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Abstract The evolutionary history of TUBBY-like pro-
teins (TLPs), which contain a highly conserved tubby
domain, can be traced to the early stages of eukaryote
evolution, on account of the identification of this gene
family in organisms from single-celled to multicellular
eukaryotes. While genome-wide structural and evolution-
ary analyses of the entire TLP gene family have recently
been reported in Arabidopsis and rice, little is known about
TLP genes in maize. To gain insight into how TLP genes
have evolved in maize, we conducted comprehensive
analysis of the molecular evolution of TLP genes in this
crop. A total of 15 TLP genes (ZmTLPI-15) were identi-
fied in maize by genome-wide screening. This family was
classified into four subfamilies based on phylogenetic
relationships, protein domains, and motif organization.
Gene duplication and chromosomal location analysis
indicated that segmental duplication has played a major
role in the expansion of the maize TLP family. The ZmTLP
genes exhibited differential expression profiles under ABA,
NaCl, 42, 4 °C, and PEG stress treatment. We performed
microsynteny analysis across three gramineous species
based on comparisons of the specific regions containing
TLP genes, revealing numerous microsyntenic gene pairs
among maize, rice, and sorghum, which suggests that the
flanking regions of TLP genes may be derived from a
common ancient Gramineae ancestor.
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Introduction

TUBBY-like proteins (TLPs) are present in all eukaryotes,
from single-celled to multicellular organisms (Liu 2008).
The typical TLP has an approximately 270-amino acid
tubby domain at its C-terminus (Yang et al. 2008), and
most TLPs in plants also contain highly conserved F-box
domains (Gagne et al. 2002). The C-termini of F-box
proteins generally contain one or several highly variable
protein—protein interaction domains, such as the Leu-rich
repeat (LRR), kelch repeat, tetratricopeptide repeat (TPR),
and WD40 repeat (Jain et al. 2007). The TLP family shares
a common, characteristic tertiary structure that consists of a
beta barrel packed around an alpha helix in the central
pore.

In mammals, TLP genes play important roles in the
maintenance and functioning of neuronal cells during post-
differentiation and development (Akihiro et al. 2002).
Three members of this gene family (TULPI, TULP2, and
TULP3) have also been identified in humans and mice
(North et al. 1997). The first TUBBY gene was identified in
obese mice through positional cloning (Kleyn et al. 1996;
Noben-Trauth et al. 1996). The gene derives its name from
its role in metabolism: mice with a mutated tubby gene
develop delayed-onset obesity (Coleman and Eicher 1990),
sensorineural hearing loss, and retinal degeneration (Oh-
lemiller et al. 1995). Tubby proteins bind to the small cell
signaling molecule phosphatidylinositol, which is typically
localized to the cell membrane. A similar structural fold to
that of TLPs has been identified in the Scramblase family
of proteins (Bateman et al. 2009). To date, members of this
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family have been identified in various multicellular
organisms but not in single-celled organisms (North et al.
1997). The tubby gene, which is highly expressed in the
paraventricular nucleus of the hypothalamus and several
other brain regions, was identified by isolating the genetic
locus that transmits this autosomal recessive obesity syn-
drome (Kleyn et al. 1996; Noben-Trauth et al. 1996). The
presence of a highly conserved tubby domain in different
species suggests that these proteins play fundamental bio-
logical roles in multicellular organisms.

TLPs are thought to function as transcription factors
(Boggon et al. 1999), but the detailed molecular mecha-
nism underlying their activity remains unclear. Members of
the TLP family serve as potential signaling factors coupled
to G-protein activity (Santagata et al. 2001). TLPs are also
thought to participate in the insulin receptor signaling
pathway (Kapeller et al. 1999). Insulin receptors, which
belong to a large family of transmembrane protein-tyrosine
kinases (Ullrich and Schlessinger 1990), are widely dis-
tributed in the central nervous system (Baskin et al. 1988).
The binding of insulin to its cell surface receptor initiates
phosphorylation of downstream targets, including Insulin
receptor substrate 1 (IRS-1), a member of a large family of
adaptor proteins that link upstream kinases to downstream
signaling pathways (Mf. 1998). Therefore, TLPs may
function as adaptors, linking insulin receptors to down-
stream signaling protein cascades (Kapeller et al. 1999;
Ullrich and Schlessinger 1990).

Arabidopsis thaliana contains 11 members of the TLP
gene family, i.e., AfTLPI-11. Although seven of these
genes are located on chromosome 1, no local tandem
repeats or gene clusters have been identified. Furthermore,
accumulating evidence suggests that AsTLP9 participates in
the ABA signaling pathway (Lai et al. 2004). AtTLP9 is an
F-box protein that interacts with ASK1 (Arabidopsis Skp1-
like 1). Transgenic plants with suppressed expression or
overexpression of AfTLP9 exhibit aberrant sensitivity to
ABA during seed germination and early seedling devel-
opment (Lai et al. 2004).

Maize is an important cereal crop that has become a
model plant for investigating genetics, evolution, and basic
biological processes. Although TLP genes have been
extensively characterized in Arabidopsis, obese mice,
human, and other species, their functions remain poorly
characterized in maize. Recently, The Maize Genome
Sequence Project released the full maize genome assembly
(Zea mays L. B73) (Sekhon et al. 2013), which provides the
opportunity to perform genome-wide analysis of the TLP
gene family to elucidate the evolutionary history and
functional mechanisms of these genes in this important
species. In this study, we identified and characterized 15
putative TLP genes in the maize genome. The results of
this study provide a foundation for further elucidating the
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functional and evolutionary history of the TLP gene family
in maize.

Materials and methods
Identification of non-redundant TLPs in maize

Maize (Zea mays L. B73) genome sequences were down-
loaded from http://www.maizesequence.org/index.html,
and DNATOOLS software was used to construct a local
database from the nucleotide and protein sequences of the
latest complete maize genome. The Hidden Markov Model
profile of the TLP domain (PF01167) was downloaded
from the Pfam database (http://pfam.sanger.ac.uk/Soft
ware/Pfam) (Punta et al. 2012), which was used as a
standard sequence to isolate all possible homologs in maize
via BLASTp searches (P value = 0.001). This step was
crucial for identifying as many similar sequences as pos-
sible. Furthermore, all candidate sequences that met the
standards were analyzed in the Pfam database using the
SMART program (Letunic et al. 2012) to eliminate any
sequences not containing the TLP domain. Information
regarding the number of amino acids, the chromosome
location, the number of exons and introns, and ORF lengths
of ZmTLP genes was obtained from the B73 maize
sequence database. The molecular weight (kDa) and iso-
electric point (PI) of each gene were calculated by ExPASy
(http://www.expasy.org/tools/). ~ All  candidate TLP
sequences were aligned using MEGA6.0 (Tamura et al.
2013) and checked manually to exclude potentially
redundant genes, and all of the non-redundant TLP genes
were subjected to further analysis.

Mapping ZmTLPs on chromosomes and gene
duplication

To determine the physical locations of the ZmTLP genes,
the starting positions of all ZmTLP genes identified from
the B73 maize sequence database were determined. A
diagram of the chromosome locations of ZmTLP genes was
generated by Maplnspect (http://www.plantbreeding.wur.
nl/uk/software_mapinspect.html) according to their starting
positions on the maize chromosomes. ZmTLP gene dupli-
cation events were also investigated. ClustalW in
MEGAG6.0 was used to align TLP amino acid sequences
(Thompson et al. 1994) and to compute their evolutionary
distances.

Phylogenetic analysis

Analyses of the phylogenetic relationships of ZmTLPs
were conducted using the neighbor-joining (NJ) method in
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MEGAG6.0. A phylogenetic tree was initially constructed
using the complete TLP sequences of maize with default
parameters. Bootstrap analysis was performed using 1000
replicates with the pairwise deletion option.

To compare the phylogenetic relationships of TLP genes
from different species, a phylogenetic tree of maize, sor-
ghum, and rice sequences was constructed, and the
sequences of the TLP domain-containing proteins were
aligned using ClustalX 1.83 (Thompson et al. 1997).
Phylogenetic analysis using the NJ method in MEGAG6.0,
and the Max parsimony method was also used, with 1000
bootstrap replicates, to create a phylogenetic tree and to
validate the results from the NJ method.

Sequence analysis of ZmTLPs

The conserved motifs encoded by each ZmTLP gene were
also investigated. Protein sequences were analyzed using
the online MEME (Multiple Expectation Maximization for
Motif Elicitation) tool (http://meme.sdsc.edu/meme4_3_0/
intro.html) (Bailey et al. 2006) with the following param-
eters: (1) optimum motif width was set to >6 and <50; (2)
the maximum number of motifs was set to identify 10
motifs. The SMART program (http://smart.embl-heidel
berg.de) and the Pfam database were used to annotate the
MEME motifs. Exon—intron structural analysis of the
ZmTLP genes was performed using GSDS (http://gsds.cbi.
pku.edu.cn/) (Guo et al. 2007).

Expression profile of ZmTLP genes

Since ZmTLPs are thought to function as transcription
factors, all ZmTLP genes were investigated at the tran-
scriptional level. The ZmTLPs expression profiles were
analyzed by searching the maize EST database (http://
www.maizesequence.org/blast) and examining online
expression information. Furthermore, publicly available
transcriptome data were obtained from R.S. Sekhon
(Sekhon et al. 2011). The maize expression data were
obtained through BLAST searches against the maize EST
database using the DNATOOLS BLAST program. The
search parameters were as follows: maximum identity
>95 %, length >200 bp, and E value <10~'°. While the
specific expression of ZmTLP genes was not identified in
the local EST database, this information was obtained
through the NCBI EST database. Finally, the consolidated
data were used to construct a heatmap using R/Biocon-
ductor (http://www.bioconductor.org/).

Ka/Ks analysis of duplication segments

Ka/Ks ratios were used to analyze the “age” of the
duplicated gene pairs within each homologous segments by

determining the synonymous (Ks)/nonsynonymous (Ka)
substitution ratios using DnaSP (version 5.10) (Librado and
Rozas 2009). A sliding window was performed to analyze
the Ka/Ks ratios with the following parameters: window
size, 150 bp; step size, 9 bp. To date the timing of dupli-
cation events, the Ks values of flanking conserved genes
for each pair of duplicated regions were calculated. Based
on a rate of 6.1 x 1077 substitutions per site per year in
millions of years, the Ks values were then translated into
divergence time. The divergence time (T) was calculated as
T =Ks/(2 x 6.1 x 107) x 107° Mya (Lynch and Con-
ery 2000).

Interspecies microsynteny analysis

Microsynteny analysis across the three Gramineae species
was performed based on comparisons of the specific
regions containing TLP genes. Similarly, the TLP genes of
maize, sorghum, and rice were regarded as the anchor
points according to their physical locations. Levels of
identity and similarity between the flanking genes of each
TLP gene in one species and those in the other species were
determined with the BLASTp program for pairwise com-
parison (Deleu et al. 2007). A syntenic block was defined
as a region where three or more conserved homologs
(BLASTYp E value < 10~2°) were located within a 100 kb
region between genomes (Sato et al. 2008).

Plant material and stress treatments

The maize inbred line B73 was grown in a greenhouse
under a 14 h light/10 h dark photoperiod at 28 + 2 °C.
When seedlings reached the three-leaf stage, they were
subjected to abiotic stress treatments. Similar seedlings
were placed in a temperature-controlled environment and
subjected to temperature treatments including heat stress
(42 £ 1°C) and cold stress (4 £ 1 °C). For sodium
chloride (NaCl) and polyethylene glycol (PEG) treatments,
seedling leaves were sprayed with 20 mM NaCl and 20 %
PEG solution, respectively. After each treatment, the leaves
were harvested at 1 h, immediately frozen in liquid nitro-
gen, and stored at —80 °C for RNA extraction.

RNA extraction and qRT-PCR analysis

Total RNA was extracted from the samples using the Trizol
reagent (Invitrogen) according to the manufacturer’s
instructions. The quality of total RNA was assessed on a
1 % agarose gel quantified with a NanoDrop ND-1000
spectrophotometer. Reverse transcription of the open
reading frame of the RNA was performed using M-MLV
reverse transcriptase. Then, qRT-PCR was conducted on an
ABI 7300 Real-Time system (Applied Biosystems). Primer
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Express 3.0 software (Applied Biosystems) was used to
design gene-specific primers to amplify 90-150 bp unique
PCR products for every gene (Table S1). Each reaction
contained 2.0 pl transcription product, 12.5 ul SYBR
Green Master Mix Reagent (Applied Biosystems), and
400 nM primers in a final volume of 25 pl. The thermal
cycling conditions were as follows: 95 °C for 10 min,
followed by 40 cycles at 95 °C for 15 s and 60 °C for
1 min. Each reaction was performed with at least three
times under the same conditions. The relative expression
level of each gene was calculated by comparing the ACT
values to those of the control group.

Results
Identification of TLPs in maize

The consensus protein sequences (Pfam PF01167) of the
TLP Hidden Markov Model (HMM) profile were employed
as a query to search against the maize genome database
with the BLASTp program. As a result, 38 candidate TLP
sequences were identified in maize. To confirm putative
TLP genes in the maize genome, the amino acid sequences
of all 38 proteins were searched for the presence of TLP
domains by Pfam and InterPro. As results of an extensive
search for TLP genes, 15 non-redundant maize TLP genes
(designated ZmTLPI-15) were identified (Table 1).
Although all ZmTLP genes encode proteins with the con-
served TLP domain, their remaining sequences are highly
diverse. Unlike AtTLPs, not all ZmTLPs have a conserved
F-box (45-54 residues)-containing domain. However, like

AtTLPs, all identified ZmTLPs are 255-610 amino acids in
length. The molecular weights of these deduced ZmTLPs
range from 28.59 kDa to 66.85 kDa (Table 1). As shown in
Table 1, all ZmTLPs are basic proteins, as their isoelectric
points (pls) are greater than 7.0 (pI > 9.0).

Phylogenetic and structural analysis of ZmTLPs

To detect the evolutionary relationships within the ZmTLP
gene family, we constructed an NJ tree based on the
alignment of the full-length sequences of the 15 ZmTLPs
(Fig. 1). According to the phylogenetic tree, the ZmTLPs
were divided into four groups (group A to group D; boot-
strap values > 90 %). Fifteen maize ZmTLP genes formed
six sister pairs, four of which showed high bootstrap sup-
port (99 %). To support the phylogenetic reconstruction,
we performed exon—intron analysis by comparing the
predicted coding sequence (CDS) with the genomic
sequences of the ZmTLP genes (Fig. 1), finding that each
ZmTLP CDS is disrupted by one or more introns. Consis-
tent with the phylogenetic analysis results, genes in the
same group display similar exon—intron structures, espe-
cially in the number of introns, although there are excep-
tions. For example, ZmTLP13 (in group C) contains the
most introns, while ZmTLP4 contains the fewest, and most
ZmTLP genes contain three or four introns. Moreover, the
intron length is also highly variable, ranging from dozens
of bases to approximately 5000 bases. Those observations
reflect the high sequence diversity of the TLP family.

To analyze the phylogenetic relationships of TLP genes
from different species, we constructed a combined phylo-
genetic tree based on alignment of the full-length

Table 1 Information about

ZmTLP family genes Gene name Translation Length (aa) MW (kDa) PI Chromosome
ZmTLP1 GRMZM2G001272_P0O1 436 48.767 9.87 10
ZmTLP2 GRMZM2G046816_P01 448 49.551 8.92 4
ZmTLP3 GRMZM2G062154_P01 357 40.321 9.02 3
ZmTLP4 GRMZM2G068586_P02 358 40.477 9.20 8
ZmTLP5 GRMZM2G108228_P01 592 66.855 10.47 2
ZmTLP6 GRMZM2G115701_PO1 437 48.301 10.18 5
ZmTLP7 GRMZM2G129288_P01 498 54.403 10.24 6
ZmTLPS8 GRMZM2G163726_P01 456 50.805 9.20 4
ZmTLP9 GRMZM2G176340_PO1 436 48.277 10.04 4
ZmTLP10 GRMZM2G349376_P01 346 37.028 10.26 9
ZmTLP11 GRMZM2G378907_P02 441 48.800 10.17 1
ZmTLP12 GRMZM2G435445_P01 367 41.059 9.55 6
ZmTLP13 GRMZM2G472945_P01 402 43.706 11.07 5
ZmTLP14 GRMZMS5G866954_P02 480 53.235 10.34 3
ZmTLP15 GRMZM5G871407_P01 357 39.511 10.82 8

Information about encoded proteins/genes includes sequence ID, protein length (aa), molecular weight

(MW), isoelectric point (pI), and chromosomal location
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Fig. .1 Phylogenetic . ZmTLP5 - _ _ -
relationships and exon—intron
structures of ZmTLPs. The ZmTLP8 - -
unrooted tree was constructed ZmTLP7 48+ -
using the NJ method in
MEGAG6.0. Bootstrap values ZmTLP14 T -
(above 50 %) from 1000 ZmTLP1 — — —
replicates are 1nd1.cated at each ZmTLP2 _ ~
node. Exons and introns are
indicated by yellow rectangles ZmTLP6 — - -
and thin lines, r(.aspectively. The ZmTLP9 —_— B -
untranslated regions (UTRs) are
ZmTLP11 -

indicated by blue rectangles

sequences of maize, sorghum, and rice. The TLP genes
were divided into four major classes: class A, B, C, and D,
with well-supported bootstrap values, which include rep-
resentative genes of maize, sorghum, and rice (Fig. 2).
Class A genes were further divided into four subclasses
according to their bootstrap values and phylogenetic rela-
tionship, which were designated Al, A2, A3, and A4. All
TLP genes formed 14 sister pairs, 13 of which showed high
bootstrap support (>94 %). The maize, rice, and sorghum
TLP genes formed 13 sister pairs among the three species,
including three pairs between rice and sorghum and 10
pairs between maize and sorghum, which indicates that
these genes share a close relationship in terms of origin and
evolution. For example, ZmTLPI2 and SbTLPI2 (A2),
ZmTLP5 and SbTLP13 (A3), ZmTLP8 and SHTLPY (A4),
ZmTLPS5 and SbTLPS (A4), ZmTLP14 and SbTLP4 (B),
ZmTLP2 and SbTLP7 (C), and ZmTLP1 and SbTLPI10
(D) share high homolog (bootstrap values > 99.9 %).

Chromosomal locations and gene duplication

Based on the starting position of each gene on the chro-
mosomes, we determined that the 15 ZmTLP genes are
unevenly distributed on chromosomes 1-10 (except for
chromosome 7) (Fig. 3). The largest number of TLP genes
(three) was detected on chromosome 4, whereas the fewest
were found on chromosomes 1, 2, 9, and 10 (one per
chromosome). Two genes were found on each of the fol-
lowing chromosomes: chromosome 3 (ZmTLP3 and [4),
chromosome 5 (ZmTLP6 and 13), chromosome 6 (ZmTLP7
and /2), and chromosome 8 (ZmTLP4 and 15).

ZmTLP12 - -

100L_— zmTLP4

e ZmTLP13 = e —
5 — ZmTLP10 -
2L zmTLP15  —

kb kb 2kb 3kb 4kb 5kb 6kb 7kb 8kb
Legend:

CDS i upstream/ downstream  —— |ntron

To investigate the expansion mechanism of the ZmTLP
gene family during the process of evolution, we investi-
gated gene duplication events, including tandem and seg-
mental duplications (Kong et al. 2007; Moore and
Purugganan 2003). Gene duplication between genes on
different chromosomes and in the same clade are desig-
nated as segmental duplication events. Several rounds of
whole-genome duplication events have occurred in both
the Arabidopsis and rice genomes (Wang et al. 2005; Yu
et al. 2005). In the current study, based on phylogenetic
analysis and the chromosomal distribution of the ZmTLP
genes, four gene pairs (ZmTLP1/2, ZmTLP3/4, ZmTLP6/9,
ZmTLP7/14) were found to be involved in segmental
duplication events. However, no tandem duplications or
gene clusters were identified.

Investigation of conserved motifs in ZmTLP genes

MEME web server is employed to analyze motif distribu-
tion and to verify the results of domain prediction. Using
the MEME web server, we identified 10 conserved motifs
in the ZmTLPs (Fig. 4). Each of these putative motifs was
annotated by searching Pfam and SMART, revealing that
conserved motifs within the ZmTLP domain-matching
motifs are highly similar. Motif 1, 2, 5, 6, and 7 encode the
TUB domain, while motif 3, 4, and 8 encode the F-box
domain. The same number and types of motif (motif 1, 2, 3,
4,5,6,7,8,9, and 10) were identified in nine ZmTLP genes
(ZmTLP1, 2, 5,6, 7, 8, 9, 11, and 14). Meanwhile, two gene
pairs (ZmTLP3/4 and ZmTLP6/9) also contain identical
motifs, indicating that these genes share high homology,
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Fig. 2 Phylogenetic relationships of maize, sorghum, and rice TLPs.
The tree was constructed using the NJ method in ClustalX based on

alignment of the full-length amino acid sequences of maize, sorghum,
and rice. Bootstrap values are from 1000 replicates

A4

which is similar to the results of phylogenetic tree analysis
(Fig. 1). Motif 1, 2, 3, 4, 5, and 6 were found in most
ZmTLP genes. Furthermore, conserved motifs 4 and 6 are
widely distributed in all 15 ZmTLP genes. Motif 9 is absent
in ZmTLP3, ZmTLP4, and ZmTLP12. Unlike ZmTLP10,
ZmTLP15 lacks motif 8 and 9. In addition, motif 7, 8§, 9,
and 10 were also found in genes with unknown functions,
indicating that they are likely required for specific func-
tions. Detailed information about the conserved amino acid
sequences and lengths of the 10 motifs is presented in
Table S2.

Sequence analysis of the ZmTLPs

All of the ZmTLP sequences were searched against the
Pfam database, revealing 10 putative ZmTLP sequences
with a typical F-box domain at their N-termini. Two
ZmTLP sequences (ZmTLP7 and ZmTLP11) have two
well-conserved TLP domains at their C-termini. The
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multiple alignments clearly revealed a highly structured
TLP domain located at the C-termini of the proteins, which
represents the most conserved section of the ZmTLPs (Fig
S1). Furthermore, highly conserved amino acid residues
(R, L, L, A, G) were identified in the TLP domains of the
15 ZmTLPs. Meanwhile, according to the multiple
sequence alignments, the 10 putative F-box regions were
consistently observed (Fig S2). These F-box domains,
containing 45-54 amino acids, are highly conserved.

Digital expression analysis of ZmTLP genes

We examined the expression patterns of the ZmTLPs using
publicly available genome-wide transcript profiling data from
maize tissues as a resource, resulting in the assignment of the
ZmTLPs to 18 groups based on their expression patterns in
various tissues and organs. The dataset contains RNAseq
reads from various studies during the process of maize growth
(Fig. 5). As show in Fig. 5, most of these genes were
expressed in many tissues and organs, with distinct tissue-
specific expression patterns. However, ZmTLP10, ZmTLP13,
and ZmTLP15 were rarely expressed in any tissue and organ.
The expression patterns of ZmTLP6 and ZmTLP9 were simi-
lar, with relatively high expression levels in the thirteenth leaf
and in other tissues. ZmTLP5 and ZmTLPI2 were highly
expressed in almost all tissues, especially the thirteenth and
eighth leaves, and ZmTLP5 was also highly expression in the
tips of stage-2 leaves. Interestingly, ZmTLP4 was more highly
expressed than other genes in most organs, particularly ger-
minating seeds, which suggests that this gene plays an
important role in maize development.

Interspecies microsynteny analysis

Microsynteny is genome information that can be used to
predict the locations of homologous genes from different
species. Gene segments in which 80 % of closely homol-
ogous genes are arranged in the same order and tran-
scriptional orientation are characterized as having
conserved microsynteny (Mural et al. 2002). We performed
microsynteny analysis to detect the evolutionary origins
and orthologous relationships within the TLP genes in the
three Gramineae species examined. In general, microsyn-
teny relationships are examined between maize and rice/-
sorghum but not between rice and sorghum. According to
the microsynteny maps (Fig. 6), we detected microsynteny
relationships within maize, between maize and sorghum,
and between maize and rice. We found that 39 out of 42
genes from maize, rice, and sorghum formed 42
microsynteny gene pairs. Among these gene pairs, 19 pairs
were generated from the microsyntenic relationship
between 13 maize genes and 13 sorghum genes. In addi-
tion, 12 maize genes and 13 rice genes also generated 19
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Fig. 4 Distribution of 10 putative conserved motifs in ZmTLPs. All motifs were identified by MEME using the complete amino acid sequences
of 15 ZmTLPs. Each motif is indicated by a specific color. The conserved amino acid sequences and length of each motif are shown in Table S1

microsynteny gene pairs. However, only four gene pairs
were detected between eight maize genes. Thus, there were
significantly fewer genome sequences within internal
duplications in maize than in synteny blocks between
maize and the two other species. The smaller amount of
internal microsynteny in maize may be indicative of
ancient whole-genome duplications followed by gene loss
and rearrangement. Ancient large-scale replication pro-
vides the basis for the establishment of high levels of
microsynteny among these three species. Thus, the flanking
regions of TLP genes may be derived from a common

ancient Gramineae ancestor, further illustrating that these
regions are remarkably conserved.

Expression levels of ZmTLP genes in response
to abiotic stress

Plants are frequently threatened by abiotic stresses such as
drought, high salinity, and low temperature during their life-
cycle. Since gene expression patterns play an important role in
the study of gene function (see promoter cis element analysis,
finding that almost all ZmTLP genes contain a putative ABA-

@ Springer



32

Genes Genom (2016) 38:25-36

zmTLP13 8
ZmTLP10
ZmTLP15
ZmTLP11
ZmTLP14
ZmTLP6 2
ZmTLPY
zmTiPa Mo
ZmTLP5

| ZmTLP12
L | zmTLP

. zmTLP8
| ZmTLP2
\ZmTLP3
_ |zmTLP7

6

4

SeABST alnjeww| 6A

Jea yuesHIy] A

Jeo YusAs|3 BA

Jea] pusslIyLIA

HO Svag
Jea7 ylussuIy1 2y

pass sjouMm_dvaot

poss dloum dvacik

poss 8joym dvari
pess 8|y dvasl
wJiadsdopug dvazl

Jea yybig eA
wiadsdopu3 ™ dvarl

paag Buneulusn Hyz
INV'S PuE Wejs™en
jea z-ebejs jo dil TGA
wisdsopug dvagi
okiqu3~dvagl

100y Alewd

Fig. 5 Expression analysis of ZmTLP genes. The color scale to the
right of the heat map indicates expression values: blue indicates low
transcript abundance and red indicates high levels of transcript
abundance

responsive element (ABRE), low dehydration-responsive
element (DRE), and temperature responsive element (LTRE),
Fig S3), we investigated the expression patterns of the TLP
genes in response to ABA, NaCl, 42, 4 °C, and PEG stress
treatment, particularly focusing on genes in Subgroup I
(ZmTLPI, 2, 5,6, 7,8, 9, 11, and 14) and 11 (ZmTLP3, 4, and
12). As shown in Fig. 7, all 12 genes were up- or downregu-
lated under stress treatment relative to the controls, although
the changes in expression of some genes were small. Under
ABA treatment, ZmTLP3, 4, 5, 6, 8, 9, and 12 were obviously
upregulated, especially ZmTLP6. Under NaCl treatment, only
the expression of ZmTLP8 was clearly altered. Under 42 °C
treatment, the changes in expression were greatest for
ZmTLP3, 5, 8,9, and 12. ZmTLPS8 and 9 were also induced
under low temperature treatment (4 °C), and the expression of
ZmTLP14 was only induced by low temperature treatment.
Under PEG treatment, the expression of four genes (ZmTLP2,
3, 4, and 11) increased, and two genes (ZmTLP2 and 11) were
specifically induced by this treatment. Interestingly, the
expression of ZmTLP7 generally decreased in response to all
of the abiotic stress treatments. In addition, the duplicate gene
pair ZmTLP3/4 exhibited similar expression patterns.

Discussion
TLP genes comprise a conserved gene family that has been

identified in many species. Compared to animals, few TLPs
have been functionally studied in plants. In addition to a
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tubby domain, most plant TLPs also have an F-box domain
in corresponding regions (Gagne et al. 2002). The TLP
family has been studied in some plant species, such as
Arabidopsis (Lai et al. 2004) and rice (Liu 2008). However,
few studies of TLP genes have been reported in maize. In
this study, we identified 15 non-redundant TLP genes in the
maize genome. Through genome-wide comparative anal-
ysis of the evolutionary relationships between maize and
other plants, such as sorghum and rice, we found that maize
TLP genes share more homology with those of Gramina-
ceous plants. TLPs in maize share some patterns observed
in other species, but some distinct characteristics were also
detected.

In this study, we performed comprehensive analysis of
the TLP genes family in maize, including analysis of
phylogeny and gene structures, chromosomal locations and
gene duplication, conserved motifs, and expression pro-
files. Phylogenetic analysis of various species showed that
all TLP genes formed 14 sister pairs, including 13 with
high bootstrap support (>94 %). Among these sisters pairs,
there are 13 orthologous pairs in the three species, sug-
gesting that they share a close relationship in terms of
origin and evolution, especially maize and sorghum. This
finding partially accounts for the high level of TLP gene
conservation in these two species during the evolutionary
process. We determined that the TLP family in maize had
mainly expanded through segmental duplications, and no
TLP genes in maize were involved in tandem duplication.
The number of TLP genes in maize (15) is similar to that in
sorghum (13) and rice (14), perhaps because TLP genes in
these species have undergone the same evolutionary pat-
terns, such as segmental duplications. Segmental duplica-
tion events are thought to occur more often in the more
slowly evolving gene families during the process of evo-
lution (Cannon et al. 2004). To analyze the evolutionary
constraints of this family, we investigated the Ka/Ks ratios
for four duplicated pairs, showing that the TLP gene family
has undergone purifying selection (Fig S4 and Fig S5). In
addition, the calculated replication events of four paralo-
gous pairs occurred between 17.59 and 71.38 Mya
(Table S3). Interspecies microsynteny analysis demon-
strated that TLP genes in the three species examined share
many relationships, suggesting that they may have arisen
from a common whole genome replication in an ancient
common ancestor and that these regions are remarkably
conserved. The finding that segmental segments and
orthologous pairs generally exist in three different species
illustrates that the TLP gene family is a conserved, slowly
evolving gene family in plants, which would account for
the observation that these three species have a similar
number of TLPs.

Previous studies have shown that the exon/intron
structures and motif compositions of TLPs are relatively
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Fig. 6 Extensive microsynteny
of TLP regions across maize,
sorghum, and rice. The maize
chromosomes, labeled Zm, are
shown in orange. The sorghum
and rice chromosomes, shown
in blue and green, are labeled
Sb and Os, respectively. The
numbers on the boxes indicate
the lengths of the chromosomes
in megabases. The entire
chromosomes of the three
species, harboring TLP regions,
are arranged in a circle. Red
lines represent the syntenic
relationships between TLP Zms
regions

conserved. The intron numbers of 15 ZmTLP genes vary,
but two-thirds of TLP genes contain three introns, and only
a few have more than three introns, which indirectly
illustrates the conservative nature of the TLP gene family
over the course of evolution. Phylogenetic analysis
revealed that almost all members of each subfamily have a
similar exon/intron structures. Indeed, introns were
specifically inserted into plants and retained in the genome
during the course of evolution (Rogozin et al. 2003).
Among the four subfamilies in the phylogenetic tree, the
gain and loss of introns have occurred in a subfamily-
specific manner, which helps confirm the validity of the
phylogenetic tree. Meanwhile, the configurations of the
motifs identified by MEME reflect conservation within
ZmTLPs. Based on the motif diagram and phylogenetic
tree, members of the same subfamily have similar struc-
tures and numbers of motifs.

We investigated the expression patterns of ZmTLP
genes based on publicly available genome-wide transcript
profiling data of maize tissues to obtain clues about the
functions of these genes. To better understand the gene
expression patterns, we also analyzed the cis-elements of

ZmTLP gene promoters. We performed qRT-PCR anal-
ysis of all ZmTLP genes, but almost no expression of
ZmTLP10, 13, or 15 was detected after using various
primers. Ultimately, we selected 12 ZmTLP genes to
study abiotic stress-induced expression patterns, reveal-
ing different expression levels under different stress
treatments. The expression of the 12 TLP genes was not
significantly altered under NaCl treatment, suggesting
that the TLP gene family is not involved in NaCl meta-
bolic pathways. Seven TLP genes were strongly upreg-
ulated in response to ABA, suggesting that this family
plays an important role in ABA resistance. In particular,
ZmTLP6 was significantly upregulated (>40-fold) after
ABA treatment, which is consistent with the results of
promoter sequence analysis, illustrating that ZmTLP6
plays an important role in the response to ABA stress.
Moreover, under low and high temperature treatment, we
observed obvious changes in expression in six TLP
genes. Three genes (ZmTLP3, 8, and 9) responded to both
low and high temperature treatment, suggesting that they
play a role in improving plant adaptation to temperature
changes. Intriguingly, the results of promoter cis-element
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Fig. 7 Expression of TLP genes in response to abiotic stress. The mRNA level of each gene in maize seedlings under 1 h of ABA, NaCl, 42,
4 °C, and PEG stress treatment is expressed relative to the value from the untreated control. Error bars + SE

analysis were not invariably consistent with the results of
gRT-PCR. For instance, ZmTLP9 was induced by ABA,
42 and 4 °C treatment, while it contains only one type of
stress-responsive cis-element in its promoter sequence.
Additionally, four genes were induced by PEG treatment,
especially ZmTLP2 and ZmTLP11, suggesting that these
genes have a strong effect on the PEG stress response. In
addition, we also found that a duplicate genes pair
(ZmTLP3/4) exhibited similar expression patterns, sug-
gesting that these duplicated genes may be involved in
the same regulatory pathway in the response to abiotic
stress. Finally, we found that the expression of ZmTLP7
decreased in response to all abiotic stresses examined,
which may be related to its function in plant adaptation to

@ Springer

environmental changes. The above results show that the
ZmTLP family functions is some stress responses, such as
ABA, temperature, and PEG stress. Maize is often
threatened by environmental stresses throughout growth.
Some TLP genes have been shown to help plants adapt to
stress conditions in other species, such as Cicer arietinum
L. (Wardhan et al. 2012). The current qRT-PCR results
lay the foundation for further analysis of the biological
functions of TLP genes in maize.
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