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Abstract

The TIFY gene family is a plant-specific gene family encoding a group of proteins character-

ized by its namesake, the conservative TIFY domain and members can be organized into

four subfamilies: ZML, TIFY, PPD and JAZ (Jasmonate ZIM-domain protein) by presence of

additional conserved domains. The TIFY gene family is intensively explored in several

model and agriculturally important crop species and here, yet the composition of the TIFY

family of maize has remained unresolved. This study increases the number of maize TIFY

family members known by 40%, bringing the total to 47 including 38 JAZ, 5 TIFY, and 4 ZML

genes. The majority of the newly identified genes were belonging to the JAZ subfamily, six

of which had aberrant TIFY domains, suggesting loss JAZ-JAZ or JAZ-NINJA interactions.

Six JAZ genes were found to have truncated Jas domain or an altered degron motif, sug-

gesting resistance to classical JAZ degradation. In addition, seven membranes were found

to have an LxLxL-type EAR motif which allows them to recruit TPL/TPP co-repressors

directly without association to NINJA. Expression analysis revealed that ZmJAZ14 was spe-

cifically expressed in the seeds and ZmJAZ19 and 22 in the anthers, while the majority of

other ZmJAZs were generally highly expressed across diverse tissue types. Additionally,

ZmJAZ genes were highly responsive to wounding and JA treatment. This study provides a

comprehensive update of the maize TIFY/JAZ gene family paving the way for functional,

physiological, and ecological analysis.

Introduction

Jasmonates (JAs) are plant oxylipin hormones involved in the regulation of diverse physiologi-

cal processes in plants, including reproductive development, abiotic stress response, and

defense against insect and microbes [1–3]. In plant cells, jasmonates are synthesized from lino-

lenic acid via the octadecanoid pathway [4–6], through the activity of at least eight enzymes

(lipase, lipoxygenase, allene oxide synthase and cyclase, 12-OPDA (12-oxophytodienoic acid)

reductase, acyl-CoA oxidase, a multifunctional protein, and 3-ketoacyl-CoA thiolase) [7–9].

JA perception occurs through the interaction of the biologically active ligand, JA-Ile, with
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SCFCOI1 which results in ubiquitination of the JAZMONATE ZIM-Domain (JAZ) transcrip-

tional repressors that are then targeted for degradation by the 26S proteasome proteolytic

pathway [10,11]. The result is derepression of bHLH transcription factors, such as MYC2,

allowing activation of JA responsive gene induction [10–12].

JAZs belong to the larger TIFY superfamily [13], previously known as Zinc-finger protein

expressed in the inflorescence meristem (ZIM) [14]. The TIFY family members contain the

TIFY motif and are grouped into four subfamilies: ZML (ZIM-like), TIFY, PPD, and JAZ

based on their domain structure [13,15]. The members of the ZML subfamily contain a TIFY,

C2C2-GATA zinc-finger, and CCT domain [16]. Proteins unified with only the TIFY motif

belong to the TIFY subfamily [13]. PPD proteins possess three domains: an N-terminal PPD

domain, a TIFY domain, and a Jas domain located near the N-terminus [15]. The JAZ subfam-

ily members have two conserved domains: the TIFY domain at the N-terminal with the core

sequence TIF [F/Y] XG, and a Jas domain at the C-terminal with a unique sequence

SLX2FX2KRX2RX5PY [12,13,17]. Unlike the variable TIFY domain, the sequence of the Jas

domain is remarkably conserved among all JAZ subfamily members across different plant spe-

cies. Many JAZ isoforms are characterized as transcriptional repressors and are commonly

associated with co-repressors such as TOPLESS (TPL)/TPL-related proteins (TPPs) that inter-

act with the adaptor protein, NOVEL INTERACTOR OF JAZ (NINJA) [18]. In the absence of

JA, the TIFY domain interacts with the C-terminal of NINJA while the Jas domain binds and

represses bHLH transcription factors [12,18–20].

In recent years, JAZ proteins have been intensively investigated, primarily for their roles in

numerous aspects of plant development and defense responses against biotic and abiotic

stresses. Gain-of-function mutations in AtJAZ2 prevent coronatine-mediated stomatal

reopening and are highly resistant to Pseudomonas syringae [21]. AtJAZ1, AtJAZ3, and

AtJAZ4 interact with APETALA2 transcription factors to repress the transcription of FLOW-

ERING LOCUS T (FT) [22]. AtJAZ7 negatively regulates dark-induced leaf senescence [23].

Additionally, AtJAZ7, along with AtJAZ8, play a role during defense to fungal infection and

insect herbivory [24,25]. AtJAZ1 and AtJAZ10 are among the best understood JAZs owed to

their repression of the well-explored JA-responsive transcription factor, AtMYC2 [26,27] and

AtJAZ13 has also been found to physically interact with JA-responsive transcriptional factor

AtMYC2 [28]. A recent study discovered that JAZ proteins promote growth and reproduction

by preventing unnecessary plant immune responses [29].

Most JAZ genes explored thus far are wound- and herbivory-inducible [30]. In rice, overex-

pression of JAZ genes with a mutated Jas domain such asmOsJAZ3,mOsJAZ6,mOsJAZ7, and

mOsJAZ11 affect spikelet development and have wide-spread pleiotropic effects [31]. The

overexpression of OsJAZ9 increases tolerance to salt and drought [32]. In tomato, several JAZ
genes are inducible by pharmacological application of JA and abscisic acid (ABA) and SlJAZ3,

SlJAZ7, and SlJAZ10 in particular are induced in leaves following salt treatment [33]. Together,

these studies provide convincing evidence highlighting the importance of JAZ proteins in

plant development, growth, and defense.

In recent years, the genomes of many plant species have been surveyed to catalogue their

TIFY/JAZ genes. In Arabidopsis, 19 members constitute the TIFY family which includes two

ZML, two PPD, two TIFY and 13 JAZ genes [15,28,30,34]. Comparative analysis of other plant

species found variability in their TIFY genes content with Arabidopsis [13,28], tomato [33],

Asian cotton [35], Brachypodium distachyon [36], Chinese pear [37], grape [38], Brassica
napus [39], rice [32], maize [15,40–42], and wheat [43] containing 19, 19, 21, 21, 22, 19, 36, 20,

30, and 47 TIFY members, respectively. In these species, JAZs account for about 66% of TIFY

family [15]. Interestingly, in the monocotyledonous species no PPD proteins have been identi-

fied so far [15]. In maize, the literature has yet to reach an agreement over the accurate number
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of total TIFY genes where as little as 27 to as high as 48 were reported [15,40–42]. In 2016, the

maize reference genome was updated using single-molecule sequencing technology to Zm-
B73-REFERENCE-GRAMENE-4.0 (also known as "B73 RefGen_v4" or "AGPv4") which is

substantially different from the previous AGPv3. In this study, we utilized version 4 of the

maize reference genome to update the list of TIFY genes and classified them into subfamilies

based on the presence of their respective conservative domains. To provide insights into the

functions of different family members, the expression of all the ZmTIFY genes were assessed

in various tissues and organs at different developmental stages and in response to wounding

and JA chemical treatment. In addition, the promoters of ZmTIFY genes were analyzed for

predicted cis-elements that may explain potential conditional-dependent gene induction.

Materials and methods

Plant material

The maize inbred B73 was used as the plant material for this study. The seeds were sowed in

plastic boxes containing a soil mix of vermiculite: organic substrate: loam (1:1:1 v/v/v). The

seedlings were grown in a greenhouse at 25–35 C with relative humidity maintained at 60%-

85% and illuminated by natural sunlight. The experiments were carried out in the seasons of

Spring or Autumn when the average photoperiods were approximate 12 h-day/12 h-night.

Mechanical wounding and JA treatment

The mechanical wounding treatment was conducted as described by [44]. The second leaf of a

V3 stage plants was squeezed with pliers twice on each side of the midrib about 1cm apart

without damaging to the midrib. The undamaged midsection flanked by the two wound sites

was collected at 0, 1, 3, 6 h post-wounding and frozen immediately in liquid nitrogen and

stored at -80˚C for downstream analysis.

Seedlings at the V3 stage were sprayed with 100μM of JA solution or water as control until

both sides of the leaves were completely wet and collected at 0, 6, 12, 24, and 48 h after chemi-

cal treatment, frozen immediately in liquid nitrogen, and stored at -80˚C until further analysis.

Three biological replicates were collected per time-point for each treatment-group.

Gene expression analysis

Total RNA was extracted using Trizol according to the manufacturer’s instructions and its

integrity was tested on a 1% agarose gel by visualizing defined 16S and 18S rRNA bands. Geno-

mic DNA was removed according to GoldenstarTM RT6 cDNA synthesis kit (Sangon Biotech

Co. Ltd at Shanghai). For reverse transcription, 2 μg of total RNA was used to generate cDNA

through the GoldenstarTM RT6 cDNA synthesis kit according to the manufacturer’s instruc-

tions. The cDNA synthesis reactions consisted of 2μl (~2μg) of RNA template, 4μl of Golden-

starTM RT6 cDNA synthesis mix, and 14μl of RNase-free water followed with incubation at

50˚C for 30 minutes and then at 85˚C for 10 minutes.

Expression analysis was conducted with semi-quantitative real-time PCR using primers

designed to selectively amplify distinct JAZs (S3 Table) and EIF4A gene was used as the house-

keeping gene control for equal loading of cDNA. The reaction consisted of 12.5μl of 2xTaq

PCR master mix (Sangon Biotech Co. Ltd at Shanghai), 1 μl forward primer (10μM), 1μl

reverse primer (10μM), 1 μl (100 ng) of cDNA and ddH2O to a final volume of 25μl. Thermal

cycling conditions were: 94˚C for 4 mins; 94˚C for 30 s, 57–58˚C for 30 s, and 72˚C for 30 s, a

final incubation at 72˚C for 10 min, and depending on reaction, 28–30 cycles were performed.

The PCR products were separated and visualized by gel electrophoresis on a 2% agarose gel.
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Identification of the maize TIFY gene family and domain analysis

To identify the members of the TIFY family in maize, BLASTP searches were performed on

the maize genome database (B73 RefGen_v4, https://maizegdb.org/) using the amino acid

(AA) sequences of TIFY and Jas domains from TIFY proteins from Arabidopsis and rice as the

search queries. Maize TIFY candidate genes were selected based on the criteria of 50% or

greater AA identity and an e-value of 1e-4 or less. To determine the presence of the canonical

TIFY subfamily domains, the predicted AA sequences of the ZmTIFY genes were submitted to

the Pfam database (http://pfam.xfam.org/). For the analysis of the presence of an EAR (ERF-

associated amphiphilic repression) motif, candidate proteins were manually compared to the

previously reported 158 LxLxL-types of EAR motifs [45].

Tissue-specific expression profiling

RNA-Seq data for tissue-specific expression in 79 tissues [46] were obtained from maizegdb.

org. The expression heatmap for tissue-specific expression was created by the software HemI

1.0 [47] using log2 value of FPKM (fragment per kilobase per million mapped reads) of

ZmTIFY genes.

Phylogenetic analysis of TIFY genes

A multiple protein sequence alignment was performed for the TIFY family members of Arabi-
dopsis, maize, and sorghum using the online software MUSCLE (www.ebi.ac.uk/Tools/msa/

muscle/). The phylogenetic tree for all identified TIFY family genes in this study and for all

known JAZ genes in Arabidopsis and sorghum were generated with the MEGA 7.0 software

using the maximum likelihood method and robustness tested by bootstrapping for 1000 times.

The tree was displayed using the online software Evolview v3 [48].

cis-element identification in promoters of TIFY genes

To analyze the putative cis-acting elements of the promoters of the ZmJAZ genes, 1.5 kb of

nucleotide sequence upstream of the start codon for each ZmJAZ gene was scanned in the

PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

Results

The maize genome houses 47 bona fide TIFY family members including 16

newly identified members

To identify all TIFY genes in the maize genome, the B73 RefGen_v4 genome was surveyed by

BLASTP for similar sequences to the AA sequences of the TIFY and Jas domains from the Ara-
bidopsis and rice TIFY proteins. This analysis revealed 47 distinct gene models whose pre-

dicted proteins contain a TIFY or Jas domain (Tables 1 and S1). Among these, four were

predicted to belong to the ZML subfamily and contained a TIFY, CCT, and GATA zinc finger

domain, but no Jas domain. Five of 47 were predicted to belong to the TIFY subfamily which

contains solely the TIFY domain (Tables 1 and S1). No PPD proteins were identified. The

remaining 38 TIFY proteins were characterized as JAZ proteins, six of which had no TIFY

domain at the N-terminus, but all had a Jas domain at the C-terminus (Tables 1 and S1). In

total, 38 JAZ, 4 ZML, 5 TIFY-subfamily, and no PPD genes were identified in the maize

genome B73 RefGen_v4. Among the 47 TIFY genes, nearly 40% have never been identified in

previous analyses of the maize TIFY family. These 16 genes include 13 ZmJAZs, two ZmTIFYs
and one ZmZMLs (Tables 1 and S1).
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Table 1. List of TIFY family genes in maize.

Locus ID in (V4) Locus ID in (V3) Chromosomal Location

(V4)

Gene

Name a
Gene Name b Transcript Length

(bp, V4)

Protein Length

(aa, V4)

TIFY motif c Jas

Domain

Zm00001d027899 GRMZM2G343157 1:17141137 zim26 ZmJAZ1 495 164 TILYGG Yes

Zm00001d027901 GRMZM2G445634 1:17156322 zim16 ZmJAZ2 546 181 TIFYGG Yes

Zm00001d029448 GRMZM2G117513 1:71161670 zim24 ZmJAZ3 687 228 TIFYGG Yes

Zm00001d033048 GRMZM2G024680 1:248467942 zim21 ZmJAZ4 651 216 TIFYQG Yes

Zm00001d033050 GRMZM2G145412 1:248529926 zim18 ZmJAZ5 549 182 TIVYGG Yes

Zm00001d033049 GRMZM2G145458 1:248522876 zim3 ZmJAZ6 489 162 TISYGG Yes

Zm00001d034536 GRMZM2G382794 1:295853517 zim19 ZmJAZ7 357 176 TIFYGG Yes

Zm00001d002029 GRMZM2G086920 2:4666311 zim32 ZmJAZ8 558 216 TIFYGG Yes

Zm00001d003903 GRMZM2G145407 2:66485018 zim33 ZmJAZ9 543 180 TVFYGG Yes

Zm00001d004277 GRMZM2G171830 2:99601657 zim8 ZmJAZ10 297 134 TIFYDG Yes

Zm00001d005813 GRMZM2G005954 2:189505960 zim13 ZmJAZ11 531 227 TIFYGG Yes

Zm00001d006860 GRMZM2G101769 2:218018545 zim12 ZmJAZ12 744 237 TIFYGG Yes

Zm00001d050365 GRMZM2G151519 4:83772143 zim35 ZmJAZ13 1281 426 TIFYNG Yes

Zm00001d014249 GRMZM2G064775 5:38005178 zim29 ZmJAZ14 657 218 TIFYQG Yes

Zm00001d014253 GRMZM2G173596 5:38196209 zim10 ZmJAZ15 483 160 IIVYGG Yes

Zm00001d035382 GRMZM2G338829 6:23840275 zim9 ZmJAZ16 507 110 TIFYGG Yes

Zm00001d020409 GRMZM2G126507 7:112014245 zim1 ZmJAZ17 1215 404 TIFYAG Yes

Zm00001d020614 GRMZM2G116614 7:125133740 zim28 ZmJAZ18 657 218 TIFYGG Yes

Zm00001d021274 GRMZM2G066020 7: 147534788 zim31 ZmJAZ19 657 267 TIFYGG Yes

Zm00001d022139 GRMZM2G089736 7:171049645 zim23 ZmJAZ20 702 233 TIFYGG Yes

Zm00001d048263 GRMZM2G036351 9:153418013 zim4 ZmJAZ21 519 172 TIFYGG Yes

Zm00001d048268 GRMZM2G036288 9:153485703 zim14 ZmJAZ22 552 183 TIFYGG Yes

Zm00001d026477 GRMZM2G143402 10:146705762 zim34 ZmJAZ23 693 207 TIFYGG Yes

Zm00001d009438 GRMZM2G054689 8:64583138 zim5 ZmJAZ24 507 253 TIFYGG Yes

Zm00001d013855 GRMZM2G063632 5:22766950 zim7 ZmJAZ25 669 155 LQFSMV Yes

Zm00001d005726 GRMZM2G114681 2:184842614 zim15 ZmJAZ26 1620 353 TIFYAG Yes

Zm00001d027900 GRMZM5G838098 4:1:17147073 zim27 ZmJAZ27 609 195 TIFYGG Yes

Zm00001d014250 AC197764.4_FG003 5:38073928 zim30 ZmJAZ28 555 184 TLSIFY Yes

Zm00001d016316 NO 5:156926728 zim37 ZmJAZ29 474 157 NO Yes

Zm00001d019692 NO 7:51184119 zim38 ZmJAZ30 1353 98 NO Yes

Zm00001d021924 NO 7:165961049 zim39 ZmJAZ31 414 137 NO Yes

Zm00001d024455 GRMZM2G442458 10:71687709 zim40 ZmJAZ32 183 60 NO Yes

Zm00001d033972 NO 1:279900021 zim41 ZmJAZ33 502 173 TIFYGG Yes

Zm00001d041045 NO 3:92630179 zim42 ZmJAZ34 621 206 TIFYGG Yes

Zm00001d044708 NO 3:235521147 zim43 ZmJAZ35 453 150 TIFYGG Yes

Zm00001d046270 NO 9:77365055 zim44 ZmJAZ36 414 137 NO Yes

NO GRMZM2G327263 3:231288810(V3) zim17 ZmJAZ37 4815 1604 TIFYGG Yes

Zm00001d037082 GRMZM2G314145 6:111655145 zim25 ZmJAZ38 1000 135 NO Yes

Zm00001d028313 GRMZM2G110131 1:30342336 zim22 ZmTIFY1 381 215 TIFYGG NO

Zm00001d004173 NO 2:89164906 zim45 ZmTIFY2 639 212 TIFYGG NO

Zm00001d051615 GRMZM2G022514 4:164594515 zim46 ZmTIFY3 3306 1101 TIFYGG NO

NO GRMZM2G036349 9:150516983(V3) zim6 ZmTIFY4 411 136 NO NO

NO GRMZM2G122160 4:11372450(V3) zim11 ZmTIFY5 1024 197 TIFYGG NO

Zm00001d013331 GRMZM2G065896 5:8803187 zim2 ZmZML1 837 278 TLVYQG NO

Zm00001d014656 GRMZM2G058479 5:57723133 zim36 ZmZML2 882 357 TLSFQG NO

Zm00001d036494 GRMZM2G080509 6:90506221 zim20 ZmZML3 1077 357 TLSFQG NO

(Continued)
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JAZ proteins are asymmetrically distributed between the two maize

subgenomes

The 47 TIFY genes were found differentially distributed across the ten maize chromosomes.

The four ZML genes were located on the chromosome 1, 5, and 6 and the five TIFY-subfamily

genes were found on chromosome 1, 2, 4, and 9. The remaining 38 JAZ genes were found on

distributed across all ten chromosomes (Fig 1; Table 1). Chromosome 1 was found to contain

nine JAZ genes, six of which were clustered in two loci: ZmJAZ1, 2, and 27 and ZmJAZ4, 5, and

6. ZmJAZ14, 15, and 26 were clustered at the short arm of Chromosome 5. Maize is a paleopoly-

ploid plant, which harbors two subgenomes (maize1 and maize2) where each constitutes a

genome orthologous to the entire sorghum genome [49]. Interestingly, 32 TIFY genes were

found in the maize1, 14 in the maize2, and only one in the region between the two subgenomes

(Fig 1) compared to the 19 SbTIFY genes thus so far predicted in the sorghum genome [15].

The maize TIFY gene family members possess considerable variability in

gene size, structure, and predicted transcript variants

The maize TIFY genes ranged from 474 bp (ZmJAZ29) to 13091 bp (ZmJAZ37) (S1 Docu-

ment). Gene structural analysis of the TIFY family found that approximately 20% of the

Table 1. (Continued)

Locus ID in (V4) Locus ID in (V3) Chromosomal Location

(V4)

Gene

Name a
Gene Name b Transcript Length

(bp, V4)

Protein Length

(aa, V4)

TIFY motif c Jas

Domain

Zm00001d033523 NO 1:265546924 zim47 ZmZML4 867 288 TLVFQG NO

a The official names designated by maizeGDB and it is applied in Grassius project [40].
b The gene names in bold are the newly found TIFY genes in this study using B73 RefGen_V4.
c Six TIFY genes have no typical TIFY domain but include Jas motif. The TIFY motif of ZmJAZ25 was largely altered, and ZmTIFY4 lacks TIFY domain and Jas motif.

https://doi.org/10.1371/journal.pone.0247271.t001

Fig 1. Distribution of the ZmTIFY genes on maize chromosomes. The blue and orange regions denote the

subgenome1 (maize1) and subgenome2 (maize2) of maize genome (Schnable et al., 2011) and the newly found TIFY
genes are highlighted in blue.

https://doi.org/10.1371/journal.pone.0247271.g001
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members (ZmJAZ1, 2, 5, 6, 15, 21, 22, 29, and 34) were comprised of a single exon and nearly

80% of TIFYs contained two to twenty one exons (Fig 2). Among the 29 JAZs with multiple

exons, ZmJAZ37 (v3) is a longest gene with 13091 nucleotides and 21 exons. This gene was

remodeled in AGPv4 and AGPv5. The latest gene model of ZmJAZ37 (Zm00001e020904) is

only 1476-bp long containing 4 exons (S1 Document). ZmJAZ19 had nine exons and

ZmJAZ13 and 17 each had seven exons. Eight ZmJAZs (ZmJAZ3, 8, 11, 12, 18, 20, 24, and 35),
three ZmJAZs (ZmJAZ9, 25, and 33), six ZmJAZs (ZmJAZ 14, 28, 30, 31, 36 and 38), and four

ZmJAZs (ZmJAZ4, 16, 27, and 32) contained five, four, three, and two exons, respectively (Fig

2). The members of the TIFY subfamily contained between 3 to 10 exons and the ZML sub-

family members contained either seven or eight exons (Fig 2).

The maize TIFY genes were predicted to have varied numbers of transcripts variants (S1

Table). Over 60% or 31 TIFY genes (ZmJAZ1, 2, 4, 5, 6, 7, 9, 10, 14, 15, 16, 19, 21, 22, 24, 26, 27,
28, 29, 31, 32, 34, 35, 36, 37 and 38, ZmTIFY1, ZmTIFY2, ZmTIFY4, ZmTIFY5 and ZmZML1)
have a single transcript (S1 Table) while the other 16 TIFY genes have two to eight transcripts.

It is worthy to note that ZmJAZ23 and ZmZML2 have seven and eight predicted transcript var-

iants, respectively (S1 Table).

Fig 2. The genetic structure of the maize TIFY genes. Scale bar indicates gene size.

https://doi.org/10.1371/journal.pone.0247271.g002
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Conserved protein domains and their features different across the maize

TIFY family

All ZmTIFY genes are predicted to encode at least one protein which range in sizes from 60

AA to 1604 AA, however the vast majority of TIFY proteins are smaller than 300 AA (S1

Table). The candidate maize TIFY proteins were analyzed for their TIFY and Jas domain com-

positions along with screening for presence of EAR-motifs. The TIFY domain, also known as

the ZIM domain, mediates homo- and heteromeric interactions between JAZ proteins [17,50]

and it is necessary for binding to the NINJA–TPL repressor complex [18]. The C-terminal Jas

domain is essential for the interaction of JAZ proteins [12] with the LRR domain of JA recep-

tor, COI1 protein [51]. The EAR (ERF-associated amphiphilic repression) motif is a principle

mechanism of plant gene regulation and facilitates recruitment of TPL for transcriptional

repression [24]. The analysis revealed that all but seven TIFY proteins contained both the

TIFY and the Jas domains. The TIFY motif was absent in ZmJAZ 29, 30, 31, 32, and 36, and

while it was truncated in ZmJAZ25 and ZmZML4 (S1 Table; Fig 3). JAZ4, 10, and 14 had

incomplete Jas domains (S1 Table) and lacked the X5PY. X5PY motif required for JAZ

Fig 3. Conserved domain analysis of the maize JAZ, TIFY and ZML subfamily proteins. Each domain is represented by a colored box and black

lines represented the non-conserved sequences. Scale bar represents peptide length.

https://doi.org/10.1371/journal.pone.0247271.g003
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degradation via 26S proteasome [12]. The Jas domains of ZmJAZ13, 17, and 26 had VPQAR

in place of the normal LPIAR degron motif the sequence signal required for JAZ repressor

degredation [24]. Manual sequence analysis uncovered that seven ZmJAZs (ZmJAZ4, 5, 6, 15,
23, 26 and 34) along with ZmTIFY3 and 5 possessed the LxLxL-type EAR motif (Fig 3).

In summary, among 38 JAZ proteins, 13 (ZmJAZ4, 10, 13, 14, 17, 25, 26, 29, 30, 31, 32, 34

and 36) had an altered or impaired TIFY or Jas domain. The five TIFY subfamily proteins

(ZmTIFY1, 2, 3, 4 and 5) have showed typical TIFY domain sequences. Three of the four

maize ZML proteins (ZmZML1, 2, and 3) have an intact TIFY domain, a CCT domain and a

GATA zinc finger domain, however the newly identified ZmZML4 bears a truncated TIFY

domain.

The maize TIFY family members cluster into six distinct clades

To understand the evolutionary relationship of TIFY genes in maize, a phylogenetic tree of

ZmTIFY proteins was created by the software Mega7 using the maximum likelihood method.

The phylogenetic tree showed that all the TIFY proteins in maize clustered into six clades (Fig

4). Interestingly, ZmTIFY1 and 5 clustered with ZmJAZ8, 9, 13, 17, 23, 26, 32 in clade II (Fig

4) while ZmTIFY2 and 3 clustered with ZmJAZ 4, 5, 7, 14, 15, 16, 19, 25 and 37 in clade IV

(Fig 4) and the four ZmZML proteins clustered into separate clades (I, II, II, and VI) (Fig 4).

Comparison of maize JAZ proteins with orthologues from Arabidopsis and sorghum found

seven clear groups formed with Arabidopsis JAZ proteins clustered into four groups: G1, G3,

G4, G5 and G7 while JAZ proteins in maize and sorghum clustered into 6 groups: G2 to G7

(S1 Fig).

All maize JAZ promoters contain JA responsive regulatory elements

Promoter sequences of the ZmJAZ genes were analyzed via the PlantCARE database to identify

cis-regulatory elements in the1.5kb promoter segment upstream of their start codons. Atten-

tion was given to elements relevant to hormone and stresses responses (Fig 5; S2 Table). Those

elements included: (1) the ABRE motif, involved in abscisic acid (ABA) responses; (2) MBS, a

MYB transcriptional factor binding site involved in drought tolerance; (3) MYC, a transcrip-

tional factor of JA responsive genes; (4) the CGTCA- and TGACG-motifs, involved in methyl-

JA acid (MeJA) responses; (5) the AuxRR-core, TGA-element, and AuxRE, the auxin-respon-

sive elements; and, (6) the GARE-motif and TATC-box, that serve as gibberellin (GA) -respon-

sive elements.

All putative ZmJAZ promoters contained at least two different regulatory elements (Fig 5)

with some, such as ZmJAZ9, possessing all six elements of the analysis. All ZmJAZ promoters

contained either MYC-binding site or CGTCA/TGACG–motif for JA and MeJA responses,

respetively (Fig 5). Most ZmJAZ promoters contained one to several ABRE motifs are involved

in abscisic acid (ABA) responsiveness (Fig 5).

Most ZmJAZ genes have non-specific expression across maize tissues under

basal conditions

To gain insight into tissue-specific expression of the maize TIFY genes, publicly available tran-

scriptomes of 79 different maize tissues and organs [46] were mined. Of the 43 genes identified

in our study, 34 TIFY genes were found transcribed at basal levels in at least one of the avail-

able tissue types (Fig 6) and several patterns emerged.

Generally, most TIFY genes were found to be expressed in most tissue types, albeit at vary-

ing levels of expression. Eight (ZmJAZ2, 3, 8, 11, 12, 13, 26 and 27) were found highly

expressed (transcript abundance >60 FPKM) and five (ZmJAZ17, 25, ZmZML1, 2, 3) were

PLOS ONE An updated census of the maize TIFY family

PLOS ONE | https://doi.org/10.1371/journal.pone.0247271 February 23, 2021 9 / 19

https://doi.org/10.1371/journal.pone.0247271


medium-expressed (1<transcript abundance<60 FPKM) across all tissues. (Figs 6 and S2).

Seven TIFY genes (ZmJAZ4, 5, 6, 14, 15, 18, and 21) were high-expressed but in a limited num-

ber of tissue types. Interestingly, tissue specificity was found for three JAZ genes; ZmJAZ14
was found to be seed-specific and ZmJAZ19 and 22 were only found expressed in the anthers

(Figs 6 and S2). Expression of ZmJAZ4 and JAZ7 was prominent in seed and anther, respec-

tively, but they also displayed low expression across other tissues. ZmJAZ7, 9, 10, 16, 24, 32, 35,

Fig 4. Phylogenetic analysis of maize JAZ, TIFY and ZML subfamily proteins. The phylogenetic tree was

constructed in software Mega7 by the maximum likelihood method with the bootstrap test of 1000 replicates. Amino

acid sequences were aligned with Muscle (Multiple Sequence Comparison by Log-Expectation).

https://doi.org/10.1371/journal.pone.0247271.g004
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37, 38, ZmTIFY1, 3, 4 and 5 were low-expressed genes (transcript abundance < 1 FPKM) in all

maize tissues tested under these conditions.

Expression patterns of ZmJAZ genes in response to wounding and JA

treatment

To understand the inducibility of ZmJAZs during defense responses, we measured transcript

accumulation of the gene expression in the second leaves of maize seedlings following mechan-

ical wounding or chemical application. Expression of 18 ZmJAZ genes (ZmJAZ3, 5, 6, 8, 9, 11,
12, 13, 15, 17, 18, 20, 23, 25, 31, 32, 33, and 36) were detected in these experiments.

Apart from ZmJAZ32 and 36, all ZmJAZ genes tested were found to be transiently induced

by wounding. ZmJAZ5, 6, 15, and 17 displayed a rapid, but short, increase in wound-inducible

expression; induction of these genes was detected at 1 and 3 h post-wounding, but subsided by

6 h. Wounding induced expression of ZmJAZ3, 8, 9, 12, 18, 25, 31, and 33 as early at 1 h follow-

ing treatment, but their induction persisted for the duration of the time-course. ZmJAZ13, 20,
and 23 appear to be late wound-induced genes and it is likely their peak of their expression

was not captured within the time-points tested (Fig 7A).

Mechanical damage induces production of JA and subsequent JA-responsive gene expres-

sion. To test the contribution of JA in wound-inducibility of ZmJAZ genes, maize seedlings

were chemically treated with JA. With the exception of ZmJAZ15, 17, and 20, most maize JAZ
genes were found to be JA-inducible. Expression of ZmJAZ8, 11, 12, 18, 25, 31, 32, and 33 were

induced as early as 6 h and persisted for at least 24 h after treatment. Transcription of

ZmJAZ5, 6, and 9 was detected at only 24 hours post wounding. ZmJAZ15 and ZmJAZ20 were

constitutively expressed in the leaves and unresponsive to JA treatment and remarkably,

Fig 5. cis-regulatory elements identified in the 1.5 kb-promoter regions of ZmJAZ genes. Different colored boxes

denote different type of cis-regulatory elements and labeled according to legend. The scale bar indicates the location of

each cis-elements within the promoters.

https://doi.org/10.1371/journal.pone.0247271.g005
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ZmJAZ17, the most highly expressed gene in the leaves (Fig 6), was the only ZmJAZ observed

to be repressed by JA treatment (Fig 7B).

Comparison of expression patterns between mechanically wounded and JA treated plants

found that the majority of ZmJAZ genes induced by mechanical damage were also JA-respon-

sive. Interestingly, several genes responded differently to JA treatment and wounding in the

time-points measured. Wounding, but not JA-treatment, induced ZmJAZ15 and 20, however

the opposite was observed for ZmJAZ32 (Fig 7).

Discussion

In recent years, advances in sequencing technologies have enabled substantial improvements

to the maize reference genome providing a more accurate representation of the genomic com-

position and subsequent gene models. In this study, we used updated B73 reference genome

AGPv4 to identify and categorize 47 TIFY family genes, named ZmZIM1 to ZmZIM47
(Table 1). This work augments the existing literature with over 40% more maize TIFY mem-

bers, compared with previous studies that identified only up to 30 isoforms [15,40–42]. More

specificially, our analyisis uncovered five, four, and 38 genes to the TIFY, ZML, and JAZ sub-

families, respectively and were named accordingly. No PDD subfamily members were identi-

fied during this process, consistent with what is currently understood from other monocot

species [15,41]. Compared with other grasses, the maize genome encodes more than twice the

number of predicted TIFY genes than Brachypodium [36], rice [32], or sorghum [15], and thus

far only wheat is known to contain more with 47 identified.

Maize arose from a hybridization of two ancestral species that produced an allotetraploid

approximately 14 million years ago and soon after underwent diploidization [52] resulting in a

Fig 6. Heatmap of expression patterns for maize TIFY genes in 79 tissues. The heatmap was generated using log2

(abundance/60) in which red color indicates high expression and blue indicates low expression.

https://doi.org/10.1371/journal.pone.0247271.g006
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segmental alleotetraploid [53]. The closest crop species relative to maize is sorghum (Sorghum
bicolor) which diverged from one of the maize ancestors around the same time of the maize

hybridization event. Using the sorghum genome as a guide, segments from the two maize sub-

genomes (maize1 and maize2) can be differentiated where each subgenome is orthologous to

the sorghum genome [49]. In our analysis, 32 and 14 TIFY genes were identified on the

maize1 and maize2 genomes, respectively (Fig 1). This observation agrees with the finding that

in modern maize inbred lines, maize2 has exhibited significantly more gene loss compared to

maize1 [49].

Prior to the discovery of JAZ proteins [10,12,33], the functional annotation of the plant-spe-

cific TIFY family was unclear [13]. [15] analyzed the origin and evolution of the TIFY genes

and organized them into four subfamilies: ZML, TIFY, PPD and JAZ where the latter can

account for 60–80% of the TIFY genes in a species and undeniably are the best understood. In

Arabidopsis, JAZ proteins are transcriptional repressors for JA-mediated response [10–12].

Fig 7. Transcription activation of ZmJAZ genes upon wounding treatment (A) or 100μM JA treatment (B). Semi-

qPCR was conducted to quantify the expression level of the JAZ genes. The EIF4A gene was employed as the reference

gene.

https://doi.org/10.1371/journal.pone.0247271.g007
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During JA signaling, JA-Ile serves as a ligand to promote the formation of a SCFCOI1-JA-Ile-

JAZ complex in which JAZ proteins are ubiquitinated and subsequently degraded by the 26S

proteasome [10,11].

JAZ proteins contain a TIFY and Jas domain in their N- and C-terminus, respectively, and

both domains are required during JA signal transduction. The TIFY domain is necessary for

homo- and heteromeric dimerization between the TIFY family members [50] and for JAZ-NIN-

JA-TPL interaction and the Jas domain is required for the formation of the COI1–JAZ co-recep-

tor complex [51]. In maize, five TIFY subfamily proteins (ZmTIFY1, 2, 3, 4, and 5) contain solely

a TIFY domain (S1 Table; Fig 3), however they are highly similar with typical ZmJAZ proteins

and cluster with them during phylogenetic analysis (Fig 4). These observations suggest that the

maize TIFY subfamily are comprised of JAZ proteins that have lost their Jas domains during the

evolutionary process. In contrast, several ZmJAZ proteins possessed normal Jas domains but

either lacked (ZmJAZ 29, 30, 31, 32, and 36) or have incomplete (ZmJAZ25 and ZML4) TIFY

domains (S1 Table; Fig 3), which likely results in the inability to dimerize normally with other

JAZ proteins and the subsequent loss of function as transcriptional repressors.

In terms of the Jas domain, most ZmJAZ proteins were predicted to contain intact

sequences (S1 Table), however several isoforms either had an incomplete (ZmJAZ4, 10, and

14) domain lacking the motif “XXPY” or had an altered degron motif (ZmJAZ13, 17, and 26)

where the typical “LPIAR” motif was replaced by “VPQAR”. In Arabidopsis, five JAZ genes

encode different transcript variants [12] with AtJAZ10 having up to four, correspondingly to

the protein isoforms, AtJAZ10.1, 10.2, 10.3, and 10.4 [17]. AtJAZ10.3 has a truncated Jas

domain missing the “XXPY” motif and AtJAZ10.4 has completely lost Jas domain [12,17].

Loss of normal Jas domain is associated with increased stability during JA signaling process

and overexpression of these isoform variants perturb normal JA responses [12,17]. In maize,

14 JAZ genes (ZmJAZ3, 8, 11, 12, 13, 17, 18, 20, 23, 25, 26, 27, 30, and 33) have two to seven

alternative transcripts, and with several variants missing either TIFY or Jas domain or both (S1

Table). Notably, ZmJAZ23 showed parallels with AtJAZ10 in that it encodes several transcript

variants, some which produce typical JAZ proteins (ZmJAZ23.1, 23.2, 23.3, and 23.4) and oth-

ers are either missing (ZmJAZ23.5) have incomplete (ZmJAZ23.6 and ZmJAZ23.7) Jas

domains (S1 Table). In summary, this study identified maize JAZ proteins (ZmJAZ4.1, 10.1,

14.1, 23.5, 23.6, 23.7, 27.1, and 33.1) that have Jas domain perturbations likely rendering them

resistant to degradation [24] and would have considerable implications for JA desensitization

and in physiological processes.

Differential gene expression of large gene families allows plants to finely control their

responses with spatial-temporal specificity. In this study, we found that the maize TIFY family

genes are expressed in a tissue- and organ-specific manner under basal conditions. Eight JAZ
genes (ZmJAZ2, 3, 8, 11, 12, 13, 26, and 27) were found highly expressed across almost 79 dif-

ferent tissue types while nine others (ZmJAZ7, 9, 10, 16, 24, 32, 35, 37, and 38) only accumu-

lated transcripts to low levels (Fig 6). Other ZmJAZ showed greater tissue specificity: in leaves,

14 JAZ genes (ZmJAZ2, 3, 5, 6, 8, 11, 12, 13, 15, 17, 18, 20, 21, and 23) were highly expressed

(Fig 6), suggesting that JAZ proteins regulate leaf development and defense. Arabidopsis pos-

sesses 13 JAZ genes [28], 10 of which are essential for vegetative growth and reproductive [29].

Insect herbivory or mechanical damage rapidly induce expression of JAZ genes in Arabi-
dopsis, and functional analysis with aos and coi1mutant lines showed that both JA biosynthesis

and perception are required in this process [12,30]. In this study, we found that 14 ZmJAZ

genes (ZmJAZ3, 5, 6, 8, 9, 11, 12, 13, 18, 20, 23, 25, 31, and 33) are induced by either mechani-

cal wound, exogenous JA application, or both treatments (Fig 7). These results provide phar-

macological evidence that JAZ genes from diverse plant species respond by similar cues

resulting in similar defensive functions in both monocots and dicots.
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Promoter analysis provides insights into the regulation of genes to elucidate their physio-

logical functions. Here, we examined the ZmJAZ promoters for six cis-regulatory elements

involved in defense and hormone responses. ABA facilitates stomatal closure in response to

abiotic stress such as during drought conditions [54], while auxin signaling regulates tolerance

to diverse stresses [55]. SA, JA, and ET are best understood for their roles in plant defense to

diverse biotic and abiotic stresses. Here, they activate transcriptional reprogramming to engage

defense against various pathogens, pests, and abiotic stresses, such as wounding and salt [56].

JA and ET usually synergistically regulated plant development and tolerance to necrotrophic

fungi [57]. GA is a major growth hormone and stress-induced growth reduction is associated

with decreases in GA levels [58]. Our result revealed that ZmJAZ gene promoters contain sev-

eral cis-regulatory elements related to plant hormone and stresses regulation. This is in agree-

ment with a recent study that identified cis-elements associated with ABA, Auxin, MeJA, GA,

and stress tolerances in promoters of wheat JAZ genes [43] and consistent with an increasing

number of studies that have functionally characterize specific JAZ proteins in plant hormone

regulation of defense responses against abiotic and biotic stresses in rice, tomato, maize, and

poplar [32,33,42,59]. Thus, it is reasonable to expect that the maize JAZ proteins will emerge as

potent mediates in crosstalk hormone signaling crosstalk during plant growth, development,

or defense processes.

Supporting information

S1 Fig. Phylogenetic tree of JAZ proteins from Maize, Arabidopsis, and Sorghum. The tree

was constructed by software Mega7, using the maximum likelihood method with a bootstrap

test of 1000 replicates and all the amino acid sequences of JAZ proteins of the three species

were aligned with online software Muscle.

(PNG)

S2 Fig. The expression level of 47 ZmTIFY genes in 79 tissues in FPKM value. The expres-

sion data was downloaded from www.maizegdb.org.

(TIF)

S1 Table. Basic information of the TIFY family genes in maize.

(XLS)

S2 Table. cis-regulatory elements detected within the promoter regions of ZmJAZ genes.

(XLS)

S3 Table. List of primers used for semi-quantitative PCR.

(XLS)

S1 Document. The nucleotide and sequences of TIFY genes in maize at B73 RefGen_v3

andAGPv4.

(PDF)

S1 File.

(ZIP)

Author Contributions

Conceptualization: Yuanxin Yan.

Formal analysis: Yannan Shi, Aga Guido Okwana Valerio.

Funding acquisition: Yuanxin Yan.

PLOS ONE An updated census of the maize TIFY family

PLOS ONE | https://doi.org/10.1371/journal.pone.0247271 February 23, 2021 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247271.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247271.s002
http://www.maizegdb.org
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247271.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247271.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247271.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247271.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0247271.s007
https://doi.org/10.1371/journal.pone.0247271


Investigation: Pingdong Sun, Yannan Shi, Aga Guido Okwana Valerio, Qingyun Luo, Kang

Liu.

Methodology: Pingdong Sun, Yannan Shi, Aga Guido Okwana Valerio, Qingyun Luo, Kang

Liu.

Project administration: Jia Qin.

Software: Kang Liu.

Supervision: Jia Qin, Yuanxin Yan.

Visualization: Qingyun Luo, Kang Liu.

Writing – original draft: Aga Guido Okwana Valerio, Yuanxin Yan.

Writing – review & editing: Aga Guido Okwana Valerio, Eli James Borrego, Yuanxin Yan.

References
1. Howe G. A. (2008). New weapons and a rapid response against insect attack. Plant Physiology 146,

832–838. https://doi.org/10.1104/pp.107.115683 PMID: 18316637

2. McConn M. (1996). The critical requirement for linolenic acid is pollen development, not photosynthesis,

in an Arabidopsis mutant. The Plant Cell 8, 403–416. https://doi.org/10.1105/tpc.8.3.403 PMID:

12239389

3. Yang F., Zhang Y., Huang Q., Yin G., Pennerman K. K., Yu J., et al. (2015). Analysis of key genes of

jasmonic acid mediated signal pathway for defense against insect damages by comparative transcrip-

tome sequencing. Scientific reports 5, 16500. https://doi.org/10.1038/srep16500 PMID: 26560755

4. Vick B. A., and Zimmerman D. C. (1984). Biosynthesis of jasmonic acid by several plant species. Plant

Physiology 75, 458–461. https://doi.org/10.1104/pp.75.2.458 PMID: 16663643

5. Schaller F. (2001). Enzymes of the biosynthesis of octadecanoid-derived signalling molecules. Journal

of experimental botany 52, 11–23. PMID: 11181709

6. Schaller F., Schaller A. and Stintzi A. (2005). Biosynthesis and Metabolism of Jasmonates. J Plant

Growth Regul 23:179–99.

7. Schaller A., and Stintzi A. (2009). Enzymes in jasmonate biosynthesis–structure, function, regulation.

Phytochemistry 70, 1532–1538. https://doi.org/10.1016/j.phytochem.2009.07.032 PMID: 19703696

8. Yan Y., Borrego E., and Kolomiets M. V. (2013). Jasmonate biosynthesis, perception and function in

plant development and stress responses. In "Lipid metabolism" (edited by Rodrigo Valenzuela Baez).

IntechOpen. https://doi.org/10.5772/52675

9. Wasternack C., and Strnad M. (2018). Jasmonates: News on Occurrence, Biosynthesis, Metabolism

and Action of an Ancient Group of Signaling Compounds. Int J Mol Sci. 19: 2539. https://doi.org/10.

3390/ijms19092539 PMID: 30150593

10. Thines B., Katsir L., Melotto M., Niu Y., Mandaokar A., Liu G., et al. (2007). JAZ repressor proteins are

targets of the SCF(COI1) complex during jasmonate signalling. Nature 448, 661–5. https://doi.org/10.

1038/nature05960 PMID: 17637677

11. Chini A., Fonseca S., Fernandez G., Adie B., Chico J. M., Lorenzo O., et al. (2007). The JAZ family of

repressors is the missing link in jasmonate signalling. Nature 448, 666–71. https://doi.org/10.1038/

nature06006 PMID: 17637675

12. Yan Y., Stolz S., Chételat A., Reymond P., Pagni M., Dubugnon L., et al. (2007b). A downstream media-

tor in the growth repression limb of the jasmonate pathway. The Plant Cell 19, 2470–2483.

13. Vanholme B., Grunewald W., Bateman A., Kohchi T., and Gheysen G. (2007). The tify family previously

known as ZIM. Trends Plant Sci 12, 239–44. https://doi.org/10.1016/j.tplants.2007.04.004 PMID:

17499004

14. Nishii A., Takemura M., Fujita H., Shikata M., Yokota A., and Kohchi T. (2000). Characterization of a

novel gene encoding a putative single zinc-finger protein, ZIM, expressed during the reproductive

phase in Arabidopsis thaliana. Biosci Biotechnol Biochem 64, 1402–9. https://doi.org/10.1271/bbb.64.

1402 PMID: 10945256

15. Bai Y., Meng Y., Huang D., Qi Y., and Chen M. (2011). Origin and evolutionary analysis of the plant-spe-

cific TIFY transcription factor family. Genomics 98, 128–36. https://doi.org/10.1016/j.ygeno.2011.05.

002 PMID: 21616136

PLOS ONE An updated census of the maize TIFY family

PLOS ONE | https://doi.org/10.1371/journal.pone.0247271 February 23, 2021 16 / 19

https://doi.org/10.1104/pp.107.115683
http://www.ncbi.nlm.nih.gov/pubmed/18316637
https://doi.org/10.1105/tpc.8.3.403
http://www.ncbi.nlm.nih.gov/pubmed/12239389
https://doi.org/10.1038/srep16500
http://www.ncbi.nlm.nih.gov/pubmed/26560755
https://doi.org/10.1104/pp.75.2.458
http://www.ncbi.nlm.nih.gov/pubmed/16663643
http://www.ncbi.nlm.nih.gov/pubmed/11181709
https://doi.org/10.1016/j.phytochem.2009.07.032
http://www.ncbi.nlm.nih.gov/pubmed/19703696
https://doi.org/10.5772/52675
https://doi.org/10.3390/ijms19092539
https://doi.org/10.3390/ijms19092539
http://www.ncbi.nlm.nih.gov/pubmed/30150593
https://doi.org/10.1038/nature05960
https://doi.org/10.1038/nature05960
http://www.ncbi.nlm.nih.gov/pubmed/17637677
https://doi.org/10.1038/nature06006
https://doi.org/10.1038/nature06006
http://www.ncbi.nlm.nih.gov/pubmed/17637675
https://doi.org/10.1016/j.tplants.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17499004
https://doi.org/10.1271/bbb.64.1402
https://doi.org/10.1271/bbb.64.1402
http://www.ncbi.nlm.nih.gov/pubmed/10945256
https://doi.org/10.1016/j.ygeno.2011.05.002
https://doi.org/10.1016/j.ygeno.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21616136
https://doi.org/10.1371/journal.pone.0247271


16. Shikata M., Takemura M., Yokota A., and Kohchi T. (2003). Arabidopsis ZIM, a plant-specific GATA fac-

tor, can function as a transcriptional activator. Bioscience, biotechnology, and biochemistry 67, 2495–

2497. https://doi.org/10.1271/bbb.67.2495 PMID: 14646219

17. Chung H. S., and Howe G. A. (2009). A critical role for the TIFY motif in repression of jasmonate signal-

ing by a stabilized splice variant of the JASMONATE ZIM-domain protein JAZ10 in Arabidopsis. Plant

Cell 21, 131–45. https://doi.org/10.1105/tpc.108.064097 PMID: 19151223

18. Pauwels L., Barbero G. F., Geerinck J., Tilleman S., Grunewald W., Perez A. C., et al. (2010). NINJA

connects the co-repressor TOPLESS to jasmonate signalling. Nature 464, 788–91. https://doi.org/10.

1038/nature08854 PMID: 20360743

19. Melotto M., Mecey C., Niu Y., Chung H. S., Katsir L., Yao J., et al. (2008). A critical role of two positively

charged amino acids in the Jas motif of Arabidopsis JAZ proteins in mediating coronatine- and jasmo-

noyl isoleucine-dependent interactions with the COI1 F-box protein. The Plant Journal 55, 979–988.

https://doi.org/10.1111/j.1365-313X.2008.03566.x PMID: 18547396

20. Pauwels L., and Goossens A. (2011). The JAZ proteins: a crucial interface in the jasmonate signaling

cascade. The Plant Cell 23, 3089–3100. https://doi.org/10.1105/tpc.111.089300 PMID: 21963667

21. Gimenez-Ibanez S., Boter M., Ortigosa A., Garcı́a-Casado G., Chini A., Lewsey M. G., et al. (2017).

JAZ2 controls stomata dynamics during bacterial invasion. New Phytologist 213, 1378–1392. https://

doi.org/10.1111/nph.14354 PMID: 28005270

22. Zhai Q., Zhang X., Wu F., Feng H., Deng L., Xu L., et al. (2015). Transcriptional mechanism of jasmo-

nate receptor COI1-mediated delay of flowering time in Arabidopsis. The Plant Cell, tpc. 15.00619.

https://doi.org/10.1105/tpc.15.00619 PMID: 26410299

23. Yu J., Zhang Y., Di C., Zhang Q., Zhang K., Wang C., et al. (2015). JAZ7 negatively regulates dark-

induced leaf senescence in Arabidopsis. Journal of experimental botany 67, 751–762. https://doi.org/

10.1093/jxb/erv487 PMID: 26547795

24. Shyu C., Figueroa P., Depew C. L., Cooke T. F., Sheard L. B., Moreno J. E., et al. (2012). JAZ8 lacks a

canonical degron and has an EAR motif that mediates transcriptional repression of jasmonate

responses in Arabidopsis. Plant Cell 24, 536–50. https://doi.org/10.1105/tpc.111.093005 PMID:

22327740

25. Thatcher L. F., Cevik V., Grant M., Zhai B., Jones J. D., Manners J. M., et al. (2016). Characterization of

a JAZ7 activation-tagged Arabidopsis mutant with increased susceptibility to the fungal pathogen

Fusarium oxysporum. J Exp Bot 67, 2367–86. https://doi.org/10.1093/jxb/erw040 PMID: 26896849

26. Chung H. S., Cooke T. F., Depew C. L., Patel L. C., Ogawa N., Kobayashi Y., et al. (2010). Alternative

splicing expands the repertoire of dominant JAZ repressors of jasmonate signaling. Plant J 63, 613–22.

https://doi.org/10.1111/j.1365-313X.2010.04265.x PMID: 20525008

27. Zhang F., Ke J., Zhang L., Chen R., Sugimoto K., Howe G. A., et al. (2017). Structural insights into alter-

native splicing-mediated desensitization of jasmonate signaling. Proceedings of the National Academy

of Sciences 114, 1720–1725. https://doi.org/10.1073/pnas.1616938114 PMID: 28137867

28. Thireault C., Shyu C., Yoshida Y., St. Aubin B., Campos M. L., and Howe G. A. (2015). Repression of

jasmonate signaling by a non-TIFY JAZ protein in Arabidopsis. The Plant Journal 82, 669–679. https://

doi.org/10.1111/tpj.12841 PMID: 25846245

29. Guo Q., Yoshida Y., Major I. T., Wang K., Sugimoto K., Kapali G., et al. (2018). JAZ repressors of meta-

bolic defense promote growth and reproductive fitness in Arabidopsis. Proceedings of the National

Academy of Sciences 115, E10768–E10777. https://doi.org/10.1073/pnas.1811828115 PMID:

30348775

30. Chung H. S., Koo A. J., Gao X., Jayanty S., Thines B., Jones A. D., et al. (2008). Regulation and func-

tion of Arabidopsis JASMONATE ZIM-domain genes in response to wounding and herbivory. Plant

physiology 146, 952–964. https://doi.org/10.1104/pp.107.115691 PMID: 18223147

31. Hori Y., Kurotani K., Toda Y., Hattori T., and Takeda S. (2014). Overexpression of the JAZ factors with

mutated jas domains causes pleiotropic defects in rice spikelet development. Plant Signal Behav 9,

e970414. https://doi.org/10.4161/15592316.2014.970414 PMID: 25482801

32. Ye H., Du H., Tang N., Li X., and Xiong L. (2009). Identification and expression profiling analysis of

TIFY family genes involved in stress and phytohormone responses in rice. Plant molecular biology 71,

291–305. https://doi.org/10.1007/s11103-009-9524-8 PMID: 19618278

33. Chini A., Ben-Romdhane W., Hassairi A., and Aboul-Soud M. A. M. (2017). Identification of TIFY/JAZ

family genes in Solanum lycopersicum and their regulation in response to abiotic stresses. PLoS One

12, e0177381. https://doi.org/10.1371/journal.pone.0177381 PMID: 28570564

34. Chung H. S., Niu Y., Browse J., and Howe G. A. (2009). Top hits in contemporary JAZ: an update on

jasmonate signaling. Phytochemistry 70, 1547–59. https://doi.org/10.1016/j.phytochem.2009.08.022

PMID: 19800644

PLOS ONE An updated census of the maize TIFY family

PLOS ONE | https://doi.org/10.1371/journal.pone.0247271 February 23, 2021 17 / 19

https://doi.org/10.1271/bbb.67.2495
http://www.ncbi.nlm.nih.gov/pubmed/14646219
https://doi.org/10.1105/tpc.108.064097
http://www.ncbi.nlm.nih.gov/pubmed/19151223
https://doi.org/10.1038/nature08854
https://doi.org/10.1038/nature08854
http://www.ncbi.nlm.nih.gov/pubmed/20360743
https://doi.org/10.1111/j.1365-313X.2008.03566.x
http://www.ncbi.nlm.nih.gov/pubmed/18547396
https://doi.org/10.1105/tpc.111.089300
http://www.ncbi.nlm.nih.gov/pubmed/21963667
https://doi.org/10.1111/nph.14354
https://doi.org/10.1111/nph.14354
http://www.ncbi.nlm.nih.gov/pubmed/28005270
https://doi.org/10.1105/tpc.15.00619
http://www.ncbi.nlm.nih.gov/pubmed/26410299
https://doi.org/10.1093/jxb/erv487
https://doi.org/10.1093/jxb/erv487
http://www.ncbi.nlm.nih.gov/pubmed/26547795
https://doi.org/10.1105/tpc.111.093005
http://www.ncbi.nlm.nih.gov/pubmed/22327740
https://doi.org/10.1093/jxb/erw040
http://www.ncbi.nlm.nih.gov/pubmed/26896849
https://doi.org/10.1111/j.1365-313X.2010.04265.x
http://www.ncbi.nlm.nih.gov/pubmed/20525008
https://doi.org/10.1073/pnas.1616938114
http://www.ncbi.nlm.nih.gov/pubmed/28137867
https://doi.org/10.1111/tpj.12841
https://doi.org/10.1111/tpj.12841
http://www.ncbi.nlm.nih.gov/pubmed/25846245
https://doi.org/10.1073/pnas.1811828115
http://www.ncbi.nlm.nih.gov/pubmed/30348775
https://doi.org/10.1104/pp.107.115691
http://www.ncbi.nlm.nih.gov/pubmed/18223147
https://doi.org/10.4161/15592316.2014.970414
http://www.ncbi.nlm.nih.gov/pubmed/25482801
https://doi.org/10.1007/s11103-009-9524-8
http://www.ncbi.nlm.nih.gov/pubmed/19618278
https://doi.org/10.1371/journal.pone.0177381
http://www.ncbi.nlm.nih.gov/pubmed/28570564
https://doi.org/10.1016/j.phytochem.2009.08.022
http://www.ncbi.nlm.nih.gov/pubmed/19800644
https://doi.org/10.1371/journal.pone.0247271


35. Zhao G., Song Y., Wang C., Butt H. I., Wang Q., Zhang C., et al. (2016). Genome-wide identification

and functional analysis of the TIFY gene family in response to drought in cotton. Molecular Genetics

and Genomics 291, 2173–2187. https://doi.org/10.1007/s00438-016-1248-2 PMID: 27640194

36. Zhang L., You J., and Chan Z. (2015a). Identification and characterization of TIFY family genes in Bra-

chypodium distachyon. Journal of plant research 128, 995–1005.

37. Ma Y., Shu S., Bai S., Tao R., Qian M., and Teng Y. (2018). Genome-wide survey and analysis of the

TIFY gene family and its potential role in anthocyanin synthesis in Chinese sand pear (Pyrus pyrifolia).

Tree genetics & genomes 14, 25.

38. Zhang Y., Gao M., Singer S. D., Fei Z., Wang H., and Wang X. (2012b). Genome-wide identification

and analysis of the TIFY gene family in grape. PloS one 7, e44465.

39. Saha G., Park J.-I., Kayum M., and Nou I.-S. (2016). A genome-wide analysis reveals stress and hor-

mone responsive patterns of TIFY family genes in Brassica Rapa. Frontiers in plant science 7, 936.

https://doi.org/10.3389/fpls.2016.00936 PMID: 27446164

40. Yilmaz A., Nishiyama M.Y. Jr, Fuentes B.G., Souza G.M., Janies D., Gray J., et al. (2009). GRASSIUS:

a platform for comparative regulatory genomics across the grasses. Plant Physiol. 149:171–80. https://

doi.org/10.1104/pp.108.128579 PMID: 18987217

41. Zhang Z., Li X., Yu R., Han M., and Wu Z. (2015b). Isolation, structural analysis, and expression charac-

teristics of the maize TIFY gene family. Molecular Genetics and Genomics 290, 1849–1858.

42. Zhou X., Yan S., Sun C., Li S., Li J., Xu M., et al. (2015). A maize jasmonate Zim-domain protein,

ZmJAZ14, associates with the JA, ABA, and GA signaling pathways in transgenic Arabidopsis. PLoS

One 10, e0121824. https://doi.org/10.1371/journal.pone.0121824 PMID: 25807368

43. Ebel C., BenFeki A., Hanin M., Solano R., and Chini A. (2018). Characterization of wheat (Triticum aes-

tivum) TIFY family and role of Triticum Durum TdTIFY11a in salt stress tolerance. PloS one 13,

e0200566. https://doi.org/10.1371/journal.pone.0200566 PMID: 30021005

44. Reymond P., Weber H., Damond M., and Farmer E. E. (2000). Differential gene expression in response

to mechanical wounding and insect feeding in Arabidopsis. The Plant Cell 12, 707–719. https://doi.org/

10.1105/tpc.12.5.707 PMID: 10810145

45. Yang J., Liu Y., Yan H., Tian T., You Q., Zhang L., et al. (2018). PlantEAR: Functional Analysis Platform

for Plant EAR Motif-Containing Proteins. Front Genet. 9, 590. https://doi.org/10.3389/fgene.2018.

00590 PMID: 30555515

46. Stelpflug S. C., Sekhon R. S., Vaillancourt B., Hirsch C. N., Buell C. R., de Leon N., et al. (2016). An

expanded maize gene expression atlas based on RNA sequencing and its use to explore root develop-

ment. The plant genome 9. https://doi.org/10.3835/plantgenome2015.04.0025 PMID: 27898762

47. Deng W., Wang Y., Liu Z., Cheng H., and Xue Y. (2014). HemI: a toolkit for illustrating heatmaps. PloS

one 9, e111988. https://doi.org/10.1371/journal.pone.0111988 PMID: 25372567

48. Subramanian B., Gao S., Lercher M.J., Hu S., and Chen W.H. (2019). Evolview v3: a webserver for

visualization, annotation, and management of phylogenetic trees. Nucleic Acids Res. 47(W1):W270–

W275. https://doi.org/10.1093/nar/gkz357 PMID: 31114888

49. Schnable J. C., Springer N. M., and Freeling M. (2011). Differentiation of the maize subgenomes by

genome dominance and both ancient and ongoing gene loss. Proceedings of the National Academy of

Sciences 108, 4069–4074. https://doi.org/10.1073/pnas.1101368108 PMID: 21368132

50. Chini A., Fonseca S., Chico J. M., Fernández-Calvo P., and Solano R. (2009). The ZIM domain medi-

ates homo-and heteromeric interactions between Arabidopsis JAZ proteins. The Plant Journal 59, 77–

87. https://doi.org/10.1111/j.1365-313X.2009.03852.x PMID: 19309455

51. Katsir L., Schilmiller A. L., Staswick P. E., He S. Y., and Howe G. A. (2008). COI1 is a critical component

of a receptor for jasmonate and the bacterial virulence factor coronatine. Proceedings of the National

Academy of Sciences 105, 7100–7105. https://doi.org/10.1073/pnas.0802332105 PMID: 18458331

52. Zhang G., Liu X., Quan Z., Cheng S., Xu X., Pan S., et al. (2012a). Genome sequence of foxtail millet

(Setaria italica) provides insights into grass evolution and biofuel potential. Nat Biotechnol. 30, 549–

554.

53. Gaut B. S., and Doebley J. F. (1997). DNA sequence evidence for the segmental allotetraploid origin of

maize. Proceedings of the National Academy of Sciences 94, 6809–6814. https://doi.org/10.1073/

pnas.94.13.6809 PMID: 11038553

54. Yan J., Tsuichihara N., Etoh T., and Iwai S. (2007a). Reactive oxygen species and nitric oxide are

involved in ABA inhibition of stomatal opening. Plant, Cell & Environment 30, 1320–1325.

55. Kerchev P., Mühlenbock P., Denecker J., Morreel K., Hoeberichts F. A., Van Der Kelen K., et al. (2015).

Activation of auxin signalling counteracts photorespiratory H2O2-dependent cell death. Plant, cell &

environment 38, 253–265. https://doi.org/10.1111/pce.12250 PMID: 26317137

PLOS ONE An updated census of the maize TIFY family

PLOS ONE | https://doi.org/10.1371/journal.pone.0247271 February 23, 2021 18 / 19

https://doi.org/10.1007/s00438-016-1248-2
http://www.ncbi.nlm.nih.gov/pubmed/27640194
https://doi.org/10.3389/fpls.2016.00936
http://www.ncbi.nlm.nih.gov/pubmed/27446164
https://doi.org/10.1104/pp.108.128579
https://doi.org/10.1104/pp.108.128579
http://www.ncbi.nlm.nih.gov/pubmed/18987217
https://doi.org/10.1371/journal.pone.0121824
http://www.ncbi.nlm.nih.gov/pubmed/25807368
https://doi.org/10.1371/journal.pone.0200566
http://www.ncbi.nlm.nih.gov/pubmed/30021005
https://doi.org/10.1105/tpc.12.5.707
https://doi.org/10.1105/tpc.12.5.707
http://www.ncbi.nlm.nih.gov/pubmed/10810145
https://doi.org/10.3389/fgene.2018.00590
https://doi.org/10.3389/fgene.2018.00590
http://www.ncbi.nlm.nih.gov/pubmed/30555515
https://doi.org/10.3835/plantgenome2015.04.0025
http://www.ncbi.nlm.nih.gov/pubmed/27898762
https://doi.org/10.1371/journal.pone.0111988
http://www.ncbi.nlm.nih.gov/pubmed/25372567
https://doi.org/10.1093/nar/gkz357
http://www.ncbi.nlm.nih.gov/pubmed/31114888
https://doi.org/10.1073/pnas.1101368108
http://www.ncbi.nlm.nih.gov/pubmed/21368132
https://doi.org/10.1111/j.1365-313X.2009.03852.x
http://www.ncbi.nlm.nih.gov/pubmed/19309455
https://doi.org/10.1073/pnas.0802332105
http://www.ncbi.nlm.nih.gov/pubmed/18458331
https://doi.org/10.1073/pnas.94.13.6809
https://doi.org/10.1073/pnas.94.13.6809
http://www.ncbi.nlm.nih.gov/pubmed/11038553
https://doi.org/10.1111/pce.12250
http://www.ncbi.nlm.nih.gov/pubmed/26317137
https://doi.org/10.1371/journal.pone.0247271


56. Bari R., and Jones J. D. (2009). Role of plant hormones in plant defence responses. Plant molecular

biology 69, 473–488. https://doi.org/10.1007/s11103-008-9435-0 PMID: 19083153

57. Zhu Z., An F., Feng Y., Li P., Xue L., Mu A., et al. (2011). Derepression of ethylene-stabilized transcrip-

tion factors (EIN3/EIL1) mediates jasmonate and ethylene signaling synergy in Arabidopsis. Proceed-

ings of the National Academy of Sciences 108, 12539–12544. https://doi.org/10.1073/pnas.

1103959108 PMID: 21737749

58. Colebrook E. H., Thomas S. G., Phillips A. L., and Hedden P. (2014). The role of gibberellin signalling in

plant responses to abiotic stress. Journal of experimental biology 217, 67–75. https://doi.org/10.1242/

jeb.089938 PMID: 24353205

59. Wang W., Liu G., Niu H., Timko M. P., and Zhang H. (2014). The F-box protein COI1 functions upstream

of MYB305 to regulate primary carbohydrate metabolism in tobacco (Nicotiana tabacum L. cv. TN90). J

Exp Bot 65, 2147–60. https://doi.org/10.1093/jxb/eru084 PMID: 24604735

PLOS ONE An updated census of the maize TIFY family

PLOS ONE | https://doi.org/10.1371/journal.pone.0247271 February 23, 2021 19 / 19

https://doi.org/10.1007/s11103-008-9435-0
http://www.ncbi.nlm.nih.gov/pubmed/19083153
https://doi.org/10.1073/pnas.1103959108
https://doi.org/10.1073/pnas.1103959108
http://www.ncbi.nlm.nih.gov/pubmed/21737749
https://doi.org/10.1242/jeb.089938
https://doi.org/10.1242/jeb.089938
http://www.ncbi.nlm.nih.gov/pubmed/24353205
https://doi.org/10.1093/jxb/eru084
http://www.ncbi.nlm.nih.gov/pubmed/24604735
https://doi.org/10.1371/journal.pone.0247271

