
to 40%; buried: 0 to 10% of RSA). Trans-membrane topol-
ogy prediction using MEMSAT-SVM for predicted protein 
of MGUSP101 predicted only one helix at 124 to 139 amino 
acids.

Discussion

Branching and inflorescence development in cereals is 
a complex process. Various genes associated with cell 
division and proliferation, meristem growth and differen-
tiation, meristem identity maintenance, auxin -transport, 
-production and -response factors, stress responsiveness 
and genes associated with floral organ development are 

Fig. 3   a Thread-based model of Tb1 protein by I-TASSER server for maize; b estimated local accuracy of model; c Ramachandran plot analysis 
for best model predicted by I-TASSER for Tb1 protein of maize using RAMPAGE server
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involved (Doust 2007; Barazesh and McSteen 2008; 
Rameau et al. 2015). In maize, genes such as tb1, tga1, 
gt1, tru1, ba1, ba2 and ramosa1 are involved in the pro-
cess of domestication (Dong et al. 2019). Of these, tb1 
plays the pivotal role in modifying the plant architectures 
(Studer et al. 2011). Considering its paramount importance 
in regulating the axillary bud formation pathway in maize, 
we characterized the tb1 gene and the encoded protein at 
molecular level and compared among cultivated maize, 

its wild relatives, and orthologues present in other cereal 
crops.

Molecular characterization

Hopscotch and Tourist TEs were present in the upstream of 
tb1 gene of maize inbreds, while it was absent in the teosinte 
accessions. Zhou et al. (2011) first reported this while exper-
imenting with the tb1 gene in maize and teosinte. These TEs 

Fig. 4   Conserved motif in Tb1 
protein. a All 12-conserved 
motif based on MEME tools 
are presented as consensus 
sequence based on all 25 
sequences used in the present 
study; b Motif identified based 
on MEME tools in all maize 
genotypes and their relative 
positions for 366aa Tb1 protein

Fig. 5   Sequence alignment of a TCP and b R motif in MEGA 7 using Clustal_W
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acts as enhancer for transcription of tb1, and it expresses 
two folds in maize. Due to lack of these TEs, less expres-
sion of tb1 is observed among teosinte accessions (Studer 
et al. 2011). Since Tb1 protein acts as suppressor for genes 
involved in the axillary bud formation pathway, higher pro-
lificacy (more ears per plant) is observed in teosinte, while 
apical dominance resulting in one ear per plant is a common 
phenomenon in cultivated maize (Vann et al. 2015). Interest-
ingly, MGUSP101 is an inbred line developed from a prolific 
landrace ‘Sikkim Primitive’, which bears up to 7–9 ears per 
plant in its area of adaptation (Sikkim province of India). 
MGUSP101 bears up to five ears per plant in Delhi condi-
tions as compared to maize inbreds that generally bear one 
ear per plant (Prakash et al. 2019). The analyses suggested 
that MGUSP101 did not differ from maize inbreds in rela-
tion to insertion of Hopscotch and Tourist, thereby suggest-
ing the role of other mechanisms in conferring prolificacy 
in ‘Sikkim Primitive’.

Tb1 is a small sized (362 to 366 amino acids) TCP-
domain transcription factor across maize and wild relatives, 
and therefore, it becomes easy to reach into chromatin unit 
and activate the genes (Maeshima et al. 2015). Orthologues 
of tb1 identified in Oryza (fine culm1), Triticum (TaTB1), 
Sorghum (SbTB1), Hordeum (INT-C), Pennisetum (PgTB1) 
and Arabidopsis (BRC1) have the same TCP domain pro-
tein of comparable length (342–378 amino acids). Gene spe-
cific transcription factors are generally small sized proteins 
having nucleotide-binding domain, and are responsible for 
recruiting the general transcription factors for transcription. 
As maize is closely related to its progenitor Balsas teosinte 
(Zea mays ssp. parviglumis) (Doebley 1992), the coding 
sequence length (1101 bp), protein length (366 amino acids) 
and poly-A site are same, while they differ from other teo-
sinte species (luxurians, perennis and mexicana). Promoter 
site, promoter component, redundancy, neofunctionaliza-
tion, non-functionalization, sub-functionalization and dis-
tance from coding sequence may differ in different species 
for homologous genes (De Bodt et al. 2006). Similar trend 
was also observed in the present study while comparing the 
tb1 in maize with other genera of grass family.

In our present study, tb1 gene is found to be without 
intron, and it appears to be in consonance with the other 
predicted TCP domain proteins reported in strawberry (Wei 
et al. 2016), cotton (Ma et al. 2014; Zheng et al. 2018), 
wheat (Zhao et al. 2018), cassava (Lei et al. 2017) and Arabi-
dopsis (Li 2015). Speculation is that intron may be gained 
during the process of evolution or may be lost (Chai et al. 
2017). Tajima’s D value is calculated to know if the genic 
region is departing from neutrality and have any selection 
pressure. A significant negative value was obtained for tb1, 
which indicated that the gene was under selection pressure 
and population is not evolving neutrally. While Tajima’s D 
test was negative but insignificant for coding region, thereby 

implying that variation in coding sequences was by genetic 
drift of mutant alleles which suggest that selection pressure 
was imposed during domestication by the ancient farming 
community. A novel 6 bp insertion at 420 bp downstream of 
the polyA signal site was unique among four teosinte acces-
sions (parviglumis, perennis, luxurians and mexicana) and 
was not observed in cultivated maize. The InDel markers 
(surrounding the 6 bp polymorphism) developed here can 
be used to introgress tb1 allele of teosinte into elite maize 
inbreds for enhancing the prolificacy in maize. However, 
possession of 6 bp InDel as observed here needs further 
validation among other accessions of parviglumis, perennis, 
luxurians and mexicana besides other teosintes (diploperen-
nis, nicaraguensis and huehuetenangensis).

Genetic relationships

The phylogenetic relationship with protein sequences con-
firmed the usual evolutionary relationship between members 
of grass family. All C4-plants were clustered together thereby 
depicting their close relationship, while all temperate grasses 
(wheat, barley and Brachypodium) were grouped together. 
Since tb1 gene was an extreme target for selection during 
domestication, all maize genotypes clustered together along 
with teosinte accessions. Among four teosintes, parviglu-
mis and mexicana were more close to maize than luxurians 
and perennis. It also confirmed parviglumis as the progeni-
tor of maize (Beadle 1939). The homologue of  Tb1 pre-
sent in wheat genome A (342 amino acids), B (344 amino 
acids) and D (342 amino acids) differed only for 1–2 amino 
acids, as observed in maize and different teosinte accessions 
(362–366 amino acids). This suggests that this gene is still 
under evolution but at a very slow extent (Zheng et al. 2018; 
Chai et al. 2017). TCP family of transcription factor condi-
tioned by tb1 has evolved through duplication, genomic rear-
rangement, functional and structural divergence, therefore, 
are having diverse spatiotemporal functions, and it may be 
possible to obtain new function as paralogue. TCP proteins 
in maize are thought to be evolved by segmental duplica-
tion and later neo-functionalization. The close relationship 
between paralogue of tb1 in maize inbred (B73) with Sor-
ghum and Coix is possibly due to the fact that tb1 paralogue 
has accumulated enough variations over a period of time 
that it now possesses much similarity with the Sorghum and 
Coix (Chai et al. 2017).

Physiochemical features of protein

Based on molecular weight, Tb1 (36690 to 40404.62 g/mol) 
can be regarded as small protein. Most of the transcription 
factors are small proteins which can easily penetrate through 
the chromatin (Maeshima et al. 2015). Since the isoelec-
tric point (pI) is near to 8.0 in most of the genotypes, it is 
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likely to precipitate in basic buffers. While in two species 
(Hordeum and Brachypodium) and tb1-paralogue, the pI is 
less than 7.0, indicating their precipitation in acidic buffers 
(Table 4). This is also evident from the phylogenetic tree, 
where Hordeum and Brachypodium were in different cluster 
compared to other maize and teosinte accessions. This infor-
mation can be used in purification of Tb1 protein. Size of 
protein and its composition were generally more conserved 
in genotypes than their isoelectric points (Nandi et al. 2005). 
Isoelectric point in maize and teosinte were 8.3, indicating 
highly conserved functions. All the Tb1 proteins are pre-
dicted to be unstable based on Instability index (Ii > 40), this 
shows their highly fragile nature in vivo with an estimated 
half-life, T1/2 < 5 h (Rogers et al. 1986). Aliphatic Index 
(Ai) indicates about the thermostability of protein based on 
the relative volume occupied by the aliphatic side chains 
of alanine, valine, isoleucine and leucine. More aliphatic 
index indicates more thermostability of protein (Ikai 1980). 
Aliphatic index ranging from 55.19 to 61.64 represents that 
Tb1 protein can sustain wide range of temperatures (Arora 
et al. 2009; Gupta et al. 2012). Grand Average of Hydropa-
thy (GRAVY) value of range -0.591 to -0.729 also indicates 
that Tb1 protein can have better interaction with water and 
thus hydrophilic in nature (Arora et al. 2009).

A highly conserved 59 to 60 amino acids long bHLH 
region was observed across genotypes (Cubas et al. 1999). 
Two domains, viz., TCP and R in tb1 were observed in all 
species in the study (Kosugi and Ohashi 1997). A TCP-
protein with R-domain is called as TCP-C type (Cubas 
2004). TCP domain is well characterized in maize (Chai 
et al. 2017), wheat (Zhao et al. 2018), cotton (Ma et al. 
2014; Zheng et al. 2018), cassava (Lei et al. 2017) and 
strawberry (Wei et al. 2016). Multiple Em for Motif Elici-
tation (MEME) identified 12 putative motifs in the Tb1 
protein sequences of all genotypes. Similarly MEME has 
also identified multiple putative motifs with unknown 
function while studying genome-wide TCP genes of rice 
(Danisman 2016), Arabidopsis (Li et  al. 2015), wheat 
(Zhao et al. 2018), cotton (Ma et al. 2014; Zheng et al. 
2018), maize (Chai et al. 2017), strawberry (Wei et al. 
2016) and cassava (Lei et al. 2017). R-motif was highly 
conserved across maize, teosinte, orthologues and para-
logue. Though TCP domain was highly conserved in all 
teosinte, maize and orthologues, it differed for Tb1 paral-
ogue. This may be true, because paralogue of Tb1 in maize 
genome may have very different functions and different 
genes as their target sites.

Table 4   Physicochemical 
properties of predicted protein 
by ProtParam

S. no. Genotype/accession MW pI EC II Ai GRAVY R− R+

1. Zm_LM17 38,757.15 8.30 28,920 47.37 57.81 − 0.611 41 44
2. Zm_UMI1200 38,757.15 8.30 28920 47.37 57.81 − 0.611 41 44
3. Zm_HKI1128 38,757.15 8.30 28920 47.37 57.81 − 0.611 41 44
4. Zm_MGUSP101 38,757.15 8.30 28920 47.37 57.81 − 0.611 41 44
5. Zm_BML7 38,757.15 8.30 28920 47.37 57.81 − 0.611 41 44
6. Zm_CML425 38,757.15 8.30 28920 47.37 57.81 − 0.611 41 44
7. Zm_Luxurians 38,626.06 8.30 28920 48.29 58.54 − 0.605 41 44
8. Zm_Perennis 38,483.95 8.30 28920 47.93 59.25 − 0.591 41 44
9. Zm_Parviglumis 38,783.19 8.30 28920 48.42 57.54 − 0.620 41 44
10. Zm_Mexicana 38,643.05 8.30 28920 46.89 58.13 − 0.612 41 44
11. Brachypodium 40,404.69 6.90 30285 49.06 56.69 − 0.718 45 44
12. Coix 39,766.24 8.74 30285 52.63 59.57 − 0.636 42 47
13. Hordeum 37,077.32 6.84 28670 54.76 60.95 − 0.681 41 40
14. Oryza 40,384.56 7.08 28,545 58.17 55.19 − 0.729 42 41
15. Pennisetum 38,544.03 8.44 28,795 48.52 59.19 − 0.652 41 44
16. Sorghum 39,760.49 8.70 28,920 49.62 60.57 − 0.633 41 46
17. Setaria 38,374.94 8.39 28,795 52.54 61.64 − 0.599 40 43
18. Triticum_A 36,766.12 7.74 30,160 51.01 60.99 − 0.636 39 40
19. Triticum_B 37,078.44 8.27 30,160 53.48 59.77 − 0.671 40 42
20. Triticum_D 36,690.02 8.27 30,160 50.47 61.26 − 0.649 39 41
21. Zm_B73 38,757.15 8.30 28,920 47.37 57.81 − 0.611 41 44
22. Zm_PalameroT 38,761.14 8.30 28,920 47.37 57.81 − 0.609 41 44
23. Zm_ParB73 38,894.31 6.72 42,900 50.52 58.02 − 0.635 42 41
24. Zm_CML247 38,757.15 8.30 28,920 47.37 57.81 − 0.611 41 44
25. Zm_Mo17 38,757.15 8.30 28,920 47.37 57.81 − 0.611 41 44
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Protein modeling

Secondary structure is more conserved than primary struc-
ture (protein sequences) as the most common amino acid 
substitution in protein are synonymous, without affecting 
the protein structure, hence this may be a great tool to study 
evolutionary relationship (Reehana et al. 2013). Correct 
prediction of secondary structure is required for predic-
tion of 3-D structure, ligand binding site, domain and motif 
structure and functional prediction. SOPMA and secondary 
structure prediction using PSIPRED server revealed random 
coil as most common secondary structure in Tb1 protein. 
Random coils are a kind of structure which predominantly 
depends upon the surrounding conditions of amino acids 
and least affected by the overall structure as it may attain 
any structure of its own to fit into the external condition of 
polypeptide. Since Tb1 is a TCP domain bHLH transcrip-
tion factor, we could find a significant proportion of ⍺-helix, 
extended strand and β-turn (Kosugi and Ohashi 1997; Chai 
et al. 2017). The disordered region of 133 amino acids in 
maize may have a role in molecular recognition, binding 
activity and regulatory processes, and are, therefore, func-
tionally important (Cozzetto and Jones 2013; Wright and 
Dyson 2015). Number of cysteine residue differed in differ-
ent homologue of Tb1 in different species. It resulted into 
different number of disulfide bond formation, and ultimately 
affects the protein structure and functions. Protein modeling 
is an important way to decide its three dimensional structure, 
interaction, homo-heteromerization, ligand binding site, 
domain structure and protein function (Yang et al. 2015; 
Moturu et al. 2018).

Functional characterization

Genes encoding transcription factor are known to have 
several pleiotropic effects as it regulates a series of genes 
responsible for a specific phenotype. Their expression 
is most commonly influenced by the environmental factors 
such as light, drought, diseases, stress, hormonal activity and 
various other external factors. They respond to such stimuli 
via a signaling protein binding to specific location in pro-
moters. TCP proteins are known to have role in branching 
(Doebley et al. 1997), bud outgrowth (Takeda et al. 2003), 
working in strigolactones pathway to regulate axillary bud 
(Minakuchi et al. 2010), regulation of shoot apical meristem 
development (Hubbard et al. 2002), leaf and flower devel-
opment (Aguilar-Martinez and Sinha 2013; Koyama et al. 
2007), and expression of cell-cycle genes (Peng et al. 2015). 
PlantCARE database was searched for presence of functional 
element which identified several promoter and genic compo-
nent depicting the potential role of tb1 in response to several 
biotic (auxin, abscisic acid and meristem growth) and abiotic 
(anaerobic induction, light, drought and low temperature) 

factors. FFPred server predicted its role in regulation of gene 
expression, metabolic processes and nitrogen metabolism. 
Several authors have reported the various role of tb1 in other 
crops, such as panicle and spike development in wheat (Zhao 
et al. 2018; Dixon et al. 2018), tiller development in wheat 
(Lewis et al. 2008), lateral branching in rice (Takeda et al. 
2003), tillering in rice (Choi et al. 2012), lateral spikelet 
fertility in barley (Ramsay et al. 2011) and axillary bud out-
growth in sorghum (Kebrom et al. 2006). Light signaling 
may have an effect in developmental pathways in maize, as 
plant grown in shade develop only one ear, while in isolation 
generally develops more than one ear. Such kind of influence 
may be the outcome of shade avoidance syndrome (Kebrom 
and Brutnell 2007, Whipple et al. 2011). Similarly, Kebrom 
et al. (2006) reported that Phytochrome-B represses the tb1 
expression and negatively regulates axillary bud outgrowth 
in sorghum. Our prediction based on TargetP1.1 and FFPred 
depicts that Tb1 protein localizes in nucleus and mitochon-
dria. Relative solvent accessibility using RaptorX_ACC pro-
gram revealed 64.2% of amino acid are exposed, and it cor-
relates with the fact that tb1 is actively engaged in molecular 
interaction and should bind to several sites in genome in 
response to various growth responses.

Conclusion

Tb1 gene encoding bHLH transcriptional factor having 
TCP domain is the key regulator of branching architecture 
of maize and teosinte. Hopscotch and Tourist TEs were 
absent in teosinte, while TEs were present in the upstream 
of tb1. A 6 bp deletion unique to maize was also identified, 
and a codominant marker differentiating the teosinte and 
maize was developed. Parviglumis and mexicana shared 
closer relationship with cultivated maize than perennis and 
luxurians. R domain is highly conserved in all genotypes, 
while TCP domain varied in paralogue of Tb1. Tb1 protein 
besides regulating the axillary bud formation pathway, is 
also involved in various other regulations including absci-
sic acid-, light- and auxin- responsiveness. The informa-
tion generated here holds great importance in the evolution 
of tb1 gene and breeding for enhancement of prolificacy 
in maize.
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