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Abstract The WRKY family, a large family of transcription
factors (TFs) found in higher plants, plays central roles in many
aspects of biological processes and adaption to environment.
However, little information is available on this family in
apple (Malus domestica). In the present study, a total of 119
candidate WRKY genes in apple genome were identified and
classified into three main groups (Group [-II) based on the
structure of the conserved domains. Each group or subgroup
showed similar exon—intron structures and motif compositions.
The evolution analysis showed that 44 MdWRKY genes clustered
into 20 intensive regions (<100 kb) and 78 MdWRKY formed
85 pairs of collinear relationships, suggesting that both tandem
and segmental duplications played an important role in the
evolution and diversification of the WRKY gene family in
apple. Furthermore, the expression of the MdWRKY genes in
apple leaves in response to biotic stress (Alternaria alternate)
and hormone treatments [salicylic acid (SA), methyl jasmonate
(MeJA) and ethephon] was examined by using RNA-seq and
gRT-PCR. The results showed that 63 MdWRKY genes had
differential expression in their transcript abundance in response
to Alternaria alternata apple pathotype infection. Moreover,
most pathogen responsive MdWRKY genes were also changed
significantly when apple leaves were treated by SA, MeJA or
ethephon plant growth regulations, suggesting an interaction
between SA, JA and ethylene (Eth) hormone signaling under
biotic stress. This work may provide the basis for future
studies of the genetic modification of WRKY genes for
pathogen resistance in apple.
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Introduction

Plants are affected by a wide range of environmental stresses
during their lifetime due to their inability to escape harmful
environmental conditions. Plants have evolved subtle strategies
to adapt to and deal with biotic and abiotic stresses, which
are mediated by a complex signal transduction network that
results in changes in biochemistry, physiology and morphology.
Transcription factors (TFs) play important roles in regulation
and control many crucial biological processes by regulating
gene expression. WRKY TFs are a large family of regulatory
proteins. They exist primarily in plants, but absent in animals
with the exception of several examples in protozoa (Zhang
and Wang 2005). Since the first cDNA coding a WRKY
protein (SPF1) was cloned from sweet potato (Ishiguro and
Nakamura 1994), a large number of WRKY proteins have
been identified from various classes of plants, such as
Arabidopsis (Eulgem et al. 2000), rice (Wu et al. 2005), barley
(Mangelsen et al. 2008), coffee (Ramiro et al. 2010), cucumber
(Ling et al. 2011), grape (Wang et al. 2014), cotton (Cai et al.
2014), Populus (Jiang et al. 2014).

WRKY TF contains one or two highly conserved WRKY
domain(s) of approximate 60 amino acids with the conserved
sequence WRKYGQK followed by a zinc-finger-like motif
CH, (C—X4~C—Xy 25-H-X;-H) or C,HC (C—X7~C—Xp—
H-X,—C) (Eulgem et al. 2000). This domain generally binds
to the DNA element termed W-box ((C/T)TGAC(T/C)) of
their target genes (Eulgem et al. 2000; Ciolkowski et al.
2008), although alternative binding sites such as SURE or
SURE-like element have been also identified (Sun et al. 2003;
Rushton et al. 2010). Based on the number of WRKY domains
and certain features of the zinc-finger motif, WRKY proteins
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can be classified into three groups (Group I-III). Proteins
contain two WRKY domains (in N-terminal and C-terminal,
respectively) belong to Group I, whereas proteins with one
WRKY domain belong to Group II or Group III. Generally,
the WRKY domains in Group I and Group II have the zinc
finger motif, C,H,, while the single WRKY domain in
Group III is different from that in Group I and Group II, the
WRKY domain containing a C,HC motif, rather than a C,H,
pattern. Moreover, Group II proteins can be further subdivided
into five subgroups (lla, IIb, Ilc, IId and Ile) based on
additional short conserved structural motifs (Eulgem et al.
2000; Zhang and Wang 2005; Fan et al. 2011).

Plant WRKY TFs not only play pivotal roles in regulating
many aboitic stress reactions, such as salinity (Qin et al. 2013),
drought (Tripathi et al. 2014), heat (Li et al. 2011) and cold (Zhou
etal. 2008; Zou et al. 2010), but also in regulating defense-related
genes and enhancing disease resistance to pathogens (Rushton et
al. 2010). In a number of plants, most WRKY genes are rapidly
induced by pathogens, pathogen elicitors, or SA treatment
(Eulgem et al. 1999; Chen and Chen 2000; Dong et al. 2003;
Ryu et al. 2006; Ramamoorthy et al. 2008). Over-expression of
AtWRKY6, AtWRKY18, AtWRKY53 and AtWRKY70 results in
enhanced disease resistance to pathogens and induction of
defense-related genes (Robatzek and Somssich 2001; Chen
2002; Ulker et al. 2007; Murray et al. 2007). In contrast,
constitutive expression of AtWRKY11, AtWRKY17, AtWRKY25
and AtWRKY33 support enhanced growth of pathogen,
suggesting these WRKY proteins are negative regulators in
defense signaling (Journot-Catalino et al. 2006; Zheng et al.
2007; Zheng et al. 2006). Accumulated evidences showed that
WRKY TFs regulated plant defense response by phytohormone
(SA, JA and Eth) signaling. For instance, overexpression of
AtWRKY75 enhanced Arabidopsis resistance to Pectobacterium
carotovora ssp. Carotovora (Pcc) mediated by SA and JA
defense signaling (Choi et al. 2014). Overexpression of
AtWRKY28 and AtWRKY75 enhanced resistance to Sclerotinia
sclerotiorum and oxalic acid stress in Arabidopsis mainly by JA/
Eth pathway (Chen et al. 2013). AtWRKY33 plays opposite roles
in regulation of Arabidopsis defense response to necrotrophic
pathogens and biotrophic pathogen mediated by JA and SA
defense signaling pathways, respectively (Zheng et al. 2006).
Capsicum annuum WRKY proteins CaWRKY?27, CaWRKY40
act as positive regulators in tobacco resistance responses to R.
solanacearum infection through SA, JA and Eth mediated
signaling pathways (Dang et al. 2013; Dang et al. 2014).
PirWRKY89 is a regulator of a SA-dependent defense signaling
pathway in poplar (Jiang et al. 2014).

Apple (Malus % domestica) is cultivated widely and has a
great economic importance. The apple productivity is severely
affected by various environmental stresses. Some research
showed that WRKY TFs play important roles in apple
response to abiotic and biotic stress and regulation of resistance.
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For example, overexpression of MdWRKYI3 from apple
(Malus * domestica) in Arabidopsis resulted in drought tolerance
decrease (Duan et al. 2014). MdWRKYI was induced
dramatically by Alternaria alternata apple pathotype (formerly
named Alternaria alternata f. sp. mali) infection and also by
SA and MeJA treatments. Overexpression of MdWRKY] in
tobacco enhanced resistance to Phytophthora parasitica var.
nicotianae Tucker (Fan et al. 2011). Recently, Meng et al
(2016) identified WRKY genes in apple by whole genome
analysis and analyzed their responses to waterlogging and
drought stress. However, there are few reports regarding on
apple WRKY TFs in response to pathogen infection. Alternaria
leaf blotch, one of the most damaging leaf spot diseases of
cultivated apple (Bulajic et al. 1996), is caused by the fungal
pathogen A. alternata apple pathotype (AP). Based on the
important roles of WRKY TFs in the regulation of
transcriptional reprogramming associated with plant immune
responses, we would like to know the A. alternata induced
WRKY genes in apple and their potential functions in
response to the pathogen infection. In this study, a total of
119 WRKY genes were identified in apple and the gene
classification and phylogenetic relationship were performed by
whole-genome analysis. The expression profiles of the
MdAWRKYs in response to A. alternata AP infection and under
hormone treatments (SA, MeJA and ethephon) were analyzed
by RNA-seq and quantitative real-time PCR (qRT-PCR).
These results provided a foundation for further studying the
function of MdWRKY TFs in apple disease resistance
response.

Results

Genome-wide Exploration of MdWRKY Genes and Phylo-
genetic Analysis

The prominent structural feature of WRKY proteins is WRKY
domain, which consists of a highly conserved sequence of
WRKYGQK, followed by a zinc-finger motif (Eulgem et al.
2000). For downloading sequences of WRKY genes in the
apple genome, we used a HMMER-BLASTP-InterProScan
strategy to search for genes encoding proteins containing the
Pfam PF03106 domain. Based on manual inspection using
the MEGA 6.0 software, we discarded the sequences which
contain insufficient conservation of WRKY sequences. A total
of 119 predicted MdWRKY genes were identified and named
MAWRKYIla ~ MAdWRKY75f based on the homology with
AtWRKYs. Among the 119 MdWRKY genes, 115 are distributed
across the 17 apple chromosomes except 4 unanchored to any
chromosomes (Table 1, Fig. 1). Chromosomes 1, 9, and 12
contain relatively more MdWRKY genes, with 11, 11 and 12
genes, respectively, whereas chromosomes 2 and 5 contain the
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Table 1. WRKY genes and related information in apple

Gene name Gene ID Chromosome Start End Strand  Len MW pl E-value
MDP0000256105 MdWRKYla chr9 8888150 8890196 + 484 53.22 6.37  3.80E-23
MDP0000260803 MdWRKY1b chrl7 9013295 9015664 + 485 53.33 7.14  6.70E-26
MDP0000648338 MdWRKY2a chr3 4161709 4164777 + 733 79.64 6.39  9.90E-25
MDP0000144203 MdWRKY2b chr4 22672804 22676168 + 726 79.72 6.51 6.00E-21
MDP0000184044 MdJWRKY2c chri2 31340923 31345960 + 965 106.62 7.4 1.90E-22
MDP0000258212 MdWRKY3a chrl6 2725244 2727634 + 562 61.16 9.52 5.00E-26
MDP0000849514 MdWRKY3b chrl3 4205206 4207916 - 526 57.34 7.71 4.20E-26
MDP0000179145 MdWRKY3c chr9 3568378 3571919 + 528 57.63 842  2.70E-25
MDP0000242596 MdWRKY3d chr9 3537891 3546179 + 1233 136.24 9.52 7.90E-25
MDP0000598428 MdJWRKY3e chr12 17836814 17837469 + 80 932  10.51 3.40E-25
MDP0000125782 MdWRKY4a chrl3 4152851 4155122 + 436 47.33 6.44  9.40E-07
MDP0000128464 MdWRKY4b chrl7 3858452 3860259 - 342 36.74 9.75  4.80E-25
MDP0000935652 MdWRKY6a chr10 32001774 32004275 + 611 65.63 6.95  4.80E-26
MDP0000301666 MdWRKY6b chr5 1123886 1126451 - 629 68.06 7.62 5.00E-26
MDP0000129882 MdJWRKY7a chr8 12838197 12839860 + 351 38.12 9.97 1.80E-26
MDP0000231668 MdWRKY7b chrl5 2170222 2171733 + 342 37.17 9.52 8.60E-27
MDP0000130716 MdWRKY7c unanchored 100473904 100475135 - 330 3599  10.15 8.00E-27
MDP0000128463 MdWRKY7d chr2 16825270 16826501 - 330 3597  10.15 9.40E-27
MDP0000179719 MdWRKY9%a chr8 28098537 28100933 + 572 62.54 523  2.30E-25
MDP0000137704 MdWRKY% chrl5 43865669 43869894 - 606 67.87 5.72 1.90E-26
MDP0000272940 MdWRKYlla chrl5 4306158 4307696 - 338 36.71 994  6.00E-27
MDP0000185288 MdWRKY11b chr8 15912158 15913661 + 341 37.06 9.67  7.30E-27
MDP0000716551 MdWRKYllc chr8 15910975 15913994 - 382 41.28 9.76  7.40E-27
MDP0000130400 MdWRKY1ld unanchored 3297390 3298491 + 280 30.53 1047  6.10E-26
MDP0000946614 MdWRKY1le chr3 22215461 22216527 - 281 30.72  10.57 1.90E-26
MDP0000381897 MdWRKY1If chrl5 4126920 4128285 + 101 11.68  10.09  3.60E-25
MDP0000259279 MdWRKY13a chr8 25743083 25746605 + 270 30.43 8.95 2.40E-25
MDP0000176224 MdJWRKY13b chr14 6054931 6059446 + 320 35.41 9.51 2.70E-12
MDP0000566005 MdJWRKY14a chrl10 24876832 24887045 - 537 58.22 6.88 8.80E-26
MDP0000168871 MdJWRKY14b chr14 10894491 10899025 - 482 52.61 6.17  6.80E-26
MDP0000200748 MdJWRKY17 chrl5 4123429 4125687 - 164 18.31 9.55 1.20E-24
MDP0000184361 MdWRKY20a chrl7 9258377 9263739 - 692 7591 7.13 2.70E-24
MDP0000289397 MdWRKY20b chrll 21845938 21850053 - 616 67.15 64  6.80E-23
MDP0000294643 MdWRKY20c  unanchored 98677186 98679778 - 342 37.58 7.52 1.00E-24
MDP0000281965 MdWRKY2la chrl10 19648159 19651418 - 437 49.09 9.87 1.40E-22
MDP0000322257 MdJWRKY21b chr6 11443530 11449618 + 963 108.09 732 4.80E-17
MDP0000909869 MdWRKY22a chr7 13388092 13389364 + 348 37.69 724 290E-26
MDP0000602139 MdWRKY22b chrl 9738347 9739627 - 339 36.48 7  3.00E-27
MDP0000202292 MdWRKY22c chrll 34912048 34913409 - 268 30.82 4.54 1.60E-25
MDP0000294489 MdWRKY22d chr3 32982869 32984216 + 260 30.33 487  3.00E-24
MDP0000134105 MdWRKY23a chr9 31171605 31173048 + 350 38.41 6.23  2.50E-27
MDP0000127976  MdWRKY23b chr9 31182729 31184171 - 350 38.39 6.23  2.50E-27
MDP0000657441 MdWRKY23c chrl7 24207876 24219074 + 384 42.15 6.94 5.80E-27
MDP0000652760 MdWRKY23d chr9 31177401 31178127 + 186 20.54 8.81 6.90E-28
MDP0000294526 MdWRKY27a chrl 27340620 27342989 + 606 66.71 6.42  6.90E-26
MDP0000135668 MdJWRKY27b chr7 24496187 24497746 + 433 48.55 6.51 5.00E-26
MDP0000119590 MdJWRKY28a chr10 26140734 26142417 - 327 35.89 6.95  2.90E-26
MDP0000118810 MdWRKY28b chr5 6341860 6343547 + 319 35.11 7.11 3.00E-26
MDP0000257129 MdWRKY28c chrl7 11890140 11892494 - 365 41.25 727  2.710E-26
MDP0000505247 MdWRKY28d chr9 11591755 11599818 - 452 50.52 8.25 3.40E-24
MDP0000247896 MdWRKY29a chr7 14142892 14144253 + 316 35.94 494  3.10E-25
MDP0000145953 MdWRKY29b chr2 33651152 33652415 - 254 28.81 7.37 1.10E-25
MDP0000131218 MdWRKY32a chrl5 8129660 8132989 - 483 53.34 6.86  9.10E-24
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Table 1. Continued

Gene name Gene ID Chromosome Start End Strand  Len MW pl E-value
MDP0000293456 MdWRKY32b chr2 1463114 1466139 + 477 52.55 8.72 1.20E-18
MDP0000195385 MdWRKY33a chrl2 25273072 25275034 - 509 56.48 722  4.60E-26
MDP0000296025 MdWRKY33b chrl2 25272427 25274387 - 512 56.82 7.22 1.30E-24
MDP0000514115 MdWRKY33c chr3 5212258 5214802 + 571 62.55 7.5 8.70E-26
MDP0000708692 MdWRKY33d chr4 16750826 16752798 - 520 57.71 7.6 1.20E-25
MDP0000935996 MdWRKY33e chrll 5219008 5221576 + 572 62.9 7.28 1.10E-25
MDP0000507805 MdWRKY33f chr3 5214648 5216866 - 464 51.63 87  6.90E-26
MDP0000177906 ~ MdWRKY40a chrl7 17980731 17982494 + 321 35.67 8.29 6.40E-24
MDP0000794439  MdWRKY40b chrl4 14574950 14576650 + 320 3531 7.83 1.60E-24
MDP0000689162 MdWRKY40c chrl 26539183 26540631 + 303 33.73 7.5 1.30E-23
MDP0000307516 ~MdWRKY40d chrg 7696856 7698700 + 334 37 7.43 1.10E-23
MDP0000263349 MdWRKY40e chrl 26554166 26555673 + 286 32.09 8.11 3.00E-24
MDP0000228838 MdWRKY40f chrg 7673200 7674531 + 278 31.26 8.8 1.40E-23
MDP0000263961 MdWRKY40g chrg 7681736 7686175 + 352 39.5 8.83 1.80E-23
MDP0000299114 MdWRKY41a chrl 23915631 23917202 - 351 39.44 6.01  2.60E-26
MDP0000146360 MdWRKY41b chrl 23902386 23903957 - 351 39.44 6.01 2.60E-26
MDP0000315045 MdWRKY4lc  unanchored 9473875 9475683 - 355 39.87 5.86 1.30E-25
MDP0000767097 MdWRKY41d chr7 24835032 24836577 - 342 38.05 559  3.20E-26
MDP0000288378 MdWRKY43 chrl 9685197 9691219 - 339 38.47 10 4.50E-20
MDP0000169621 MdWRKY44a chr4 10893937 10896214 + 471 51.68 9.1 5.30E-26
MDP0000268364 MdWRKY44b chr12 17810585 17813522 - 470 51.55 9.15 5.50E-26
MDP0000201945 MdWRKY44c chr12 17825194 17826756 - 240 26.28 6.51 4.60E-26
MDP0000788581 MdAWRKY44d chr4 10921722 10922563 + 146 16.66 10.06 1.20E-25
MDP0000263900 MdWRKY45 chrl4 21681842 21682591 + 135 15.58 10.09 1.30E-25
MDP0000455180 MdAWRKY46a chrl 10820928 10822933 + 347 38.46 5.05 8.00E-25
MDP0000727570 MdWRKY46b chrl 10818735 10820741 - 347 38.46 5.05 8.00E-25
MDP0000146390 MdWRKY48a chrl3 12501144 12502874 + 385 42.67 6.39 1.40E-27
MDP0000256514 MdWRKY48b chrl6 8325971 8327657 - 371 41.14 5.8 3.30E-27
MDP0000205962 MdWRKY49a chrl2 19511944 19513835 - 297 33.11 6.26 9.70E-26
MDP0000215371 MdWRKY49b chr4 12772602 12774493 + 315 353 5.99 1.20E-18
MDP0000255768 MdWRKY49c chrl2 19511741 19519340 + 951 105.34 8.7 4.90E-25
MDP0000121669 MdWRKY50a chr6 5765161 5766017 + 161 18.24 572  4.80E-25
MDP0000299555 MdWRKY50b chrg 8485908 8487854 + 252 28.58 9.25 1.60E-18
MDP0000253189 MdWRKY51 chrl7 18303282 18306886 + 217 243 942  6.10E-24
MDP0000219647 MdWRKY53a chrl 27704346 27705878 - 347 38.78 643  5.40E-25
MDP0000468391 MdWRKY53b chrl 27704241 27705773 - 347 38.76 632  5.40E-25
MDP0000191017 MdWRKY53c chr7 16473459 16475677 + 356 39.73 5.57 8.20E-25
MDP0000460139 MdWRKY55a chrl2 26275509 26278113 + 344 37.66 6.86 1.40E-26
MDP0000828055 MdWRKY55b chr4 3332748 3334900 - 342 37.44 5.58 1.10E-26
MDP0000228328 MdWRKY56a chr7 13320138 13321638 + 222 24.93 9.73  3.70E-26
MDP0000119031 MdWRKYS56b chr7 13350689 13352189 - 222 24.93 9.73  3.70E-26
MDP0000707539 MdWRKY57a chrl6 2607579 2609994 - 246 26.65 8.48 1.40E-25
MDP0000193216 MdWRKY57b chrl3 3949136 3952405 + 398 43.79 7.9  4.10E-25
MDP0000418900 MdWRKY60 chr9 9238758 9239305 - 158 17.43 8.74  4.60E-24
MDP0000196330 MdWRKY61a chrll 10697561 10700834 + 585 63.33 6.79 1.80E-25
MDP0000416279 MdWRKY61b chrll 10703622 10706895 + 585 63.44 6.79 1.80E-25
MDP0000133918 MdWRKY65a chr10 27085544 27086768 + 266 29.52 489  3.10E-26
MDP0000304113  MdWRKY65b chr5 5629399 5630605 + 273 30.24 6.18 1.50E-25
MDP0000676216 ~ MdWRKY69 chr9 26720765 26727339 - 354 38.46 8.56  3.30E-25
MDP0000175240 MdAWRKY70a chrl2 26279186 26282001 - 303 3431 6.05 4.00E-23
MDP0000228304 MdWRKY70b chr4 3328450 3331822 + 362 40.82 6.84 6.60E-12
MDP0000754989 MdWRKY70c chrl2 26320212 26328572 + 455 51.62 7.04 1.50E-22
MDP0000290374 MdWRKY72a chrl7 3237713 3239968 + 455 49.95 7.75 4.60E-25
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Table 1. Continued
Gene name Gene ID Chromosome Start End Strand  Len MW pl E-value
MDP0000452559 MdWRKY72b chr9 2872733 2874447 - 412 4478 7.98  8.70E-25
MDP0000308261 MdWRKY72¢ chr6 20805475 20810729 - 707 76.67 6.82  7.10E-26
MDP0000300712 MdWRKY72d chr6 20752772 20758054 - 738 80.46 7.14  7.50E-26
MDP0000161881 MdWRKY72e chrl6 3381593 3384229 - 593 64.87 9.01  4.30E-26
MDP0000273851 MdWRKY72f chrl3 4957184 4960950 + 576 62.35 647  9.60E-20
MDP0000231993 MdWRKY74a chr4 21489801 21491070 + 325 36.52 10.3 4.50E-26
MDP0000234335 MdWRKY74b chr12 30245947 30247495 - 319 3586  10.79 1.40E-24
MDP0000123888 MdWRKY75a chrl6 6561225 6563173 - 190 21.4 1034  2.70E-26
MDP0000142583 MdWRKY75b chrl7 612710 614588 - 223 25.6 943  2.50E-26
MDP0000792088 MdWRKY75¢ chrl3 8495422 8497092 + 226 2555  10.15 1.20E-07
MDP0000154734 MdWRKY75d chr9 677443 680156 - 233 26.71 9.51  4.30E-07
MDP0000263768 MdWRKY75e chr6 17203132 17203909 - 150 17.15 1001  2.00E-25
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Fig. 1. Localization and duplication of the WRKY genes in the apple genome. Circular visualization of the WRKY genes was mapped on
the different chromosomes in the genome using the Circos software. Chromosome number is indicated on the chromosome. The synteny
relationship between each pair of WRKY genes were detected by using the MicroSyn software. The genes have synteny relationship are
linked by lines. Red link: >30 anchors in a synteny block, blue link: 20-30anchors, green link: 10-20 anchors, gray link: 5-10 anchors.

fewest with only 3 genes each. Putative proteins encoded by
MAWRKY genes contain 80 ~ 1233 amino acids, with the pl
ranged from 4.54 (MdWRKY22c) to 10.79 (MdWRKY74b). The

information of all MdWRKY genes was listed in Table 1. The
range of variability implies that different MdAWRKY TFs might
operate in different microenvironments.
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Fig. 2. Phylogenetic trees of WRKY proteins in apple and Arabidopsis. The un-rooted phylogenetic tree of WRKY full length protein
sequences was constructed with MEGAG6 program with the neighbor-joining method. The numbers beside the branches represent
bootstrap values based on 1000 replications. Branch lines of subtrees are coloured indicating different WRKY subgroups.

Since the WRKY family in Arabidopsis was well studied
and many members have been extensively investigated
(Eulgem et al. 2000), we constructed a phylogenetic tree
based on the alignment of WRKY domains from apple and
Arabidopsis to evaluate the phylogenetic relationships and
classified them within the established subfamilies (Fig. 2). All
MAWRKY genes were classified into three groups. Twenty-four
members were classified to Group I, which containing two
WRKY domains and the C,H,-type zinc-finger motifs. Eighty-
one proteins possessing a single WRKY domain were assigned
to Group II in which also contains C,H,-type zinc-finger
structure. The Group II was further divided into five subgroups
Ma (8), IIb (12), IIc (33), IId (15) and Ile (13) as described by
Eulgem et al. (2000). Three proteins (MdWRKY50a, -51 and
-50b) in Group Ilc were found containing WRKYGKK domain,
rather than WRKYGQK which is universal in other WRKY
proteins (Fig. S1). Fourteen proteins that have one WRKY
domain but C,HC zinc-finger motif were classified to Group III.

Exon—intron Structure and Motifs of the MAWRKY Gene
Family

@ Springer

To gain more insight into the evolution of the WRKY family
in apple, we analyzed the exon-intron structure of MdWRKY
genes. As shown in Fig. 3, each groups mostly shared the
similar exon-intron structural pattern. One hundred and two
MdAWRKY genes contained one to four introns and 17 had
five to twelve introns. MAWRKY3d (in Group I) contained 12
intron, the largest number introns than other genes contained.
The WRKY domain (in Group II, III) and C-terminal
WRKY domain (in Group I) of MdWRKY proteins contained
one intron except for MdWRKY29b, MdWRKY?29a and
MdWRKY4b proteins containing no introns (Fig. 3). In addition,
other motifs also exist in MAWRKY proteins besides WRKY
domains. The top 10 motifs in MAWRKY proteins were
surveyed by using MEME program (Bailey et al. 2009),
which ranged from 21 to 41 residues and distributed in each
protein differently (Fig. 4, Table 2). Moreover, similar motif
compositions were found within the same subgroups. Motifs
1, 2 and 5 represented the conserved motifs of the WRKY
domain. Motif 9 is unique to Group III, whereas motif 10 only
exists in Group Ila and IIb. One or more conservative motifs
outside of the WRKY domain were detected manually in the



J. Plant Biol. (2017) 60:215-230

221

100

ls

MIWRKY48b

MIWRKY49a
74 MAWRK Y49
MIWRKY4b
MAWRKY4a
MIWRKYddc
MOWRKY28d
MIWRKY28c
MAWRKY28a
MIWRKY28b
MIWRKYSTD
MIWRKYS5Ta
MOWRKYA8a
MIWRKY 480
MAWRKY23c
MIWRKY 230
MAWRKY23a
MIWRKY23d
PDWRKY A3

MAWRKY75d
MIWRKY 130
MAWRKY13a
MAWRKYS50a
MAWRKYS1

MAWRKYS0b
99 —— MAWRKY32a

a7

e MdWRKY32b
MIWRKY 1a
MIWRKY1b
MIWRKY 3e
MAIWRKY44b
MIWRKY44d
MIWRKY44a

MIWRKY40g
MAWRKYT2f
MAWRKY 720
99 MIWRKYEL
MIWRKYEa
MAWRKYSa
B4 MIWRKY72b
MAIWRKYT72a
MIWRKYSD
95 MAWRKYT72d
MAWRKY72c
MIWRKYE81a

]

-
_——a.

|
[
i
|

]

[IH“‘H}‘HHHH[

4

i

.

|

i

»
i
-
&
_— - — %

!i!!!!!r!!!qﬁ!|%ﬂl'

fU

i

Fig. 3. Schematic representations of the exon—intron compositions of MdWRKY proteins from different groups or subgroups.
Phylogenetic tree of WRKY genes are placed on the left. Exons, represented by boxes, were drawn to scale. Dashed lines connecting two
exons represent an intron. Intron phases 0, 1 and 2 are indicated by numbers 0, 1 and 2, respectively. WRKY domain in MdAWRKY

proteins is marked in red.

@ Springer



222 J. Plant Biol. (2017) 60:215-230

|

|

MAWRIKY 28c BT

"

MAWRKY43 I lc —_—

}f}*ﬂﬁlsuwu

1

Hiu

|

|
§
i

d

I
il
!

MAWRKY 40a "a

|
!
n

8
:
li%

}
J

|
l}.
|

MAWRIKY72b “b

g
|
|

"

é
i
]

|
.

QLH H

|

|

.

Fig. 4. Schematic representations of the conserved motifs of MdWRKY proteins from different groups or subgroups. Names of genes are
indicated on the left. Different motifs are highlighted with different colored boxes with numbers 1 to 10. Lines represent protein regions
without detected motif.

@ Springer



J. Plant Biol. (2017) 60:215-230

223

Table 2. Conserved motifs in MAWRKY's

Motif Number ~ Width Best possible match
1 28 [IT][SL][DNSIDG[YWC][QANR]WRKYGQK][VP][VIIKG[NS][PE][NCY]PR[SAG]YY[KR]C
2 27  DDGY[RN]JWRKYGQK][VP][VIIK[GN][SN]P[YFH]PR[SG]YY[KR]C[TS]
3 30 [SA][PKA][GS]CP[VA][RK]K[QH]V[EQ]R[ASC]S[EH]DP[SK][IA][LV][IV]TTYEG[EK]HNH
4 29 [GK]CINP][VA][KRIK[QRH]V[EQ]R[SAL]S[DEIDPS[MIT][VL][IV][TV]TYEG[QEJH[NT]H[PS]
5 21 [DEIDGY[RS]JWRKYGQKA[IV][KL][GN][SA][PK][YFH]PR
6 26  HPNC[PE][VTIKKKVERSLDGQITEI[IV]YKG[EN]
7 21 KKGx[KR]KV[RK]EPR[FV][AV][FV]QT[KRT]SEVD
8 41 [EQILDS[LA]Q[EA]E[LM][GQ][RE]VREEN[QK]RL[KR][EK][ML]Lx[VQ][IM]T[EK][DN]Y[QNS]TL[
QEIMQI[LFV]xDIM
9 41 [GA]Y[YF]RCT[HR][RKQJ[GKNY][DTLV][QY][GNS]C[KV]A[TK]K[QH]VQ[RKQ][SIL][DQ][DAE][D
NIP[TLS][TI[FY][EVQ][ILTV]TY[RI]G[EKV]HTC[RHNT][QKM]
10 29 [VI[AE][DQA][AM][TVA][KS][AS][IL]T[SK]DP[NSD]F[TQ]SALAAA[IL][TS][SG][IRIIG[GN][GHN]

Motif numbers correspond to the motifs in Fig. 4

MdWRKY proteins. HARF (RTGHARFRR[A/G]P) (Eulgem
et al. 2000), a conserved calmodulin-binding motif (Fan et
al. 2011), was found in nine members of Group IId. Thirty-
three proteins contain LxxLL motif (or LxLxLx motif)
(Tiwari et al. 2004), which has previously been proven to be
important to immune responses in plants (Rairdan and
Moftett 2007). Eight of the thirty-three proteins (MdWRKY72e,
-49c, -40e, -40f, -40g, -43, -21b and -75c) contained both
LxxLL and LxLxLx motifs (Supplementary Table S3). The
variety and complexity of these motifs in MdWRKY
proteins indicate that MdAWRKY TFs may play important
roles in the growth regulation and stress responses.

Duplication of MdWRKY Genes

Genes within a single genome can be classified as singletons,
dispersed duplicates, proximal duplicates, tandem duplicates
and segmental/ WGD duplicates depending on their copy
number and genomic distribution (Wang et al. 2012). Duplication
events can result in a clustered occurrence of family members
through tandem amplification, or a scattered occurrence
through segmental duplication of chromosomal regions (De
Grassi et al. 2008). Two or more homologous genes within
a 100 kb range distance were defined as tandem duplicates.
Twenty tandem duplication regions clustered with 44
MAWRKY genes, including 10 in Group I, 5 in Group Ila, 4
in Group IIb, 11 in Group Ilc, 4 in Group IId, 2 in Group Ile
and 8 in Group III, were identified on chrl, 3,4, 6,7, 8,9, 11,
12 and 15 (Fig. 1, Table S1). Chromosomes 1 and chromosomes
12 had four clusters respectively, indicating hot spots of
WRKY gene distribution. A total 78 MdWRKY genes forming
of 85 pairs with collinear relationships were identified involving
in segmental duplication (Fig. 1, Table S2). Ks values of the
MAWRKY gene pairs ranged from 0.15 to 1.95. It was recognized
that two genome-wide duplications, the paleoduplication event

corresponding to the y triplication (Ks ~1.6) and a recent WGD
(Ks ~0.2), were occurred in the evolution of the apple genome
(Velasco et al. 2010). We inferred that the segmental duplications,
such as MAWRKY41b IMdWRKY1le (Ks ~1.78), MAWRKY3b/
MAWRKY72f (Ks ~1.82), MAWRKY4a/MdWRKY72f (Ks
~1.66), MAWRKY7d/ MAWRKY40c (Ks ~1.68), MAWRKY23a/
MAWRKY7b (Ks ~1.73), MAWRKY40b/ MdWRKY46b (Ks
~1.82) and MAdWRKY48b/MdWRKY29a (Ks ~1.95) may
have arisen from the paleoduplication (~140 MYA); Many
duplicated gene pairs had Ks values 0.15 ~ 0.4, suggesting
that these duplications may have been derived from a recent
WGD (30 ~ 45 MYA). Tandem duplications had produced
MAWRKY gene clusters or hotspots, whereas segment
duplications had produced many homologs of MdWRKY
genes on different chromosomes, as indicated in Fig. 1.
These results suggested that tandem and segmental duplications
could be the major mechanism for expansion of WRKY
family in apple.

Transcription Level of MdWRKY Genes in Response to A.
alternata AP Infection

WRKY TFs play crucial roles in responses to biotic stress
(Guo et al. 2014; Wang et al. 2014; Jiang et al. 2014; Dong
et al. 2003). To investigate the expression of MdWRKY genes
response to biotic stresses at the transcriptional level, we
conducted transcriptome sequencing analysis using leaf samples
inoculated by A4. alternata AP. The expression profile of
MAWRKY genes in response to the pathogen by transcriptome
sequencing analysis was shown in the heatmap (Fig. 5) and
Table S5. A total of 97 MdWRKY transcripts were detectable
in apple infected leaves, among which 63 showed significant
changes. The heatmap was divided into six clusters (Fig. 5).
Cluster 1 contained 30 MdWRKY genes, which were all up-
regulated at 72 h. Moreover, most of them showed significantly
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Fig. 5. Heat map of RNA-Seq expression of MdWRKY genes in
response to A. alternata AP. Color scale of the dendrogram
represents log, Ratio value of treated sample to control sample.
Asterisks indicate that the gene was significantly up or down
regulated in the apple leaves (RPKM values> 1; | log, Ratio | >1).

differential expression except MdWRKY9b, MdWRKY61a,
MAWRKY53b and MdWRKY72c. In clusters 2 (43 genes), a
large number of genes were up-regulated, among which 25
were significantly induced, while 9 were down-regulated and
9 were not induced by pathogen infection. Cluster 3 and
cluster 4 contained 9 and 2 genes respectively. The genes in
cluster 3 were dramatically up-regulated at 36 h and 72 h,
while in cluster 4 were up-regulated at 12 h or 18 h but not
induced at 72 h by pathogen infection. Cluster 5 had 5 genes,
which almost were down-regulated, but only one gene was
significantly induced. In particular, cluster 6 contained 8
genes, which were highly dramatically up-regulated by
pathogen infection at 12 h, 18 h, 36 h and 72 h. The RNA-
seq data were also validated by qRT-PCR method. Thirteen
MAWRKY genes with the significant differential expression
induced by A. alertnata were selected for further analysis by
real-time RT-PCR. As expected, real-time RT-PCR based
expression patterns of these selected genes were consistent

@ Springer

with those detected by RNA-seq analysis (Fig. S2).
Expression Profiles of MdWRKY Genes to Hormone Treatments

Plant hormones are indispensable roles in plant signaling
networks (Bari and Jones 2009). For example, salicylic acid
(SA), jasmonate (JA) and ethylene (Eth) are known to play
important roles in regulating plant defense responses (Fujita
et al. 2006). To explore the roles of MdWRKY genes under
hormone treatments, we randomly selected 31 genes in the
63 MdWRKY genes, which showed differential expressions
by pathogen infection based on the RNA-seq analysis, and
detected their changes in transcript abundance under SA,
MelJA and ethephon treatments by qRT-PCR (Fig. 6, Table
S6). The 31 MAIWRKY genes also showed differential
expressions in response to at least one hormone treatment.
Twenty-four MdAWRKY genes showed differential expressions
(>2-fold change) in response to SA treatment, whereas the
other 7 showed no significant changes. Moreover, 5 MdWRKY
genes (MdWRKY29b, -51, -70b, -75¢ and -75d) showed up-
regulation (>2-fold change) at three time-points after the SA
treatment. Twelve and 9 showed up- and down-regulation
respectively at one or two time point(s), and no showed
down-regulation at three time points. Twenty-one and 26
MdAWRKY genes showed differential expressions in response
to the MeJA and ethephon treatments, respectively. Two
(MdWRKY28c, -75d) and five (MdWRKY29b, -33e, -40b,
-75¢ and -75d) showed up-regulation upon the MeJA and
ethephon treatments at three time points, respectively. Two
(MdWRKY48b, -55a) were down regulated by the MeJA
treatment at three time points, while no genes was down
regulated by ethephon treatment at three time points. It is
worth noticing that quite a few MdWRKY genes were induced
by at least two hormone treatments except MdWRKY23c,
-11b, -28b and -22d. Particularly, MdWRKY75d was dramatically
up regulated by A. alternata infection also up regulated
significantly by SA, MeJA and ethephon treatments. The
highest transcript levels of MdWRKY75d increased 47.1, 6.6
and 82.4-fold after SA, MeJA and ethephon treatments. On
the other hand, MdWRKY48b, which was down regulated by
the fungus infection, was down regulated by SA, MeJA and
ethephon treatments (Fig. 6, Table S6). The above results
suggest that crosstalks exist in the hormone signaling pathways
that mediate apple defense responses by the important
regulators of WRKY TFs (Bari and Jones 2009).

Discussion
WRKYs are encoded by a multigene family. The number

and composition of WRKY family members differ in various
plants. In this study, a total of 119 MdWRKY genes in Malus
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leaves treated by SA (A), MeJA (B) and Eth (C). Transcripts were normalized to Tubulin gene expression. The error bars of three

biological replicates are presented.
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domestica were identified through genome-wide analysis.
The number is similar as 109 PhWRKYs identified in pyrus
bretschneideri (Huang et al. 2015), but about 2 times as
much as that in Prunus persica (58 PpWRKYs ) (Chen et al.
2016) and in Fragaria vesca (62 FvWRKYs) (Wei et al.
2016), possibly because of the only one paleoduplication
event that occurred in P. persica and F. vesca, whereas two
genome replication events that occurred in M. domestica and
P, bretschneideri during evolution. In a recent study, Meng et
al. (2016) identified 127 WRKY family genes in Malus
domestica genome. Compared with their report, eleven
members were removed in our study due to their insufficient
WRKY domain or redundancy, and three new members
(MDP0000169621, MDP0000288378 and MDP0000200748)
were identified in our report (Table S7).

The phylogenetic tree of MdWRKY genes indicates that
Groups Ila and IIb, and Groups IId and Ile had close
phylogenetic relationships respectively, and seemed to form
monophyletic clades, that is, there are four major lineages
within three groups of WRKY genes comprising Group Ila
+ Group IIb, Group IId + Group Ile, Group Ilc + Groupl,
and Group III. Gene duplication events, including tandem,
segmental and whole genome duplications, play an important
role not only in gene expansion and genomic rearrangement,
but also in the diversification of gene function (Vision et al.
2000; Cannon et al. 2004). Recent genome-wide studies
have revealed that the apple genomes experienced at least
two genome duplications, one paleoduplication event and a
recent WGD. Furthermore, a lot of studies proved that
genome duplication contributed to the accumulation of gene
families in apple, such as MAPK and MAPKK (Zhang et al.
2013), MYB (Cao et al. 2013), NAC (Su et al. 2013), LBD
(Wang et al. 2013). In present study, 44 MdWRKY genes
taken place 20 tandem duplication events and 78 MdWRKY
genes taken place 85 segmental duplications were identified
in apple genome (Fig. 1, Table S1-S2). The synteny analysis
verified that the expansion of the WRKY gene family in
apple was derived primarily from segmental duplications
or WGD. This phenomenon also occurred in Arabidopsis
(Cannon et al. 2004), grapevine (Wang et al. 2014), poplar
(He et al. 2012) and pear (Huang et al. 2015).

Gene duplication generates functional redundancy (pseudo-
genization), subfunctionaliztion in which each daughter gene
adopts part of the functions of their parental gene, and
neofunctionalization (Zhang 2003). In apple, the paralogous
pairs (MdWRKY75a and MdWRKY75c; MdWRKY75a and
MAWRKY75d), which derived from segmental duplication,
showed the same expression profiles during fungus infection.
Three tandem duplication pairs (MdWRKY33a and
MAWRKY33b, MAWRKY44a and MAWRKY44d, MAWRKY40e
and MdAdWRKY40c) demonstrated the similar expression
profiles, suggesting that some paralogs in apple are redundant.
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In contrast, the segmental duplications (MdWRKY48b and
MAWRKY23c, MdAWRKY48b and MAdWRKY29b) and one
tandem duplication pair (MdWRKY70a and MdWRKY70c)
showed the different expression in response to pathogen,
suggesting the expansion of the WRKY family followed by
functional divergence might be to remove their redundancy
(Yao et al. 2015).

The plant's innate immune system consists of two
interconnected branches termed PAMP-triggered immunity
(PTI) and effector-triggered immunity (ETI) that initiate
massive transcriptional reprogramming (Zhang et al. 2013).
Extensive studies have established that plant WRKY TFs
play important roles in the two branches of the plant innate
immune system (Journot-Catalino et al. 2006; Eulgem and
Somssich 2007). To know MdWRKY genes responding to
pathogen, we performed transcriptomic analysis of apple
leaves infected by A. alternata AP. The pathogen caused
apple alternaria blotch disease which is one of the most
serious fungal diseases affecting apple around the world
especially in East Asia (Saito et al. 2001). In the experiment,
more than half (63 out of 119) of MdWRKY genes were
responsive to A. alternata AP infection. Except MdWRKY48b,
MAWRKY55a and MAWRKY70b which showed down-
expression at certain time points, most of MdWRKY genes
showed up regulation during the infection phase. The result
was similar with that most of AtWRKY genes were up-
regulated in Arabidopsis upon pathogen infection (Dong et
al. 2003). It indicated that a large numbers of WRKY genes
in apple are associated with plant defense responses,
meanwhile, a number of MdWRKY genes were either not
expressed, or not altered significantly in pathogen-infected
plants, suggesting that some of the MdWRKY genes might be
involved in other biological processes.

SA, JA or Eth functions as signaling substances, and its
accumulation plays a central role in the activation of defense
reactions leading to plant disease resistance (Delaney et al.
1994; Bari and Jones 2009). WRKY TFs are important
regulators of SA-dependent defense responses (Wang et al.
2006; Eulgem and Somssich 2007). In Arabidopsis, nearly
70% AtWRKYs are differentially regulated by pathogen
infection or salicylic acid (SA) treatment (Dong et al. 2003).
Moreover, some WRKY TFs have been shown to involve in
the crosstalk between SA, JA/Eth-mediated defense response
signaling systems. For example, AtWRKY7(0 integrates signals
from mutually antagonistic SA- and JA-dependent pathways
in plant defense responses (Li 2004). In banana, SA and
MeJA treatments can activate PR and WRKY gene expressions,
and WRKY TFs binding to PR promoters may be attributed
to SA- and MeJA-induced pathogen resistance (Tang et al.
2013). In our experiment, the 31 chosen MdWRKY genes,
including 6 from Group I, 21 from Group II and 4 from
Group III, which showed differential expressions by pathogen
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infection also showed differential expressions in response to
SA, MeJA or ethephon treatments. There are 24, 21 and 26
MdAWRKY genes showed differential expression upon SA,
MelJA and ethephon treatment, respectively. Among the 24
SA-regulated WRKY genes, 17 were also regulated by MeJA
and 20 regulated by ethephon. MdWRKY75¢c, MAWRKY75d and
MAWRKY28a, the orthologous genes of AtWRKY75 and
AtWRKY28 in Arabidopsis, displayed high expression levels
after infection with A. alfernata AP (Fig. 2, Fig. 5). In
Arabidopsis, over expressing AtWRKY75 and AtWRKY28
induced oxidative burst in host plants and consequently
triggered plant resistance to infection by S. sclerotiorum,
which is most probably associated with the activation of the
SA- and JA/Eth-mediated defense signaling pathways (Chen
et al. 2013). Similarly, MdWRKY75¢ and MdWRKY75d also
drastically activated by SA, MeJA and ethephon treatments,
and MdWRKY28a activated by MeJA/ethephon treatments.
These results suggested that the regulation of MdWRKY
TFs might be mediated by the crosstalk between hormone
signaling pathways in apple defense against pathogen
infection.

Conclusion

In summary, 119 MdWRKY genes were identified in apple
genome. These WRKY genes were anchored on 17
chromosomes in apple with uneven distribution, and were
classified into three main groups. The members in same
groups and subgroups contain similar exon—intron structures
and motif compositions. The expression profiles of MdWRKY
genes under hormone treatments and inoculation by A.
alternata AP suggested that a large numbers of MdWRKY
genes play roles in plant defense response regulation and
respond to hormone treatments and the crosstalks exist
between SA- and JA/Eth-mediated defense response.

Material and Methods

Identification of WRKY Genes in Apple Genome

The complete genome, proteome sequences and GFF (General
Feature Format) of Arabidopsis and apple (Malus domestica) were
obtained from TAIR (The Arabidopsis Information Resource version
10; http://www.arabidopsis.org) and GDR (Genome Database for
Rosaceae; http://www.rosaceae.org/) and Phytozome v10 (http:/
www. phytozome.net), respectively. In proteome datasets, if two or
more protein sequences at the same locus were identical where they
overlapped, the longest sequences were selected. We use an
HMMER-BLASTp-InterProScan strategy to search for WRKY
genes in genome. A HMM profile for the WRKY domain (PF03106)
was downloaded from Pfam (http://pfam janelia.org/). HMMER
(Eddy 1998) was used to search a customized database containing the
protemome of each species with the threshold set at of the Pfam GA

gathering cutoff. The HMMER selected proteins were used for a
BLASTp query of the original protein database. Finally, the BLASTp
hits were scanned for WRKY domains using InterPro9 WRKY genes.

Phylogenetic Construction of MdWRKYs

Multiple sequence alignment using MUSCLE (Edgar 2004) with the
default parameters was performed with the WRKY domain of protein
sequences. The phylogenetic trees using multiple sequence alignment
of domain sequences were constructed using the Neighbor-Joining
(NJ). NJ trees were constructed using MEGA 6.0 software with a
bootstrap test of 1000 replicates.

Chromosomal Locations, Synteny Analysis, Conserved Motifs and
Exon—intron Structures of Apple WRKY Genes

The genes were plotted separately onto the chromosomes according
to gene location in the chromosome in the GFF file using a
programmed Perl script. Genes in a range of 100 kb distance were
considered to be tandem duplicates. The microsynteny between
each pair of members was detected by using the MicroSyn
software (Cai et al. 2011). The parameters were set as follows:
window size of 50 genes, tandem gap value of 2, expected
threshold value cut off of 0.01, and 3 homologous pairs to define a
syntenic segment. The conserved motifs in the WRKY proteins
were detected by MEME (http://meme.nbcr.net/meme/cgibin/
meme.cgi), with the following parameters: number of repetitions:
any; maximum number of motifs: 50; and the optimum motif
widths: 6-200 amino acid residues. The exon—intron structures of
MAWRKY genes were predicted by comparing coding sequences
with their corresponding genomic sequences using the online
GSDS program (http://gsds.cbi.pku.edu.cn).

Plant Material and Treatments
Plant Material

Plant materials were taken from three-year-old apple plants (Malus
xdomestica Borkh. cv. ‘Starking Delicious’) grafted on Malus
robusta Rehd. stocks which were grown in the greenhouse in Nanjing
Agricultural University, located in Nanjing, Jiangsu Province, China.

Fungus Infection and Hormone Treatments

The inoculation method was performed according to the protocol of
Abe et al. (2010). 4. alternata AP was expanded on potato dextrose
agar (PDA) medium at 26°C under dark conditions for 5 d. The forth
and the fifth youngest opened leaves from the shoot tips were
inoculated by mycelia biomasses of 4. alternata AP. For mock
inoculations, PDA medium cake was put on instead of the mycelia
biomasses. Leaves sampled at 0, 12, 18, 36, and 72 hours post-
inoculation (HPI) were used to extract RNA.

For hormone treatments, apple leaves were subjected to 5 mM
Salicylic acid (SA), 50 uM methyl jasmonate (MeJA) and 5 mM
ethephon. Leaves samples were then collected at 6 h, 12 h and 24 h
intervals, respectively. Leaves sprayed with sterile water and similarly
harvested were used as a control. Each sample contained three
parallel leaves that represented three biological replicates.

Library Construction and RNA-sequencing Analysis

Total RNA was isolated using a cetyltrimethyl ammonium bromide
(CTAB) method (Pavy et al. 2008; Chang et al. 1993). Equal quantities of
RNA from three biological replications for each stage were pooled for
constructing a cDNA library. Oligo-(dT) magnetic beads were used to
isolate poly-(A) mRNA from total RNA, and mRNA was fragmented
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in fragmentation buffer. Using these short fragments (=200 bp) as
templates, random hexamer-primers were used to synthesize first-
strand cDNA. Second-strand cDNA was synthesized using buffer,
dNTPs, RNaseH and DNA polymerase 1. Short double-stranded
cDNA were purified with QiaQuick PCR extraction kit (Qiagen,
Venlo, Netherlands), resolved with EB buffer for end reparation and
for adding poly (A), then ligated to sequencing adapters. After
purification via agarose gel electrophoresis, suitable fragments were
enriched by PCR amplification. Finally, the libraries were sequenced
via the Illumina HiSeqTM2000 platform at the Beijing Genomics
Institute (Shenzhen, China; http://www.genomics.cn/index.php),
following the manufacturer’s protocols.

Raw reads from the image data output were generated by Base
Calling. Clean reads were generated by removing adaptors, low-
quality reads, and aligned to reference sequences using SOAPaligner/
soap2 (Li et al. 2009). The gene expression levels were calculated by
using the RPKM (Reads Per kb per Million reads) method (Mortazavi
et al. 2008). Differential expressed genes were analyzed as described
previously (Audic and Claverie 1997). Additionally, the FDR (False
Discovery Rate) < 0.001 and the absolute value of log2 | Ratio | >1
were used as the threshold to judge the significance of gene
expression differences.

Quantitative RT-PCR analysis

Total RNA was isolated as above. Then RNA was treated with DNase
I (RNase-free DNase set, Qiagen, Hilden, Germany) to eliminate
trace of DNA, and RNA quality and concentration were measured
using NanoDrop 1000 (Thermo Scientific, Wilmington, DE). First
strand cDNA was synthesized from 1pg total RNA using cDNA
reverse transcription kit (Applied Biosystems, Foster city, CA)
with RNase Inhibitor (RNase out, Invitrogen Life Technologies,
Carlsbad, CA) according to the manufacturer’s instructions.
Quantitative RT-PCR was conducted using SYBR green (TaKaRa
Biotechnology) on an ABI 7300 Real Time PCR System (Applied
Biosystems, Foster City, CA USA). Each reaction mixture
contained 10.0 uL SYBR Premix ExTaq (Tli RNaseH Plus)
(TaKaRa Biotechnology), 1.0 pL ¢cDNA template, 0.4 pL each
primer and 8.2 uL sterile distilled H,O. Each reaction was
performed in three technical replicates. Specific primers used for
qRT-PCR analysis are shown in Supplementary Table S4.
Transcripts were normalized to Mdtubulin (GenBank accession
number AJ421411) gene expression. The parameters of Cycling
were 95°C for 3 min, 40 cycles at 95°C for 20 s, 60°C for 20 s, and
72°C for 40 s. The parameters of the melt-curve analyses were
performed with 95°C for 15 s and then a constant increase from
60°C to 95°C. 2 “*“* method (Livak and Schmittgen 2001) was
used to calculate the relative expression of MdWRKY genes.
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