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Abstract

As an important legume plant, Medicago truncatula is a preeminent model for the study of the processes of nitrogen fixation,
symbiosis, and legume genomics. The regulatory mechanism of the cytokinin response has been studied in many plants,
such as rice, Arabidopsis, tomato, and barley, but information about regulatory pathways and genes involved in the cytokinin
response in Medicago truncatula is notably limited. In this study, to better understand the cytokinin response in Medicago
truncatula, transcriptome analysis of seedlings grown with 6-benzylaminopurine or lovastatin was performed using RNA-
Seq. In this study, 3627 and 3093 transcripts were differentially expressed in cytokinin-induced/control (Cyto/Ctrl) and
cytokinin-inhibited/control (Inh/Ctrl) groups, respectively, and differentially expressed genes were tested by quantitative
real-time PCR (qRT-PCR). Analysis of the cytokinin response in Medicago truncatula revealed a large number of transcripts
involved in signal transduction, metabolic process, secondary metabolite biosynthesis, transport and catabolism, growth and
development, defense mechanisms, and transcription. There were 43 transcription factor families, including 1845 transcrip-
tion factor (TF) genes with 2147 TF transcripts, as detected by RNA-Seq. Additionally, 216 TF genes with 220 transcripts
were differentially expressed in Cyto/Ctrl, and 185 TF genes with 189 transcripts were in Inh/Ctrl. A total of 289 and 260
DETs involved in biosynthesis, metabolism, and transduction of plant hormones were identified in the Cyto/Ctrl and Inh/
Ctrl groups, respectively. Furthermore, 15 transcripts, including A-ARR, IPT, and CKX, were demonstrated to play roles in
cytokinin regulation or signal transduction. These findings were associated with the cytokinin response in other plants. The
resulting data provide the first cytokinin transcriptome analysis in Medicago truncatula. Further analysis and identification of
cytokinin-regulated transcripts or signal transduction transcripts may help to elucidate the regulatory mechanisms governing
the cytokinin response in Medicago truncatula.

Keywords Medicago truncatula - Cytokinin regulation - Differentially expressed transcript - Transcriptome -
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Introduction

Medicago truncatula is a close relative of alfalfa (Medicago

sativa) and a small annual legume native to the Mediter-
ranean region. This species has been chosen as a model

Zhixiang Zhou and Haicong Liu have contributed equally to this

work.
organism for legume species, because it has a small diploid
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supplementary material, which is available to authorized users. tion. The genomes of the two cultivars. A17 and R108. have
54 Yuehui Chao been sequenced and assembled (Bragca et gl. 2011; Moll
chaoyuehui@163.com et al. 2017; Tang et al. 2014). For relatively higher transfor-

mation efficiency and a shorter generation time, R108 has
emerged as a heavily researched cultivar in genetics (Tadege
et al. 2005). Furthermore, R108 was used to create a large
Tntl-insert population, which has been widely employed

College of Grassland Science, Beijing Forestry University,
Beijing 100083, China

2 Tibet Vocational Technical College, Lhasa 850030, Tibet,
China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12374-020-09244-8&domain=pdf
https://doi.org/10.1007/s12374-020-09244-8

190

Journal of Plant Biology (2020) 63:189-202

around the world for gene functional analysis (Tadege et al.
2008).

Next-generation high-throughput sequencing (NGS)
allows us to sequence DNA or RNA conveniently and cost-
effectively to analyze differential expression genes or tran-
scripts, and functionally annotate regulatory pathways. With
this tool, works on transcriptome analysis have been accom-
plished in legume plants. As legumes are globally planted
forage plants, fall dormancy is a very important character-
istic. Dormant and nondormant alfalfa samples at different
time points were harvested, and fall dormancy-related DEGs
were identified and analyzed by NGS technology (Zhang
et al. 2015). To identify single-nucleotide polymorphisms
(SNPs) in drought-related genes, sensitive and tolerant culti-
vars were used for transcriptome sequencing, and more than
6000 SNPs were identified in 2222 drought stress-related
genes (Vidal et al. 2012). In our lab, we harvested two devel-
opmental stages of red clover leaves, mature and old, and
RNA-Seq was used to investigate DEGs and regulatory path-
ways. A total of 481 genes were identified as DEGs between
the two developmental stages (Chao et al. 2018). RNA-Seq
was applied to identify pathogenicity-associated DEGs and
potential effectors during infection of the Medicago trunca-
tula host by a fungal pathogen (Thatcher et al. 2016).

Cytokinins are a class of molecules that are
NO-substituted adenine derivatives, such as isopentenyl
adenine and frans- and cis-zeatin, which are common in
most plants (Keshishian and Rashotte 2015). Cytokinin is
an essential plant hormone that is involved in plant growth
and development, such as cell division and differentia-
tion, plant senescence, other hormone biosynthesis and
responses, seed development and biomass, and plant tol-
erances to biotic and abiotic stresses (Jameson and Song
2016; Li et al. 2015; Mok and Mok 2001; Nguyen et al.
2016; Roche et al. 2016; Schaller et al. 2014; Talla et al.
2016; Zurcher and Muller 2016). Isopentenyltransferase
(IPT) is a key enzyme in regulating the biosynthesis of
cytokinin, and transgenic plants show a delayed senes-
cence phenotype with overexpression of the IPT gene in
canola (Kant et al. 2015). In cotton, suppression of the
cytokinin metabolism gene GhCKX can significantly
improve both seed and fiber yield (Zhao et al. 2015). Cyto-
kinin levels are regulated by a balance between biosynthe-
sis (Kuderova et al. 2008; Kuppu et al. 2013), activation
(Kuroha et al. 2009; Tokunaga et al. 2012), inactivation
(O-glucosyl transferase) (Polanska et al. 2004), reactiva-
tion (B-glucosidase) (Brzobohaty et al. 1993; Kiran et al.
20006), and degradation (cytokinin oxidase/dehydrogenase)
(Kollmer et al. 2014; Reid et al. 2016). Recently, some
studies have used NGS technology to investigate cytokinin
responses, and many key cytokinin-response genes were
explored and characterized in plants. In Oryza sativa, the
expression of OsNSHB2 was significantly upregulated in
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the presence of cytokinin (Ross et al. 2004). In Arabidop-
sis, 4 cytokinin-response factor genes, including CRF1,
CRF2, CRF5, and CRF6, are transcriptionally induced by
cytokinin (Rashotte et al. 2003). Previous studies, in plants
such as Arabidopsis, rice, and tomato, have utilized tran-
scriptomic approaches to investigate cytokinin signaling.
(Bhargava et al. 2013; Day et al. 2008; Raines et al. 2016;
Shi et al. 2013). Cytokinin transcriptomes in tomato leaves
were analyzed by RNA-Seq, and this was the first cyto-
kinin transcriptome analysis in tomato (Shi et al. 2013).
RNA-Seq was used to explore the cytokinin-regulated
genes in rice, and the results showed that approximately
4700 genes in roots and 2400 genes in shoots were iden-
tified as DEGs (Raines et al. 2016). These results may
help to identify candidate genes regulated by cytokinin in
plants. Previous studies have mainly focused on cytokinin-
induced or suppressed genes, but the expression levels of
genes with cytokinin inhibitors remain unknown. Little
is known about the cytokinin response in legume plants
and how it might work in cytokinin responses. As a model
plant in legume plants, exploring the cytokinin-response
transcriptome of Medicago truncatula remains especially
important.

In this work, Medicago truncatula under 6-benzylami-
nopurine—treatment, lovastatin-treatment and no-treatment
conditions was investigated, and global changes in the cyto-
kinin response were analyzed by RNA-Seq. We identified
DETs, transcriptional factors and plant hormone-related
transcripts, which provide abundant gene resources, and
the transcriptome data may help to elucidate the regulatory
mechanisms governing the cytokinin response in Medicago
truncatula.

Materials and Methods
Plant Materials and Growth Conditions

M. truncatula seeds (R108) received as gifts from Samuel
Roberts Noble Foundation (Ardmore, Oklahoma, USA) were
surface-sterilized and transferred to 1/2 MS medium (pH
5.8) containing 1.5% sucrose in plant tissue culture bottles
and then grown in a growth chamber (25/23 °C day/night
temperatures, 16-h photoperiod, and 60% relative humidity).
For treatment of cytokinin, 0.5 mg/L 6-BA was supplied
into 1/2 MS medium, and 1 mg/L lovastatin was added to
inhibit cytokinin. Seedlings grown on different MS media
for 1 month were harvested for cytokinin analysis, and the
cytokinin levels were measured with a plant zeatin (Balb,
China) and 6-BA ELISA kit (J&L, China) according to the
manual. Seedlings 1 month old on different MS media were
harvested for RNA extraction.
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Preparation of Libraries and lllumina Sequencing
of M. truncatula

Total RNA from whole seedlings with three different growth
conditions was extracted and then treated with RNase-free
DNase I (Promega, USA) to remove contaminating genomic
DNA. Purity, integrity, and quantity of RNA were meas-
ured as previously described (Chao et al. 2018). A total of
1 ug of RNA from each sample were used to generate an
[llumina library, and index codes (5" adaptor: 5'-AGATCG
GAAGAGCACACGTC-3" and 3" adaptor: 5'-AGATCGGAA
GAGCGTCGTGT-3') were added to each sample. Each Illu-
mina library’s quality was measured on the Agilent Bioana-
lyzer 2100 system, and the libraries were sequenced with
HiSeq4000 instruments. After removing reads containing
adapters, reads containing poly-N and low-quality reads
from raw data, clean data were obtained, and all transcrip-
tome analyses were based on the clean data.

Differentially Expressed Transcripts Analyses
in Different M. truncatula Samples

The genome sequences and annotation files of the Medicago
truncatula R108 genome (version 1.0) were downloaded
from Medicago truncatula HAPMAP Project (Moll et al.
2017). Clean data were aligned to the reference genome
using Hisat2 (https://ccb.jhu.edu/software/tophat/index
.shtml) with default parameters (Kim et al. 2015). StringTie
(https://ccb.jhu.edu/software/stringtie/) was used to assem-
ble mapped data (Pertea et al. 2015). Novel transcripts were
identified combined with DIAMOND, NR, and Swiss-Prot.
DIAMOND (version 0.8.37.99), HMMER (version 3.1b2),
BLAST2GO (version 2.5.0), and KOBAS (version 2.1.1)
were used for function annotation (Buchfink et al. 2015;
Conesa et al. 2005; Finn et al. 2011; Mao et al. 2005). Then,
the FPKM (expected number of Fragments Per Kilobase of
transcript sequence per Million base pairs sequenced) of
each transcript was calculated using RSEM (version 1.2.31)
with default parameters (Li and Dewey 2011). DETs (dif-
ferentially expressed transcripts) were identified using the
DESeq2 (version 1.10.1) between different samples with
parameters: adjusted p value <0.05 and llog,FCI>=1 (Love
et al. 2014).

Quantitative RT-PCR of DETs Identified
from RNA-Seq Data of M. truncatula

Nine randomly selected DETs and all DETs involved in
cytokinin pathway (Supplementary Table S1) identified from
RNA-Seq were confirmed by qRT-PCR, as described previ-
ously (Chao et al. 2018). Whole seedlings grown on different
1/2 MS media were harvested, and first-strand cDNAs were
synthesized as described above and used for qRT-PCR. The

Medicago truncatula GAPDH transcript (MSTRG.23995.2)
was used as an internal control. A two-step amplification
protocol was performed, and the relative expression level
of each transcript was calculated using the 2724 method
(Livak and Schmittgen 2001).

Function Annotation of DETs from RNA-Seq Data
of M. truncatula

DETs in the Cyto/Ctrl and Inh/Ctr]l groups were searched
against NR (NCBI non-redundant), NT (NCBI nucleotide
sequence), Swiss-Prot, KEGG (Kyoto Encyclopedia of
Genes and Genomes) (Kanehisa et al. 2004), and KOG/COG
(Cluster of Orthologous Groups) (Tatusov et al. 2000) data-
bases as described previously (Chao et al. 2018). GO (Gene
Ontology) annotation was performed using the Blast2GO
software (version 2.3.5) under a threshold E value <107
(Ashburner et al. 2000). KEGG pathway annotation was
performed with the KEGG Automatic Annotation Server
(KAAST1), and HMMER software (Eddy 1998) was used to
search the Pfam database.

Assays of TFs and Hormone-Related DETs
from RNA-Seq Data of M. truncatula

For transcription factor prediction, the plant transcription
factor database PlantTFDB 4.0 (https://planttfdb.cbi.pku.
edu.cn/index.php) (Jin et al. 2017) was used. TF prediction
was performed with Hmmscan and Blast under a threshold
E value<107>. The Arabidopsis Hormone Database (AHD)
was downloaded from https://ahd.cbi.pku.edu.cn. To predict
the plant hormone-related transcripts, DETs from the two
groups (Cyto/Ctrl and Inh/Ctrl) were compared with protein
sequences from AHD using Blastx (E value < 107).

Results

Exogenous of 6-BA or Lovastatin Both Decreased
the Zeatin Levels in M. truncatula for a Long Term

Grown in different 1/2 MS media for 1 month, whole
seedlings were harvested for further experiments
(Fig. la). The height of plants under cytokinin or lov-
astatin conditions was considerably smaller than those
under normal conditions (Fig. 1a). Plants with cytokinin
produced more branches with more leaflets, which were
considerably smaller in size than those of plants with no
treatment (Fig. 1b). Seedlings with cytokinin inhibitor
exhibited a slow growth phenotype, and some compound
leaves appeared in deformed states (Fig. 1b). We meas-
ured the contents of plant hormone zeatin, and the results
showed that the cytokinin levels in plants with 6-BA or
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Fig. 1 Phenotypes and transcripts detected by NGS from three sam-
ples. a Phenotypes of Medicago truncatula of 1 month old at differ-
ent growing conditions. Ctrl, Medicago truncatula with un-treatment;
Cyto, Medicago truncatula with 6-BA treatment; Inh, Medicago trun-
catula with lovastatin treatment. b Leaflets from Medicago truncatula
of 1 month old at different growing conditions. Bar = 1 mm. ¢ The

lovastatin treatments were lower than those in plants
without treatment (Fig. 1c). Meanwhile, we also meas-
ured the 6-BA contents in plants, and the results showed
that the 6-BA contents in cytokinin-induced plants were
improved largely compared with those without cytokinin
treatment (Fig. S1).

Table 1 Data quality of RNA-Seq in Medicago truncatula

M All transcripts
M Novel transcripts

Length distribution

levels of plant zeatin measured in different samples. Error bars repre-
sent the SD from three independent experiments. *Indicates signifi-
cant differences of the means at p <0.01 between samples for plant
zeatin measurements (n=3). d Vern diagram of transcripts detected
in the three samples. e Length distributions of all transcripts and
novel transcripts detected in RNA-Seq

Sequencing and Statistical Analysis of RNA-Seq Data
from all M. truncatula Samples

Each library was sequenced with an Illumina platform.
Approximately 0.45 billion raw reads were generated
(SRA accession number: SRP159219), and the GC con-
tent ranged from 42.70 to 43.65% from the nine Illumina
libraries (Table 1). After filtering out low-quality reads, the
number of clean reads from each library was 41-65 millon

Sample Raw reads Raw bases Clean reads Clean bases Error rate (%) Q20 (%) Q30 (%) GC content (%)
Ctrl 1 46402550 7006785050 46094620 6894139869 0.024 98.5 95.12 42.88

Ctrl 2 66174530 9992354030 65640504 9729480191 0.0241 98.46 95 42.84

Ctrl 3 44222052 6677529852 43934204 6581008058 0.0245 98.31 94.61 43.04

Cyto 1 53792080 8122604080 53403894 7969149485 0.0239 98.51 95.14 42.96

Cyto 2 41593198 6280572898 41276518 6162219030 0.0243 98.35 94.74 43.65

Cyto 3 52809608 7974250808 52402994 7812783151 0.0241 98.46 95.03 43.59

Inh 1 51763406 7816274306 51369192 7671999675 0.0241 98.45 95 42.76

Inh 2 50655384 7648962984 50273896 7501664618 0.024 98.47 95.06 42.7

Inh 3 47348782 7149666082 46993154 7013684281 0.0239 98.53 95.2 42.94

020 the probability that the base was miscalled is 1%, Q30 the probability that the base was miscalled is 0.1%, GC content the percentage of

guanine and cytosine out of four bases
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(Table 1). By mapping to the reference genome, more than
97% of clean reads were mapped to the Medicago truncatula
R108 genome (Table 2). A total of 33,782 genes with 55,558
transcripts were detected in the three samples with a min
length of 132 bp and a max length of 16,535 bp. The mean
length of transcripts was 1801 bp with an N50 of 2.32 kb. A
total of 27,810 transcripts were detected in all three samples
(Fig. 1d). In total, 49,238 transcripts (88.62%) were longer
than 500 bp, and 39,602 transcripts (71.28%) were longer
than 1 kb (Fig. le). By mapping to the reference genome,
22,407 transcripts and 1079 genes were identified as novel.
The mean length of novel transcripts was 2,285 bp with
an N50 of 2.73 kb. By analysis, 21,716 novel transcripts
(96.92%) were longer than 500 bp, and 19,234 novel tran-
scripts (85.84%) were longer than 1 kb (Fig. le).

Function Annotation of Novel Transcripts Identified
from RNA-Seq

Novel transcripts were functionally annotated by search-
ing multiple databases, and 21,939 novel transcripts were
annotated (Fig. 2a; Supplementary Table S2). By searching
the NR database, we found the largest ten transcripts dis-
tributed in Medicago truncatula (20,766), Cicer arietinum
(627), Glycine max (115), Glycine soja (53), Phaseolus vul-
garis (47), Medicago sativa (20), Citrus sinensis (17), Vitis
vinifera (16), Arabidopsis thaliana (14), and Lotus japoni-
cas (12) (Fig. 2b). GO analysis demonstrated that 15,242
transcripts were divided into biological processes, molecular
functions, and cellular components (Fig. 2c). The KEGG
analysis showed that 4941 novel transcripts were mapped
to 116 KEGG pathways (Fig. 2d).

DET Analysis Between 6-BA and Lovastatin-Treated
Samples with Control Samples

By DET analysis, there were 3627 and 3093 DETs in the
Cyto/Ctrl and Inh/Ctrl groups, respectively. In the Cyto/
Ctrl group, 2498 transcripts were upregulated and 1129
transcripts were downregulated (Fig. 3a; Supplementary

Table S3). In the Inh/Ctrl group, 2069 transcripts were
upregulated, and 1024 transcripts were downregulated
(Fig. 3b; Supplementary Table S4). We randomly selected
9 transcripts for qRT-PCR analysis to verify the DET results,
and the qRT-PCR results displayed expression patterns
that were in keeping with those of the RNA-Seq analysis
(Fig. 3c) in Medicago truncatula.

Function Annotation of DETs Between 6-BA
and Lovastatin-Treated Samples with Control
Samples

All DETs from the two groups were functionally annotated,
and a total of 3597 (99.17%) and 3066 (99.13%) transcripts
were annotated for the Cyto/Ctrl and Inh/Ctrl groups, respec-
tively (Table 3). When searching sequences in the NR data-
base, a total of 3596 and 3066 transcripts were annotated in
the Cyto/Ctrl and Inh/Ctrl groups, respectively (Table 3).
GO analysis showed that the enrichment of 2550 and 2177
transcripts could be divided into three groups (Fig. 4a-b). A
total of 687 transcripts were mapped to 103 KEGG pathways
in Cyto/Ctrl, and 548 transcripts were mapped to 94 KEGG
pathways in Inh/Ctrl (Fig. 4c-d).

Plant Hormone DETs Between 6-BA
and Lovastatin-Treated Samples with Control
Samples

The Arabidopsis Hormone Database was used to pre-
dict plant hormone DETs. The prediction results indi-
cated that 289 DETs in Cyto/Ctrl and 260 DETs in Inh/
Ctrl were involved in plant hormones, including ABA,
auxin, brassinosteroid, cytokinin, ethylene, gibberellin,
jasmonic acid, and salicylic acid (Table 4; Supplementary
Table S5-S6). In this work, for cytokinin in Cyto/Ctrl, five
transcripts (236:maker-Contig51-snap-gene-11.43-mRNA-1,
276:maker-Contig20 -augustus-gene-5.34-mRNA-1,
276:maker-Contig20-snap-gene-28.48-mRNA-1, 507:augus-
tus_masked-Contig195 -processed-gene-13.13-mRNA-1,
and 510:maker-Contig21-augustus- gene-44.43-mRNA-1)

Table2 RNA-Seq data

: Sample Total reads Total mapped Multiple mapped Uniquely mapped
mapping to reference genome

Ctrl 1 46094620 44892941 (97.39%) 1729079 (3.75%) 43163862 (93.64%)
Ctrl 2 65640504 64211778 (97.82%) 2376149 (3.62%) 61835629 (94.2%)
Ctrl 3 43934204 42829027 (97.48%) 1553901 (3.54%) 41275126 (93.95%)
Cyto 1 53403894 51991841 (97.36%) 1694975 (3.17%) 50296866 (94.18%)
Cyto 2 41276518 37945197 (91.93%) 2362389 (5.72%) 35582808 (86.21%)
Cyto 3 52402994 47981364 (91.56%) 2219042 (4.23%) 45762322 (87.33%)
Inh 1 51369192 50038901 (97.41%) 1972850 (3.84%) 48066051 (93.57%)
Inh 2 50273896 49046605 (97.56%) 1885471 (3.75%) 47161134 (93.81%)
Inh 3 46993154 45800851 (97.46%) 1637084 (3.48%) 44163767 (93.98%)
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Fig.2 Function annotation of novel transcripts. a Function annotation
of transcripts in all databases. Nr Non-Redundant Protein Database,
GO Gene Ontology, COG/KOG Cluster of Orthologous Groups of
proteins, KEGG Kyoto Encyclopedia of Genes and Genomes. b Nr

were upregulated, and two transcripts (576:augustus_
masked-Contig77-processed-gene-98.13-mRNA-1 and
71:snap_masked-Contig26-processed-gene-95.34-mRNA-1)
were downregulated. To confirm the expression patterns of
those cytokinin-response transcripts, qRT-PCR was con-
ducted. The results showed that the expression trends of
those transcripts were consistent with the analysis results
from RNA-Seq (Supplementary Fig. S2). In the Inh/Ctrl
group, five transcripts (782:augustus_masked-Contig247-
processed-gene-1.11-mRNA-1, 782:augustus_masked-
Contig247- processed-gene-11.5-mRNA-1, 782:augus-
tus_masked-Contig247-processed-gene-90.12-mRNA-1,
782:maker- Contig247-augustus-gene-4.33-mRNA-1
and 782:maker-Contig247-snap-gene-31.59-mRNA-1)
were upregulated, and three transcripts (75:maker-Con-
tig8-augustus-gene-125.25-mRNA-1, 782:maker-Con-
tig247-augustus-gene-49.32-mRNA-1, and 858:augus-
tus_masked-Contig100-processed-gene-113.5-mRNA-1)
were downregulated. For example, two transcripts,
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236:maker-Contig51-snap-gene-11.43-mRNA-1 (homolog
of AT2G41510.1 in Arabidopsis) and 276:maker-Contig20-
snap-gene-28.48-mRNA-1 (homolog of AT1G75450.1
in Arabidopsis), which were identified as cytokininoxi-
dase/dehydrogenase (CKX) homologs, showed upregu-
lated expression levels in Cyto/Ctrl. The expression
levels of the transcript 75:maker-Contig8-augustus-gene-
125.25-mRNA-1, homolog of EXPANSIN 1 (AT1G69530)
in Arabidopsis involved in cytokinin signal response was
drastically decreased in Inh/Ctrl.

A total of 22 and 29 DETSs from Cyto/Ctrl and Inh/Ctrl,
respectively, were enriched in the plant hormone signal
pathway by KEGG analysis (Fig. 5). In the cytokinin sig-
nal pathway, cytokinin receptor (CRE1) can respond to
cytokinins (Franco-Zorrilla et al. 2005). Only one DET
was detected in the Inh/Ctrl group, and the expression
was decreased by inhibition of cytokinin. Histidine-
containing phosphotransfer proteins (AHP) function as
positive regulators of cytokinin responses (D’Agostino
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Fig.3 DETs’ identification and RT-PCR validation. a Volcano plot
of DETs in Cyto/Ctrl. b Volcano plot of DETs in Inh/Ctrl. Each plot
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and Kieber 1999). The AHP transcript 877:maker-
Contig37-augustus-gene-283.41-mRNA-1 was upregu-
lated by cytokinin treatment, and another transcript,
660:maker-Contigl5-augustus-gene-25.68-mRNA-1,
was downregulated to 38.9% of the control by lovastatin
treatment. Type-B Arabidopsis thaliana response regula-
tors (ARRs) act as positive regulators of cytokinin sig-
nal transduction (Mason et al. 2005), and the homologs

Inh Cyto Ctrl Inh Cyto

resent the value of log, (Fold Change) (Y-axis). Error bars represent
the SD from three independent experiments. *Indicates significant
differences of the means at p <0.01 between samples for lovastatin
treatment with control (n=3). **Indicates significant differences of
the means at p <0.01 between samples for 6-BA treatment with con-
trol (n=3)

in Medicago truncatula showed decreased levels in
both treatments. Type-A Arabidopsis thaliana response
regulators (A-ARR) act as negative regulators of cyto-
kinin responses, and MSTRG.18714.2 was decreased
by cytokinin treatment (Hwang and Sheen 2001). Six
A-ARR homolog transcripts were identified as DETs
in Inh/Ctrl, of which three were upregulated and three
were downregulated. For the auxin signaling pathway,
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Table 3 Number of DETs annotated in RNA-Seq

Annotation database Annotated number of  Annotated number

DETs in Cyto/Ctrl of DETs in Inh/Ctrl

COG 1434 1244
GO 2550 2177
KEGG 687 548

KOG 1804 1481
Pfam 3043 2585
Swissprot 2874 2468
TrEMBL 3595 3064
nr 3596 3066
All 3597 3066

COG Clusters of Orthologous Groups, GO Gene Ontology, KEGG
Kyoto Encyclopedia of Genes and Genomes, KOG EuKaryotic
Orthologous Groups, Pfam Protein family database, Swissprot an
annotated protein sequence database, TrEMBL a computer-annotated
supplement to Swissprot, nr NCBI non-redundant database
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Fig.4 Function annotation of DETs. a Percentages and numbers of
GO terms for DETs in cellular component, molecular function, and
biological process in Cyto/Ctrl. b Percentages and numbers of GO
terms for DETs in cellular component, molecular function, and bio-
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10 transcripts were differentially expressed in Cyto/Ctrl,
and 6 were identified as DETs by cytokinin disruption.
GA-insensitive dwarf 2 (GID2) regulates the expression
of SLEEPYI (SLRI) gene, which plays a role in the GA
signal pathway in plants, and one homolog transcript
(MSTRG.18582.1) was downregulated by lovastatin treat-
ment in the GA signal pathway (Gomi et al. 2004). Two
and five DETs were detected in the two treatments for the
ABA signal pathway. For the JA signaling pathway, DET
was not detected in Cyto/Ctrl, while one jasmonate resist-
ant 1 (JARI) homolog transcript, MSTRG.6326.4, and
one jasmonate ZIM-domain (JAZ) homolog transcript,
169:maker-Contigl76-augustus-gene-35.42-mRNA-1,
displayed decreased expression levels in addition to
cytokinin inhibitor. For the SA signaling pathway, two
transcripts showed enhanced expression levels, and two
showed decreased expression levels in Cyto/Ctrl. Three
transcripts were identified as DETs, which were all upreg-
ulated in Inh/Ctrl. Pathogenesis-related 1 (PR-1) gene
expression is induced in response to a variety of path-
ogens and SA, representing a useful molecular marker
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Table 4 Number of DETs involved in plant hormones

Plant hormone ~ Cyto/Ctrl Inh/Ctrl
Upregulated Down-  Upregulated  Down-
regulated regu-
lated

ABA 65 22 60 15
Auxin 44 17 34 13
Brassinosteroid 26 9 29 6
Cytokinin 5 2 5 3
Ethylene 28 2 25 3
Gibberellin 11 5 11 5
Jasmonic acid 18 7 22 7
Salicylic acid 22 6 17 5

for the SA response (Rogers and Ausubel 1997). In our
work, 138:augustus_masked-Contigl6-processed-gene-
8.3-mRNA-1 in Cyto/Ctrl and 169:augustus_masked-
Contigl76- processed-gene-52.13-mRNA-1 in Inh/Ctrl
were both upregulated.

A  —

|

Ctrl 1 Ctrl 2 Ctrl 3 Cyto 1 Cyto 2 Cyto 3 Inh 1 Inh 2 Inh 3

Fig.5 DETs in plant hormone signal transduction of KEGG path-
ways. a Heat map of the expression levels of DETs involved in plant
hormones in the three samples. b Six plant hormone signal transduc-
tion pathways. Numbers in boxes represent DET numbers involved in

TF Identification of Transcripts Identified
from RNA-Seq Data

TFs are key regulatory proteins involved in regulating plant
growth and development. By sequence analysis, a total of
2147 TF transcripts and 1845 TF genes were identified
from 43 TF families from RNA-Seq, and the top 10 were
the B3 superfamily, AP2/ERF, MYB, bHLH, MYB-related,
FAR1, MADS, WRKY, C2C2, and NAC (Fig. 6a; Supple-
mentary Table S7). For cytokinin treatment, the expression
levels of 117 TF transcripts were clearly changed, including
86 upregulated and 29 downregulated. A total of 102 TF
transcripts were differentially expressed in Inh/Ctrl, with
76 upregulated and 26 downregulated (Fig. 6b). A C2H2
TF transcript 169:augustus_masked-Contig176-processed-
gene-42.2-mRNA-1 showed an increased expression level.
The transcript 738:augustus_masked-Contig125-processed-
gene-24.12-mRNA-1, encoding an AP/ERF TF, showed a
4.7-fold increase in expression, while another AP/ERF
transcript 877:maker-Contig37-snap-gene-240.37-mRNA-1
showed a decreased expression level under 6-BA treatment.

2 B Cytokinin Auxin
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plant hormone signal transduction pathways identified in Cyto/Ctrl
(left) or Inh/Ctrl (right). p represents phosphate. All signal transduc-
tion pathways were simplified from the pathways in Medicago trun-
catula
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Fig. 6 Differentially expressed transcription factor transcripts in cyto-
kinin response. a A total of 34 DET TF families identified by NGS.
The X-axis represents transcription factor family, and the Y-axis rep-

For cytokinin inhibitor treatment, 98 DETs were identi-
fied as TF transcripts, including 71 upregulated and 26
downregulated. A bHLH transcript, 138:maker-Contig16-
augustus-gene-28.26-mRNA-1, was upregulated to more
than four times the expression level, and the WRKY tran-
script 276:maker-Contig20-augustus-gene-123.43-mRNA-1
showed a similar expression trend under lovastatin treat-
ment. An HD-ZIP transcript, 169:maker-Contigl76-augus-
tus-gene-56.30-mRNA-1, was downregulated to ~50% of the
expression level in Inh/Ctrl.

Discussion

In this work, new insights into the Medicago truncatula
transcriptome were provided, and this transcriptome
analysis is the first work to study the cytokinin response
of a legume species with NGS technology. In this work,
we applied lovastatin to inhibit the regulatory effect of
cytokinin. We determined that the zeatin contents and
the results showed that the levels of cytokinin in plants
supplemented with 6-BA or cytokinin inhibitor were
both drastically decreased (Fig. 1c). The findings were
consistent with the previous reports. Low concentrations
of lovastatin have been shown to inhibit normal growth
of plant seedlings and cell (Hashizume et al. 1983; Hata
et al. 1987). The inhibition of growth by lovastatin can be
reversed with the presence of cytokinin, and these data
suggest that lovastatin specifically inhibits cytokinin bio-
synthesis (Crowell and Salaz 1992). When we tested the
zeatin and 6-BA contents, we found that the 6-BA contents
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resents the number of transcripts. b Heat map of the expression levels
of DETs involved in TF families in the three samples

in cytokinin-treated plants were much higher compared
with those without cytokinin treatment, while the zeatin
contents were decreased (Fig. 1c; Fig. S1). The 6-BA is
a zeatin analogue that plays a similar role in regulating
plant growth and development. Grown with 6-BA, plants
accumulate the zeatin analogue, and a high concentration
of cytokinin prevents normal growth and development of
plants. To weaken the negative effect of cytokinin, plants
have to downregulate the biosynthesis of endogenous zea-
tin levels. In the previous work, another zeatin analogue,
N- (2-chloro-4-pyridyl) -N'-phenylurea (CPPU), was
used to regulate endogenous plant hormones. The results
showed that the zeatin contents were decreased in Momor-
dica charantia with CPPU treatment (Xia et al. 2009).
We used high-throughput Illumina sequencing technol-
ogy to explore the DETs and analyze the regulatory mecha-
nisms of cytokinin response in Medicago truncatula. Under
different growth conditions, multiple transcripts are up- or
downregulated, and these transcripts are involved in different
signaling pathways of the cytokinin response. In this work,
3627 and 3093 DETs in the Cyto/Ctrl and Inh/Ctrl groups
were identified by transcriptome analysis. In previous work
on the cytokinin-response transcriptome, genes regulated by
cytokinin were identified, but information on genes involved
in cytokinin inhibitor was limited. The cytokinin-regulated
transcripts in tomato leaves were investigated using RNA-
Seq, and over 1000 were identified as responses to cyto-
kinin (Shi et al. 2013). To explore cytokinin-regulated gene
expression in Arabidopsis, RNA-Seq was used to character-
ize the response of the transcriptome to cytokinin, and the
results revealed that 573 genes were differentially regulated
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by cytokinin with 423 upregulated and 150 downregulated
(Bhargava et al. 2013).

Two CKX transcripts, MSTRG.27704.1 and 236:maker-
Contig51-snap-gene-11.43-mRNA-1, showed considerably
increased expression in Inh/Ctrl. The CKX transcript encod-
ing a cytokinin oxidase/dehydrogenase plays a negative role
in the biosynthesis of cytokinin (Schmulling et al. 2003).
We cloned the CKX transcript, 236:maker-Contig51-snap-
gene-11.43-mRNA-1 and overexpression of the transcript
in Medicago truncatula displayed typical phenotypes of
accumulation of cytokinin oxidase/dehydrogenase (Supple-
mentary Fig. S3a). Those are maize CKX gene ZmCKO1,
encoding the enzyme, catalyzes one molecule of cytokinin,
yielding one molecule of H,0, (Kopecny et al. 2005). In
barley, downregulation of a CKX gene decreased cytokinin
oxidase/dehydrogenase activities, resulting in higher plant
productivity (Zalewski et al. 2010). These data reveal that
lovastatin decreases cytokinin accumulation by improving
the activities of CKX enzymes. In the Cyto/Ctrl group, four
CKX transcripts showed upregulated expression levels, and
we noticed that the transcript 236:maker-Contig51-snap-
gene-11.43-mRNA-1 was both increased under cytokinin
or lovastatin conditions. These results indicated that the
transcript can be induced under different conditions via
different regulatory mechanisms. Under cytokinin condi-
tions, the plants accumulate CKX enzymes to maintain the
balance of cytokinin levels. These findings were consist-
ent with the expression pattern of three genes, BnCKX5-1,
BnCKX5-2, and BnCKX6-1, induced by 6-BA in Brassica
napus (Liu et al. 2018). The transcript 71:snap_masked-
Contig26-processed-gene-95.34-mRNA-1, which encodes
an isopentenyltransferase (IPT) and plays a role in cytokinin
biosynthesis, was downregulated under cytokinin inhibitor
treatments. We also cloned the IPT transcript, and trans-
genic plants displayed delayed leaf senescence phenotype
(Supplementary Fig. S3). There are two classes of IPTs in
plants. ATP/ADP ITPs are required for tZ-type cytokinin
synthesis, and tRNA IPTs are required for cZ-type cytokinin
(Miyawaki et al. 2006). The downregulated expression levels
of the cytokinin biosynthesis gene under cytokinin condi-
tions also confirmed the hypothesis about balanced regula-
tion of cytokinin in Medicago truncatula.

Transcription factors are proteins that regulate the biosyn-
thesis rate of messenger RNA from DNA by recognizing and
binding to a specific DNA motif (Latchman 1997). We iden-
tified 2,147 TF transcripts from 43 TF families from RNA-
Seq (Supplementary Table S7). For cytokinin treatment, the
expression levels of 108 TF transcripts were clearly changed,
including 82 upregulated and 26 downregulated. A total of
97 TF transcripts were differentially expressed in Inh/Ctrl
with 71 upregulated and 26 downregulated (Fig. 6b). TFs
play important roles in regulating the biosynthesis, metabo-
lism, and signal induction of cytokinin. Overexpression of

a cytokinin-induced transcription factor gene, ASL9, causes
an altered sensitivity to cytokinin (Naito et al. 2007). In
tomato, the CLAU gene encodes an MYB transcription fac-
tor that promotes leaf differentiation by negatively regulating
cytokinin signaling (Bar et al. 2016). In our work, under
6-BA treatment, 4 MYB TF transcripts were upregulated,
and 3 MYB transcripts were downregulated. Under lovas-
tatin treatment, 7 and 2 MYB transcripts were upregulated
and downregulated, respectively. In Arabidopsis, as a basic
Helix—Loop—Helix (bHLH) transcription factor, SPATULA
was shown to be involved in regulating cytokinin signaling
(Reyes-Olalde et al. 2017). Induced by cytokinin, a total of
12 bHLH transcripts were notably changed, including 10
upregulated and 2 downregulated, in Medicago truncatula.
Under lovastatin treatment, 7 bHLH transcripts were upreg-
ulated, and 2 were downregulated. The type-A ARRs are
cytokinin response genes that function as repressors of cyto-
kinin signaling (Hwang and Sheen 2001). The type-A ARR7
and ARR15 genes play negative roles in regulating cytokinin
signaling in Arabidopsis thaliana (Muller and Sheen 2008).
The AP2/ERF transcript factor DRNL controls gynoecium
development by affecting its response to cytokinin (Duran-
Medina et al. 2017). In Medicago truncatula, the transcrip-
tion factor MtSERF1 of the AP2/ERF family is shown to
induce expression levels by auxin plus cytokinin (Mantiri
et al. 2008). Eight AP2/ERF transcripts were upregulated,
and two were downregulated in the Cyto/Ctrl group.

By DET analysis, we noticed that there were 2 DETs
showing upregulated expression levels in Cyto/Ctrl and
downregulated expression levels in Inh/Ctrl, and there
were 9 DETs showing upregulated expression in Inh/Ctrl
and downregulated expression in Cyto/Ctrl. The transcript
660:maker-Contigl5-augustus-gene-166.50-mRNA-1,
encoding a cysteine proteinase, was expressed more than
twofold under cytokinin treatment, while the transcript
showed drastically decreased expression levels under lov-
astatin treatment. MSTRG.16266.1 encoding an ABA
8'-hydroxylase was expressed in a similar manner with more
than threefold increased expression level under cytokinin
treatment and 23.5% of expression under lovastatin treat-
ment. An uncharacterized transcript, 738:augustus_masked-
Contig125-processed-gene-128.9-mRNA-1, was identified
as downregulated DET in Cyto/Ctrl and upregulated DET
in Inh/Ctrl. We believe that these genes may play key roles
in the cytokinin response and signal transduction, and the
functions of these genes will be the focus of future research.

Conclusions
In this study, we identified DETs, transcriptional factors, and

plant hormone-related transcripts. This study provides rich
gene resources and the transcriptome data will give access
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to exploring regulatory mechanisms of cytokinin response
in Medicago truncatula, which will help to understand this
response and further explore of legume plants.
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