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Abstract Ethylene is perceived following binding to
endoplasmic reticulum-localized receptors, which in Arabi-
dopsis thaliana, include ETR1, ERSI1, EIN4, ETR2, and
ERS2. These receptors fall into two subfamilies based
on conservation of features within their histidine kinase
domain. Subfamily 1 contains ETR1 and ERS1 whereas
subfamily 2 contains EIN4, ETR2, and ERS2. Because eth-
ylene receptors are found only in plants, this raises ques-
tions of when each receptor evolved. Here it is shown that
subfamily 1 receptors encoded by a multigene family are
present in all charophytes examined, these being most
homologous to ETR1 based on their evolutionary relation-
ship as well as containing histidine kinase and receiver
domains. In charophytes and Physcomitrella patens, one or
more gene family members contain the intron characteristic
of subfamily 2 genes, indicating the first step in subfam-
ily 2 receptor evolution. ERS1 homologs appear in basal
angiosperm species after Amborella trichopoda and, in
some early and basal angiosperm species and monocots in
general, it is the only subfamily 1 receptor present. Distinct
EIN4 and ETR2 homologs appear only in core eudicots and
ERS2 homologs appear only in the Brassicaceae, suggest-
ing it is the most recent receptor to evolve. These findings
show that a subfamily 1 receptor had evolved and a sub-
family 2 receptor had begun to evolve in plants prior to the
colonization of land and only these two existed up to the
appearance of the first basal angiosperm. The appearance
of ERS2 in the Brassicaceae suggests ongoing evolution of
the ethylene receptor family.
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Abbreviations

ACO  ACC oxidase

ACS  ACC synthase

CcC Coiled coil

CTR1 Constitutive triple responsel

Cys Cysteine

EST Expressed sequence tag

GAF  cGMP-specific ~ phosphodiesterases,
cyclases and FhlA

Tyr Tyrosine

adenylyl

Introduction

Ethylene serves as a hormone in plants involved in regulating
diverse aspects of growth and development and in responses
to adverse growth conditions (Mattoo and Suttle 1991; Abe-
les et al. 1992; Bleecker and Kende 2000; Klee 2004; Lin
et al. 2009; Schaller 2012; Binder et al. 2012; Shakeel et al.
2013). Ethylene is perceived through its binding to receptors
which are localized to the endoplasmic reticulum (Chang
and Shockey 1999; Chang and Stadler 2001; Wang et al.
2002; Chen et al. 2002; Stepanova and Alonso 2005; Lin
et al. 2009; Schaller 2012; Binder et al. 2012; Shakeel et al.
2013). As negative regulators, ethylene receptors in conjunc-
tion with the constitutive triple responsel (CTR1) Raf-like
kinase, signal to repress ethylene responses in the absence of
the hormone (Kieber et al. 1993; Hua and Meyerowitz 1998;
Clark et al. 1998). Consequently, receptor loss-of-function
mutants exhibit increased sensitivity to ethylene and/or con-
stitutive ethylene responses in A. thaliana and Solanum lyco-
persicum (Hua and Meyerowitz 1998; Tieman et al. 2000).
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Five different types of ethylene receptors (i.e., ETRI,
ERS1, EIN4, ETR2, and ERS2) are expressed in A. thali-
ana and these belong to one of two subfamilies: subfamily
1 is composed of ETR1 and ERS1 which have functional
histidine kinase domains (Gamble et al. 1998; Moussatche
and Klee 2004) while subfamily 2 is composed of ETR2,
ERS2, and EIN4 which possess Ser/Thr kinase activity
(Moussatche and Klee 2004). A C-terminal receiver domain
is present downstream of the histidine kinase domain in A.
thaliana ETR1, ETR2, and EIN4 whereas ERS1 and ERS2
lack a C-terminal receiver domain. Ethylene receptors
likely evolved from bacterial and yeast two-component reg-
ulators as these also have similar domains for signal input
and output and have histidine kinase activity (Schaller
1997; Chang and Stewart 1998; Chang and Stadler 2001;
Lohrmann and Harter 2002). Loss of subfamily 1 recep-
tor expression results in a more severe constitutive ethyl-
ene response than does loss of subfamily 2 receptors in A.
thaliana (Hall and Bleecker 2003; Wang et al. 2003; Xie
et al. 2006; Qu et al. 2007). Moreover, loss of expression
of the subfamily 1 receptors cannot be rescued by the
ectopic expression of subfamily 2 receptors (Wang et al.
2003). Ethylene receptors such as ETR1 form homodi-
mers through a disulfide bond between Cys-4 and Cys-6
(Schaller et al. 1995; Rodriguez et al. 1999) and ETR1 can
also interact with subfamily 2 receptors, indicating that eth-
ylene receptors are present as clusters which may facilitate
their function (Schaller et al. 1995; O’Malley et al. 2005;
Grefen et al. 2008; Gao et al. 2008).

Ethylene binding occurs within an N-terminal trans-
membrane domain that spans the endoplasmic reticulum
membrane and a cysteine and histidine residue in trans-
membrane domain III are responsible for binding copper
to which ethylene binds (Rodriguez et al. 1999). Mutation
of this cysteine residue to a tyrosine in A. thaliana recep-
tors results in ethylene insensitivity in a dominant nega-
tive manner as the receptor is unable to bind ethylene and
therefore retains its ability to repress ethylene responses in
the presence of ethylene (Bleecker et al. 1988; Guzman and
Ecker 1990; Chang et al. 1993; Chen and Bleecker 1995).
Ethylene binding causes loss of signaling from ethylene
receptors and CTRI to release repression of downstream
components of the ethylene signaling pathway which
allows the induction of expression of those genes involved
in ethylene responses (Chao et al. 1997; Solano et al. 1998;
Alonso et al. 1999).

Isolation of ethylene receptors from Zea mays revealed
that this species expresses just two types: subfamily 1
receptors that lack a receiver domain (S1—R or ERS1-
like) and subfamily 2 receptors that contain a receiver
domain (S24R or EIN4/ETR2-like) (Gallie and Young
2004). Two genes were reported encoding S1—R receptors
(i.e., ZmERSIa and ZmERSI1b) and two encoding S2+R
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receptors (i.e., ZmETR2a and ZmETR2b) in Z. mays (Gal-
lie and Young 2004). A Cys to Tyr mutation introduced in
transmembrane domain III of ZmERS1b and ZmETR2b
conferred a state of ethylene insensitivity in a subfamily
1-dependent, dominant manner when the mutant receptors
were expressed in A. thaliana and resulted in the character-
istic ethylene insensitive phenotypes such as increased leaf
size and delayed leaf senescence (Chen and Gallie 2010).
Expression of just the N-terminal transmembrane domain
of mutant Zmers1b was sufficient to confer dominance over
endogenous A. thaliana ethylene receptors whereas expres-
sion of the mutant Zmetr2b N-terminal domain did not
(Chen and Gallie 2010). Oryza sativa also expresses SI—R
receptors, OsERS1 and OsERS2, and S2+4R receptors,
OsETR2, OsETR3, and OsETR4 (Yau et al. 2004). This
suggests monocots may differ substantially from eudicots
in the type of receptors present.

The fact that ethylene receptors are found only in plants
raises questions of which receptor represents the founda-
tional member of the gene family, when the other family
members evolved, and whether these diverse receptors are
shared among modern plants. In this report, the evolution of
ethylene receptors in plants was examined to provide insight
into these aspects of the gene family that may yield clues
into the function of each receptor. Although ethylene recep-
tors seem to be absent from marine algae, charophytes do
express subfamily 1 receptors (SI+R or ETR1-like) from
a multigene family, suggesting that ethylene receptors as
they exist in modern plants may have first appeared in fresh
water algae. The first indication of the evolution of subfam-
ily 2 receptor genes was observed in the intron structure of
one ethylene receptor gene from the charophyte Klebsor-
midium flaccidum, which likely arose from a gene dupli-
cation event of the progenitor subfamily 1 (ETRI1-like)
receptor gene, and in four of the eight receptors genes of P,
patens. An S1—R (ERS1-like) receptor likely did not appear
until after Amborella trichopoda, the basal most angiosperm
species, had evolved. Like Z. mays and O. sativa, all mono-
cots examined only possess S1—R and S2+R receptors. The
differentiation of S24R receptors into distinct EIN4-like
and ETR2-like receptors occurred following the appearance
of core eudicots and ERS2 evolved specifically in the Bras-
sicaceae. These results show how the members of the eth-
ylene receptor gene family appeared during plant evolution
and how the gene family continues to evolve dynamically.

Materials and methods

Sequence alignment and phylogenetic analysis

The ethylene receptor amino acid sequences of A. thali-
ana used in this study are available in the National Center
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for Biotechnology Information (NCBI) sequence database
(http://www.ncbi.nlm.nih.gov/) and were used as queries
to perform BLAST searches of the Phytozome database
(v9.1) (http://www.phytozome.com) (Goodstein et al.
2012) for orthologs in most of the species used in the study.
A BLAST search of the Amborella Genome Database
(v1.0) (http://amborella.org/) (Amborella Genome Data-
base 2013) was performed to identify ethylene receptors
in A trichopoda. A BLAST search of the Spruce Genome
Project (v1.0) (http://congenie.org/blastsearch) (Nystedt
et al. 2013) was performed to identify ethylene receptors in
Picea abies. A BLAST search of the K.flaccidum Genome
Project (v1.0) (http://genome.microbedb.jp/blast/blast_
search/ klebsormidium/genes) was performed to identify
ethylene receptors in K. flaccidum. For four species in
which genome sequence was not available, EST sequences
were obtained from the Onekp project in May 2014. Reit-
erative searches of species were performed using ethylene
receptor amino acid sequences from that species. Predicted
protein sequences of ESTs were obtained using the ExPASy
Translate tool (Gasteiger et al. 2003). With the exception
of the sequences from Chlamydomonas reinhardtii, only
sequences containing the conserved cysteine and histidine
residues in the transmembrane domain involved in ethylene
binding were included for subsequent analysis. Amino acid
sequence alignments were performed by ClustalW?2 with
the following parameters: pairwise gap opening penalty 10,
pairwise gap extension penalty 0.1, multiple gap opening
penalty 10, multiple gap extension penalty 0.2, Gonnet pro-
tein weight matrix, and no end gap separation.

The evolutionary history was inferred by using the
Maximum Likelihood method based on the Le Gascuel
model (Le and Gascuel 2008) and the bootstrap consen-
sus tree was inferred from 500 replicates and a LG amino
acid replacement matrix to represent the phylogenetic rela-
tionship among sequences of the proteins analyzed. The
tree with the highest log likelihood (—102975.4201) is
shown. Initial tree(s) for the heuristic search were obtained
by applying the Neighbor-Joining method to a matrix of
pairwise distances estimated using a JTT model. Simi-
lar trees were seen using the Whalen and Goldman sub-
stitution model and did not alter the findings. The tree is
drawn to scale. The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test
is shown next to the branches in the figures with branch
lengths measured in the number of substitutions per site.
No branches were collapsed regardless of bootstrap values.
The analysis involved 198 amino acid sequences. There
were a total of 1569 positions in the final dataset. Evolu-
tionary analyses were conducted in MEGAG6 (Tamur et al.
2013).

Gene sequences used the analyses were from A. thali-
ana (AT1G66340; AT2G40940; AT3G23150; AT1G04310;

AT3G04580); Arabidopsis lyrata (Al_934910, Al_475737,
A1_905365, Al_477715, A1_910099); Capsella rubella
(Cr_10025204, Cr_10019861, Cr_10008561, Cr_10013026,
Cr_10013030); T. halophila (Th_10001362, Th_10018186,
Th_10007018, Th_10020114, Th_10020124); Bras-
sica rapa  (Br_004449, Br_004160, Br_030564,
Br_015303, Br_023756, Br_040134); Carica papaya
(Cp_151.32, Cp_84.52, Cp_2388.2); Gossypium raimon-
dii (Gr_007G126300, Gr_008G143100, Gr_002G038300,
Gr_009G358200, Gr_005G047900,  Gr_006G247800,
Gr_007G280100); Theobroma cacao (Tc_1EG004726,
Tc_1EG032339, Tc_1EG026253, Tc_1EG020821); Pop-
ulus  trichocarpa  (Pt_002G201500, Pt_003G032300,
Pt_001G204200, Pt_010G074300, Pt_008G164400,
Pt_013G044100, Pt_019G014300); Eucalyptus grandis
(Eg_KO03513, Eg_J02086,Eg_HO03145, Eg_H04259); Cit-
rus sinensis (Csorange_1.1g005591, Csorange_1.1g004636,
Csorange_1.1g004510; Csorange_1.1g006508);  Cucumis
sativus  (Cs_205330, Cs_178860, Cs_255140); Mimu-
(Mg_003242, Mg 001910, Mg_001671,
Manihot  esculenta (Me_4.1_003444,

Me_4.1_002375, Me_4.1_002152,

lus  guttatus
Mg _002003);
Me_4.1_002394,

Me_4.1_027924; Me_4.1_002165); Ricinus commu-
nis  (Rc_29986, Rc_28802, Rc_29603, Rc_29680);
Medicago  truncatula  (Mt_7g109150, Mt_4g031150,

Mt_1g079790, Mt_7g116330); Prunis persica (Ppe_002692,
Ppe_001917, Ppe_001786, Ppe_001846); Malus domes-
tica (Md_257135, Md_242413, Md_300556, Md_557234,
Md_267951, Md_920189, Md_195916, Md_219737,
Md_393617, Md_231172); Fragaria vesca (Fv_11090,
Fv_21106, Fv_e32532, Fv_16612); Phaseolus vulgaris
(Pv_001G210200, Pv_011G216400, Pv_007G271700,
Pv_007G129500, Pv_006G106400, Pv_006G106300); Gly-
cine max (Gm_03g37470, Gm_19g40090, Gm_12g37050,
Gm_10g33240, Gm_20g36440, Gm_10g31040,
Gm_19g43840, Gm_03g41220); Vitis vinifera (Vv_
GSVIVG01028053001, Vv_GSVIVG01038085001, Vv_
GSVIVG01024904001, Vv_GSVIVGO01027723001, Vv_
GSVIVGO01036213001); S. Iycopersicum (S1_09g075440,
S1_07g056580, S1_12g011330, S1_06g053710,
S1_09g089610, SI_11g006180, S1_05g055070); Sorghum
bicolor (Sb_09g004300, Sb_01g010930, Sb_02g035430,
Sb_04g007500, Sb_0169s002030, Sb_06g001740); Brachy-
podium distachyon (Bi_2g35080, Bi_4g00200, Bi_1g11540,
Bi_3g56550, Bi_3g57807, Bi_3g55730, Bi_5g00700); Z
mays (Zm_AC194965, Zm_2G102601, Zm_2G073668,
Zm_2G077008, Zm_2G318689, Zm_2G(075368,
Zm_2G420801, Zm_2G089010); Oryza sativa (0s05g06320,
0s_03g49500, Os_07g15540, Os_02g57530, Os_04g08740);
Panicum virgatum (Pv_00024255, Pv_00036840,
Pv_00069616, Pv_0003739, Pv_00046085, Pv_00051650,
Pv_00003352, Pv_00050400); Setaria italica (Si_009598,
Si_034660, Si_032462, Si_016376, Si_019927, Si_009431);
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IV I I
Subfamily 1: gTR1
ERS1
Subfamily 2: ETR2
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Fig.1 Domain organization of the ethylene receptor gene family
in A. thaliana. Comparison of subfamily 1 receptors, i.e., ETR1 and
ERSI1, with subfamily 2 receptors, i.e., ETR2, EIN4, and ERS2. The
N-terminal, hydrophobic, transmembrane domains are indicated by
green boxes with the N-proximal cysteine residues involved in recep-
tor dimerization indicated by vertical yellow bars and the cysteine
and histidine residues in transmembrane domain II involved in eth-

Magnolia grandiflora (Mgr_8225, Mgr_24121); Aquilegia
coerulea (Ac_006_00311, Ac_003_00648, Ac_042_00042,
Ac_017_00676, Ac_034_00407); Aristolochia elegans
(Ae_48333, Ae_48454); Illicium floridanum (If_106789,
If_106923); Austrobaileya scandens (As_15022, As_4770);
A trichopoda (ATr_00032.33, ATr_00009.122); P. abies
(Pa_10428397, Pa_67531, Pa_10048); Selaginella moe-
llendorffii  (Sm_267662, Sm_110685, Sm_230881,
Sm_84824); P. patens (Pp_003G006300, Pp_013G004000,
Pp_027G017000,  Pp_016G055700,  Pp_010G058200,
Pp_001G117000, Pp_004G103700, Pp_004G103600),
K. flaccidum (EST Kf_HO437642, genomic Kf100524,
Kf100196, Kf100708, Kf100794, Kf100385); Spirogyra
pratensis (EST Sg_GW599340; Sg_GW596207); Penium
margaritaceum (EST Pm_HO601064); and C. reinhardtii
(Creinhardtii_27574900, Creinhardtii_27564446).

Results

The appearance of ETR1-like receptors likely predates
land plant evolution

The division of the five ethylene receptor genes in A. thali-
ana into subfamily 1 and 2 is based on gene organization,
intron structure, the presence or absence of conserved ele-
ments in the histidine kinase domain, and their evolution-
ary relationship (Fig. 1) (Schaller 2012; Binder et al. 2012;
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ylene binding indicated by vertical red bars. The GAF, histidine pro-
tein kinase domain, and receiver domains are indicated according to
the key at the upper right. The five consensus motifs (H, N, G1, F,
and G2) within the histidine kinase domain are indicated with yel-
low asterisks as are the conserved aspartate and lysine residues in the
receiver domain. The position of each intron is indicated by vertical
white bars

Shakeel et al. 2013). The subfamily 1 receptors ETR1 and
ERS1 are SI+R and S1—R type receptors, respectively,
whereas the subfamily 2 receptors EIN4 and ETR2 are
S2+R type receptors and ERS2 is an S2—R type receptor.

Subfamily 1 members in A. thaliana contain multiple
introns present in the GAF and histidine kinase domains
as well as in the receiver domain when present and contain
the conserved motifs within the histidine kinase domain
required for the histidine kinase activity they possess
(Fig. 1). In contrast, subfamily 2 members contain a single
intron at the end of the histidine kinase domain and lack
the conserved motifs in the histidine kinase domain with
the only exception being the presence of a histidine resi-
due within the H motif of EIN4. The subfamily 2 members,
however, possess Ser-Thr kinase activity which ERS1 also
possesses (Chang et al. 1993; Hua et al. 1995, 1998; Gam-
ble et al. 1998; Sakai et al. 1998; Moussatche and Klee
2004). ETR1-like or ERS1-like receptors are defined as
those homologs that are phylogenetically related to ETR1
or ERSI, respectively, and contain the domain structure
and conserved motifs of each. EIN4-like, ETR2-like, or
ERS2-like receptors are defined as those homologs that are
phylogenetically related to EIN4, ETR2, or ERS2, respec-
tively, and contain the domain structure of each while lack-
ing most or all of the conserved motifs of the histidine
kinase domain.

Genes encoding ethylene receptors that are similar in
sequence and structure to those in higher plants have been
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identified as far back in land plant evolution as bryophytes,
e.g., P. patens (Binder et al. 2012). Two genes identified in
the cyanobacterium Anabaena sp. strain PCC 7120 and a
gene from Synechocystis strain 6803 (slr1212, NP_440714)
share limited similarity to ETR1 (Mount and Chang 2002;
Rodriguez et al. 1999). Synechocystis slr1212, but not the
two Anabaena proteins, was shown to bind ethylene, data
supporting the conclusion that it is an ethylene-binding
protein and the possible bacterial origin for ethylene recep-
tors (Rodriguez et al. 1999; Bleecker 1999). However,
slr1212 lacks a receiver domain and some of the conserved
sequence motifs of the histidine kinase domain (Mount
and Chang 2002). Moreover, a coiled coil (CC) region is
present between the N-terminal transmembrane and GAF
domains of slr1212 and in the two Anabaena proteins
which is absent in higher plant ethylene receptors. Two
of these proteins also contain one or two PAS/PAC [PAS
(Per, ARNT, Sim) followed by PAC] domains proximal to
the CC domain not present in ethylene receptors of higher
plants and neither Anabaena protein contains a GAF
domain. Therefore, these proteins differ structurally from
plant ethylene receptors and no study has reported how
these proteins evolved in early plants into modern ethyl-
ene receptors. In addition, no other functional component
for ethylene signaling, e.g., CTR1, has been demonsrated
for either species. Interestingly, Synechocystis produces
no detectable ethylene nor responds to the hormone while
these have not been examined for Anabaena (Bleecker
1999).

No obvious ethylene receptor homologs are present
in the genome of salt-water algal species such as C. rein-
hardtii nor is ethylene binding activity detected (Wang
et al. 2006). Land plants, however, did not evolve from the
Chlamydomonadales but rather from aquatic ancestors that
are sister groups to charophycean algae (i.e., fresh water
algae). Therefore, it is possible that ethylene receptors
evolved prior to the appearance of land plants. Supporting
this is the presence of ESTs encoding possible homologs
to ethylene receptors as well as CTR1, EIN2, EIN3/ERFI1,
and EBF1 in Coleochaete orbicularis (Coleochaetales) and
S. pratensis (Zygnematales) (Timme and Delwiche 2010).

The genome sequence of the charophyte K. flaccidum
representing the Klebsormidiales was recently reported and
the presence of an ETR1 receptor noted (Hori et al. 2014).
A search of the K. flaccidum revealed the presence of at
least five genes encoding subfamily 1 (ETR1-like) recep-
tors and a search of charophyte EST databases identified
one EST from K. flaccidum as well as two ESTs from S.
pratensis and one EST from P. margaritaceum (Zygne-
matales) that encoded subfamily 1 (ETRI1-like) receptors
(Fig. 2). The predicted encoded proteins exhibit substantial
sequence conservation with ETR1 and contain the cysteine
and histidine residues involved in ethylene binding in the

transmembrane domain, the H, N, G1, F, and G2 motifs
present in the histidine kinase domain of subfamily 1 recep-
tors as well as the conserved aspartic acid and lysine resi-
dues in the receiver domain (Fig. 2). Moreover, homologs
for CTR1, EIN3, and EBF1 are present in the K. flaccidum
genome, indicating that critical factors necessary for ethyl-
ene signaling in addition to ethylene receptors had evolved
in charophytes (Hori et al. 2014). A recent report using
shotgun transcriptome assemblies from five charophytes
demonstrated the presence of ethylene receptor homologs
in S. pratensis, C. orbicularis, Nitella mirabilis but not in
Mesostigma viride, which likely represents the earliest cha-
rophyte lineage (Ju et al. 2015).

Proto-subfamily 2 ethylene receptor genes appear
in non-vascular land plants

To examine phylogenetically the relationship of putative
charophycean ethylene receptors to those of land plants and
to determine when other ethylene receptors may have arisen
during plant evolution, ethylene receptor gene sequences
were obtained from species throughout plant evolution and
phylogenetic analysis of the proteins performed. The tree
was rooted with two gene sequences from C. reinhardtii
that were identified from searches using the ethylene recep-
tor sequences identified in the fresh water algae species,
K. flaccidum, P. margaritaceum, and S. pratensis. The two
C. reinhardtii proteins do not contain predicted N-terminal
transmembrane regions or the cysteine and histidine resi-
dues involved in ethylene binding but do contain elements
of the histidine kinase domain, suggesting they are not eth-
ylene receptors but function as response regulators with
some similarity to ethylene receptors of lower plants.
Although previously suggested to contain seven ethyl-
ene receptor genes (Binder et al. 2012), the ethylene recep-
tor gene family in P. patens had expanded to eight members
which form two gene subfamilies (Figs. 3, 4). Of these,
four gene members were more closely related to the ETR1
clade than the other four (Fig. 3). To determine whether the
subfamily 1 receptors of the first group in P. patens contain
the conserved motifs of the histidine kinase and receiver
domains characteristic of ETRI, the ethylene receptor
sequences were examined in detail. Two of the four P. pat-
ens subfamily 1 receptors contain the conserved motifs of
the histidine kinase and receiver domains while a third con-
tains all but the histidine residue within the H motif, and
the fourth lacks the conserved lysine residue of the receiver
domain (Fig. 5). This fourth member also has two deletions
within the histidine kinase and receiver domains (Fig. 5).
Analysis of the intron positions within these four genes
revealed that they contain all five of the introns present in A.
thaliana ETR1 (Fig. 5), demonstrating that the gene struc-
ture of subfamily 1 receptor genes was established at least
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Fig. 2 Sequence alignment of ethylene receptor homologs in cha-
rophytes. Alignment of amino acid sequence of ethylene receptor
homologs is shown with amino acid identity relative to A. thaliana
ETR1 highlighted in green amino acid and amino acid similarity
highlighted in yellow. The N-proximal cysteine residues involved
in receptor dimerization are indicated in purple as are the cysteine
and histidine residues in transmembrane domain II that are involved
in ethylene binding. The transmembrane, GAF, histidine kinase,
and receiver domains are indicated above the pertinent sequence.
The sequences of the conserved motifs (H, N, G1, F, and G2) of the

by the appearance of P. patens. Of the five genes encoding
subfamily 1 receptors in K. flaccidum, Kf100524 (named
from the scaffold sequence in which it is present) clusters
closest to these P. patens genes. The K. flaccidum EST
HO437642 corresponds to Kf100524 based on sequence
identity. One of the S. pratensis ESTs (GW599340) and
the P. margaritaceum EST (HO601064) also cluster near
to these P. patens genes (Fig. 3). K. flaccidum Kf100524,
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histidine protein kinase domains are indicated in blue with the con-
served histidine of the H motif and the conserved asparagine of the
N motif indicated in red. The conserved aspartate and lysine resi-
dues in the receiver domain are indicated in red. Protein sequences
used were: S. pratensis (Sp) GW596207 and GW599340; K. flac-
cidum (Kf) Kf100708; P. margaritaceum (Pm) HO601064; P. pat-
ens (Pp) 010G058200, 001G117000, 027G017000, 016G055700,
003G006300, 013G004000, 004G103700, and 004G103600; and A.
thaliana (At) ETR1, ERS1, ETR2, ERS2, EIN4. Only one of the five
K. flaccidum ETR1-like receptor sequences is shown

Kf100196, and Kf100708 contain the conserved motifs of
the histidine kinase and receiver domains and Kf100524
contains four of the five introns characteristic of subfam-
ily 1 receptors in higher plants as confirmed by comparison
with K. flaccidum EST HO437642 (Fig. 5). No ESTs were
identified corresponding to K. flaccidum Kf100196 but
predicted intron positions include three of the five charac-
teristic subfamily 1 receptor introns (Fig. 5). K. flaccidum
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Fig. 3 Phylogenetic analysis of ethylene receptors. A phylogenetic »
tree of subfamily 1 ethylene receptors was constructed using the max-
imum-likelihood method. The tree with the highest log likelihood is
shown. The tree is drawn to scale, with branch lengths measured in
the number of substitutions per site. Numbers on each branch denote
percentages of bootstrap support. Only partial sequences were avail-
able for S. pratensis and P. margaritaceum and two of the P. abies
genes

Kf100708 is unique in that it contains no introns (Fig. 5).
Only sequence for the N-terminal transmembrane domain
of K. flaccidum Kf100794 is available but it shares most
similarity with Kf100708 (data not shown).

The remaining four P. patens receptors contain multiple
introns, ranging from 5 to 9 introns (Fig. 6) that are unlike
the other four receptors in this species, suggesting that
these four genes are distinct. Of these four receptors, two
contain five introns present in the transmembrane, GAF,
histidine kinase and receiver domains while the other two
contain 8-9 introns in these same domains, seven of which
are conserved between the two genes (Fig. 6). In the lat-
ter pair, one gene has a deletion within the GAF domain.
Interestingly, one intron present at the end of the histidine
kinase domain in all four distinct receptor genes is iden-
tical in position to the single intron present in subfamily
2 receptors such as EIN4, ETR2, and ERS2 of A. thali-
ana (Fig. 6). As this intron is not present in subfamily 1
receptors (Fig. 5), this suggests that the intron character-
istic of subfamily 2 receptors had appeared by the evolu-
tion of P. patens. However, these four distinct receptor
genes also share one intron that is present at the end of the
GAF domain of subfamily 1 receptors although they lack
the other subfamily 1 introns. All four encoded proteins
contain the conserved motifs of the histidine kinase and
receiver domains, unlike subfamily 2 receptors, and one of
these four distinct P. patens receptors contains a predicted
fourth transmembrane domain characteristic of subfamily 2
receptors (Fig. 6). As these four distinct receptors contain
the ancestral intron conserved among subfamily 2 recep-
tor genes but also retain an intron and the conserved motifs
characteristic of subfamily 1 receptors, it is likely that these
P. patens receptors represent a transitional state from sub-
family 1 to subfamily 2 receptors where the intron structure
has diverged substantially from subfamily 1 receptors to a
new structure that will eventually become that of subfamily
2 receptors while the amino acid sequence retains the defin-
ing features of subfamily 1 receptors. The intron structures
of these four proto-subfamily 2 receptors also form two
subfamilies, suggesting that each gene pair resulted from
gene duplication. One of the predicted introns of K. flac-
cidum Kf100385 also corresponds to this intron position
characteristic of subfamily 2 receptor genes, suggesting the
intron had appeared in charophytes (Fig. 6). An assembled
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Subfamily 1 Subfamily 2

ERSl-like ETRI-like EIN4-like ETR2-like ERS2-like
(S1-R)  (SI+R)  (S24R)  (S2+R)  (S2-R)

Arabidopsis thlyrata
Arabidopsis thaliana
Capsella rubella
Brassica rapa
Thellungiella halophila

Carica papaya
Gossypium raimondii
Theobroma cacao
Citrus sii

Eucalyptus grandis

Fragaria vesca
Malus domestica
Prunus persica
Cucumis sativus
Glycine max
Phaseolus vulgaris
Medicago truncatula
Ricin communis
Manihot esculenta
Vitus vinifera

I_E Solanum tuberosum
Sol. lycopersicum

| I— Mimulus guttatus

1 Magnolia grandiflora
L Aristolochia elegans

Sorghum bicolor
Zea mays

Setaria italica
Panicum virgatum

Oryza sativa
E Brachypodium distachyon

1 lllicium floridanum
L Austrobaileya scandens
Amborella trichopoda

Sell, 11,

Physcomitrella patens

llendorffii

I_ Klebsormidium flaccidum

Spirogyra pratensis

Fig. 4 Appearance and expansion of the ethylene receptor gene
family during plant evolution. The presence of the types of ethylene
receptor genes in a species is indicated by a black dot and the number
of genes for each type is indicated by the number of black dots. The
evolutionary relationship of the species shown is indicated to the left
of the table. S2+R (EIN4/ETR2-like) receptor genes appeared first
as an undifferentiated type of receptor as indicated by the single col-
umn in early plants which later differentiated into distinct EIN4 and
ETR?2 receptor genes. One gene in V. vinefera is EIN4/ETR2-like as
indicated by the black dot straddling the two columns. Note that the
subfamily 2 ethylene receptor genes indicated for P. patens, S. moe-

transcript from S. pratensis shows greater similarity to sub-
family 2 receptors than to subfamily 1 receptors (Ju et al.
2015), supporting the notion that proto-subfamily 2 recep-
tors began to evolve in charophytes. K. flaccidum Kf100385
contains an intron just upstream of the first conserved
aspartic acid residue of the receiver domain that is con-
served in P. patens genes 001G117000 and 010G058200
(but not in P. patens 004G103600 or 004G103700) and
in the lycophyte S. moellendorffii gene 84824 (Fig. 6),
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I— Penium mariaritaceum [ ]

llendorffii, K. flaccidum, and S. pratensis should be considered proto-
subfamily 2 ethylene receptors as they retain the conserved motifs of
the histidine kinase domain characteristic of subfamily 1 receptors.
However, in the case of P. patens, S. moellendorffii, and K. flaccidum,
the proto-subfamily 2 ethylene receptor genes contain an intron char-
acteristic of subfamily 2 receptors, whereas Ju et al. (2015) concluded
that one of the two assembled S. pratensis transcripts encoded a pro-
tein more similar to subfamily 2 receptors. The two S. pratensis gene
members are based on transcript assemblies (Ju et al. 2015) and may
not reflect the true size of the gene family

indicating that these P. patens and S. moellendorffii genes
evolved from the same ancestral gene from which K. flacci-
dum Kf£100385 arose. These data demonstrate that ethylene
receptors arose prior to the appearance of land plants and
the gene family had expanded and diverged by the appear-
ance of charophytes to express subfamily 1 and proto-sub-
family 2 receptors.

Although the ethylene receptor gene family is sur-
prisingly large in P. patens, by the appearance of S.
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ETR1

ERS1
Aquca_042_00042
Aquca_006_00311
Aquca_003_00648
AmTr_scaffold00032.33

Arabidopsis thaliana

Agquilegia coerulea

Amborella trichopoda

Pp013G004000
Pp003G006300
Pp027G017000
Pp016G055700

Physcomitrella patens

Kf100524
Kf100196
Kf100708

Klebsormidium flaccidum

Fig. 5 Early evolution of subfamily 1 ethylene receptor genes. Com-
parison of the domains and intron positions of subfamily 1 ethylene
receptor genes with A. thaliana ETR1 and ERSI1. The transmem-
brane, GAF, histidine kinase, and receiver domains are indicated
according to the key at the upper right. The N-proximal cysteine resi-
dues involved in receptor dimerization are indicated by vertical yel-
low bars and the cysteine and histidine residues in transmembrane
domain II involved in ethylene binding are indicated by vertical red

moellendorffii, the gene family was reduced to just four
members composed of three subfamily 1 genes and a single
proto-subfamily 2 receptor (Figs. 3, 4, 7). Of the three sub-
family 1 receptors, one lacked the histidine residue within
the H motif, the second lacked one of the two conserved
aspartic acid residues and the lysine residues of the receiver
domain, and the third lacked the histidine residue of the H
motif, the asparagine residue of the N motif, the F motif,
and the receiver domain (Fig. 5). Although the lack of a
receiver domain might suggest that this establishes the first
appearance of an S1—R receptor similar to ERS1, the lack
of the aforementioned conserved motifs is inconsistent with
an ERS1 receptor. Moreover, this gene is not present in the
subsequent proximal evolved species (see below), suggest-
ing it was lost during further evolution. Only the first of
the S. moellendorffii subfamily 1 genes contains the same
introns present in P. patens and A. thaliana ETR1 genes
(Fig. 5). The other two S. moellendorffii subfamily 1 genes
are missing the intron in the receiver domain. The single S.
moellendorffii proto-subfamily 2 receptor (84824) contains
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bars. The consensus motifs of the histidine kinase domain are indi-
cated with yellow asterisks as are the conserved aspartate and lysine
residues in the receiver domain. The position of each intron is indi-
cated by vertical white bars. The evolutionary relationship of the spe-
cies shown is indicated to the left. The sequence for A. coerulea gene
042_00042 may be misannotated as the predicted sequence lacks
the ethylene binding site and initiates just downstream of the second
transmembrane domain

the conserved motifs of the histidine kinase and receiver
domains (Fig. 6) like the proto-subfamily 2 receptors of P.
patens with which it clusters in the phylogenetic analysis
(Fig. 3). This S. moellendorffii proto-subfamily 2 recep-
tor also shares seven of the introns present in two of the
P. patens proto-subfamily 2 receptor genes (001G117000
and 010G058200), including the intron present at the end
of the histidine kinase domain characteristic of subfamily 2
receptors. This suggests that this receptor gene descended
from one of these P. patens proto-subfamily 2 receptor
genes and that the other two-member P. patens gene sub-
family (004G103600 or 004G103700) was lost or may
have appeared during subsequent P. patens evolution.

Subfamily 1 and 2 ethylene receptors appear
in gymnosperms

Three ethylene receptor genes are present in the gymno-

sperm species P. abies for which the genome sequence was
recently reported (Nystedt et al. 2013). The three genes
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ETR2

Arabidopsis thaliana ERS2
EIN4

Aquilegia coerulea 017_00676
034_00407

Amborella trichopoda  AmTr_scaffold00009.122
Picea abies MA_10048

001G117000
. 010G058200
Physcomitrella patens
004G103600
004G103700
Kleb idium flaccidum Kf100385

Fig. 6 Early evolution of subfamily 2 ethylene receptor genes. Com-
parison of the domains and intron positions of subfamily 2 ethylene
receptor genes with A. thaliana ETR2, ERS2, and EIN4. The trans-
membrane, GAF, histidine kinase, and receiver domains are indicated
according to the key at the upper right. The N-proximal cysteine resi-
dues involved in receptor dimerization are indicated by vertical yel-
low bars and the cysteine and histidine residues in transmembrane

include two subfamily 1 (S14R) receptors and one sub-
family 2 (S2+R) receptor (Figs. 3, 4, 7). The sequence
of the two subfamily 1 receptor genes is incomplete but
both genes contain the conserved motifs of the histidine
kinase and receiver domains and the introns present are
conserved with A. thaliana ETR1 receptor genes (data
not shown). That both are likely ETR1 homologs is sup-
ported by the presence of a receiver domain in one case
(MA_67531p0010) and the observation that no S1—R
receptor gene is present in the genome of A. trichopoda, the
common ancestor of all extant flowering plants (Amborella
Genome Project 2013).

The P. abies subfamily 2 receptor gene (MA_10048), for
which the sequence is complete, lacks the conserved motifs
of the histidine kinase domain but contains the conserved
aspartic acid and lysine residues in its receiver domain
(Fig. 6). It also lacks most of the introns present in the P.
patens and S. moellendorffii proto-subfamily 2 receptor
genes but retains the intron between transmembrane region
1 and II that is present in the P. patens proto-subfamily 2
receptor gene subfamily (001G117000 and 010G058200)
and the single S. moellendorffii proto-subfamily 2 receptor
gene (84,824) as well as the intron at the end of the his-
tidine kinase domain that is characteristic of subfamily 2
genes (Fig. 6). The P. abies subfamily 2 receptor gene has
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domain II involved in ethylene binding are indicated by vertical red
bars. The consensus motifs of the histidine kinase domain are indi-
cated with yellow asterisks as are the conserved aspartate and lysine
residues in the receiver domain. The position of each intron is indi-
cated by vertical white bars. The evolutionary relationship of the spe-
cies shown is indicated to the left

also acquired two additional introns on either side of what
is the region corresponding to transmembrane region IV,
although this sequence may not function as a transmem-
brane region as it contains several basic residues. The two
additional introns are not present in subfamily 2 genes of
other species, suggesting these are gymnosperm-specific
or unique to P. abies. The retention of the intron between
transmembrane region 1 and II in the P. abies subfamily
2 receptor gene suggests that it evolved from the single
S. moellendorffii proto-subfamily 2 receptor gene (84824)
which in turn likely evolved from the P. patens proto-
subfamily 2 receptor gene subfamily (001G117000 and
010G058200) which contains this same intron. During its
evolution, however, the P. abies subfamily 2 receptor gene
lost several of the introns present in the homologs of non-
seed plants and it has lost three of the five conserved motifs
in the histidine kinase domain (Fig. 6), suggesting that it is
in transition to the final protein and gene structure observed
for EIN4 and ETR2 receptor genes in higher plants.

The genome sequence of A. trichopoda, which predates
angiosperm diversification and therefore is the most basal
angiosperm, was recently reported (Amborella Genome
Project 2013). The A. trichopoda receptor gene family is
composed of one gene encoding a subfamily 1 (S14+R)
receptor and a second gene encoding a subfamily 2 (S2+4R)
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Fig.7 A phylogenetic tree of subfamily 2 ethylene receptors was »

constructed using the maximum-likelihood method. The sequence
representing the receiver domain was omitted for the analysis. The
tree with the highest log likelihood is shown. The tree is drawn to
scale with branch lengths measured in the number of substitutions per
site. Numbers on each branch denote percentages of bootstrap sup-
port

receptor (Figs. 3, 4, 7). The intron structure of the A.
trichopoda subfamily 1 receptor is identical to A. thaliana
ETRI1 (Fig. 5) while the intron structure of the A. trichop-
oda subfamily 2 receptor is identical to A. thaliana EIN4
and ETR2 (Fig. 6). Although the phylogenetic analysis
places the A. trichopoda subfamily 2 receptor outside the
EIN4 and ETR2 clades suggesting it is the likely progenitor
to both receptor types (Fig. 7), it retains the histidine in the
H motif in the histidine kinase domain which suggests that
it is more EIN4-like than ETR2-like in this respect.

The appearance of ERS1-like receptors accompanies the
loss of ETR1-like receptors in some early angiosperms
and in monocots

Despite the fact that one of the three subfamily 1 receptors
in S. moellendorffii lacks a receiver domain which would
render it ERS1-like, the absence of an ERS1 homolog in
A. trichopoda, and presumably in P. abies, suggests that
an S1—R receptor had not yet evolved in a stable manner
by the appearance of the basal most angiosperm species.
Although the genome sequence of subsequent basal angi-
osperm species, such as A. scandens and 1. floridanum, is
not available, ESTs from these species encoding an S1—R
receptor in addition to an S24-R receptor indicate that an
S1—R receptor had appeared at this point and it remained
present throughout subsequent angiosperm evolution
(Figs. 3, 4). In general, the SI—R receptor C-terminal
sequence is poorly conserved in species that express this
receptor and is shorter in the S1—R receptors of A. scan-
dens and I. floridanum than in species that evolved later
(Fig. 8). No EST encoding an S1+R (ETRI-like) recep-
tor was identified in A. scandens and I. floridanu although
no definitive conclusion can be made until the genome
sequence is available for these species. If these species
do lack an ETR1 homolog, it is possible that the SI—R
receptors of these species resulted from a deletion of the
C-terminal receiver domain of the S1+R receptor which
would account for the simultaneous disappearance of an
S1+R receptor gene and the appearance of an S1—R recep-
tor gene. The fact that ETR1 receptor genes are present in
later angiosperm evolution suggests that an S1+R receptor
gene was maintained in the common ancestral line and that
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Fig. 8 C-Terminal sequence of ERSI receptors homologs during
plant evolution. The aligned C-terminal ERS1 sequence of the spe-
cies indicated is shown. Sequence of the histidine kinase domain
C-terminal region is included with amino acid identity relative to A.
thaliana ERS1 highlighted in green and amino acid similarity high-

deletion of the C-terminal receiver domain from the S1+R
receptor gene may have occurred during the subsequent
evolution of A. scandens and I. floridanum. Such diver-
gence in sequence and length may indicate that this region
is not important to S1—R receptor function.

Similar to A. scandens and 1. floridanum, monocot
genomes lack an S1+4R receptor and contain only SI—R
and S2+4R receptor genes (Figs. 3, 4, 7). Thus, monocots
as a group appear to be unique in that they lack an ETRI
homolog. Expansion of the gene family encoding each
receptor type is observed in most monocot species. Phy-
logenetic analysis of the monocot subfamily 1 receptors
indicates that they form two subclades (Fig. 3), suggesting
gene duplication early in monocot evolution. The monocot
subfamily 1 receptors cluster with eudicot ERS1 receptors.

To establish that the subfamily 1 receptors in mono-
cots are structurally more similar to ERS1 than to ETR1,
the monocot subfamily 1 receptors were examined to
determine whether they lacked a receiver domain. All
monocot subfamily 1 receptors are similar to Arabidop-
sis ERSI in that they contain an N-terminal domain com-
posed of three transmembrane spanning regions, followed
by a GAF domain and a histidine kinase domain that pos-
sesses the amino acid sequences and motifs required for
histidine kinase activity, but lack a C-terminal receiver
domain although there was some variability in the length
of the C-terminal end (Fig. 9). One receptor in O. sativa
(0s05g06320) is truncated but this may be a misannotation
as the predicted protein terminates at the splice site of the
conserved intron that lies just upstream of the G1 motif in
the histidine kinase domain. For some monocot subfamily
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lighted in yellow. Homology of sequence downstream of the histidine
kinase domain is colored according to plant group. The correspond-
ing sequences of A. thaliana and A. trichopoda ETR1 proteins were
included for comparison. The evolutionary relationship of the species
shown is indicated to the left

1 receptors, the first aspartic acid residue of the receiver
domain is retained whereas in others, it too is absent. All
monocot subfamily 1 receptor genes (except Os05g06320)
contain the first four introns present in A. thaliana
ERS1land ETR1 but do not contain the intron present in the
A. thaliana ETRI1 receiver domain (Fig. 9). Two N-terminal
cysteines required for homodimerization and the cysteine
and histidine residues in transmembrane domain III that
bind Cu (I) needed for ethylene binding are also present
in all monocot subfamily 1 receptors. Based on their gene
structure and the phylogenetic analysis, monocot subfamily
1 receptors are homologs to ERS1.

Although the subfamily 2 receptors of the basal and
early angiosperms A. trichopoda, A. scandens, and I. flori-
danum lie outside the EIN4 and ETR2 clades, they contain
a histidine in the H motif in their histidine kinase domain,
suggesting that the early subfamily 2 receptor may be more
EIN4-like. Monocot subfamily 2 receptors also lie out-
side the EIN4 and ETR2 clades consistent with the obser-
vation that they predate the appearance of distinct EIN4
and ETR2 receptors. Monocot subfamily 2 receptors are
grouped into subclades (Fig. 7), suggesting gene duplica-
tion prior to speciation. Two subclades contain a fourth
transmembrane domain characteristic of subfamily 2 recep-
tors while the third group lacks this domain (Fig. 10).
One of the two subclades containing a fourth transmem-
brane domain lacks the second aspartic acid residue in the
receiver domain, supporting the notion that gene duplica-
tion occurred prior to speciation. Almost all contain the
two N-terminal cysteines required for homodimerization
and the cysteine and histidine residues in transmembrane
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Fig. 9 Monocot subfamily 1 ethylene receptors lack a receiver
domain. Comparison of the domains and introns positions of mono-
cot subfamily 1 ethylene receptors with A. thaliana ETR1 and ERSI.
The transmembrane, GAF, histidine kinase, and receiver domains are
indicated according to the key at the upper right. The N-proximal
cysteine residues involved in receptor dimerization are indicated by
vertical yellow bars and the cysteine and histidine residues in trans-
membrane domain II involved in ethylene binding are indicated
by vertical red bars. The consensus motifs of the histidine kinase

domain III for ethylene binding. With only one exception,
all monocot subfamily 2 receptors lack a histidine in the H
motif of the histidine kinase domain that is present in EIN4
but not ERS2 of A. thaliana (Fig. 10). The presence of the
intron characteristic of subfamily 2 receptor genes, the
presence of a receiver domain, and the absence of most or
all of the conserved motifs of the histidine kinase domain
confirmed that they are S2+R receptors. Four of the mono-
cot subfamily 2 receptors have deletions although in the
case of Zm2G077008, the absence of a receiver domain
may be a misannotation at the splice site of the conserved
intron normally near this position. Only one other gene

domain are indicated with yellow asterisks as are the conserved
aspartate and lysine residues in the receiver domain. The position of
each intron is indicated by vertical white bars. Monocot subfamily
1 ethylene receptor genes included are: S. bicolor (Sb_09g004300;
Sb_01g010930); B.  distachyon  (Bi_2g35080; Bi_4g00200;
Bi_1gl11540); Z.  mays (Zm_AC194965; Zm_2G102601;
Zm_2G073668); Oryza sativa (0s05g06320; Os_03g49500); P. vir-
gatum (Pv_00024255; Pv_00036840; Pv_00069616; Pv_00037390);
and S. italica (Si_009598; Si_034660)

(Sb0169s002030) lacks the single intron characteristic of
subfamily 2 receptors and this gene harbors two deletions.
Whether any of these deletions affect receptor function is
unknown.

From the available ESTs, the early angiosperm species
such as A. elegans and M. grandiflora appear to be similar
to A. scandens and I. floridanum in that they lack an S1+R
receptor gene but, as with A. scandens and I. floridanum,
no definitive conclusion can be made until the genome
sequence is available for these species. A. elegans and M.
grandiflora, however, do contain S1—R and S2+R recep-
tor genes (Figs. 3, 4, 7). The presence of an S1—R receptor
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Fig. 10 Monocot subfamily 2 ethylene receptors contain a receiver
domain. Comparison of the domains and introns positions of mono-
cot subfamily 2 ethylene receptors with A. thaliana ETR2, ERS2,
and EIN4. The transmembrane, GAF, histidine kinase, and receiver
domains are indicated according to the key at the upper right. The
N-proximal cysteine residues involved in receptor dimerization
are indicated by vertical yellow bars and the cysteine and histidine
residues in transmembrane domain II involved in ethylene binding
are indicated by vertical red bars. The consensus motifs of the his-
tidine kinase domain are indicated with yellow asterisks as are the
conserved aspartate and lysine residues in the receiver domain. The
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position of each intron is indicated by vertical white bars. Dele-
tions in a receptor are indicated with a /ine. Monocot subfamily 1
ethylene receptor genes included are: S. bicolor (Sb_02g035430;
Sb_04g007500; Sb_0169s002030; Sb_06g001740); B. distachyon
(Bi_3g56550; Bi_3g57807; Bi_3g55730; Bi_5g00700); Z. mays
(Zm_2G077008; Zm_2G318689; Zm_2G075368; Zm_2G420801;
Zm_2G089010); Oryza sativa (0s_07g15540; Os_02g57530;
Os_04g08740); P virgatum  (Pv_00046085; Pv_00051650;
Pv_00003352; Pv_00050400); and S. italica (Si_032462; Si_016376;
Si_019927; Si_009431)
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was confirmed by the lack of a receiver domain but the
C-terminal sequence is not conserved with S1—R recep-
tors in other angiosperms (Fig. 8). This could indicate that,
as in A. scandens and I. floridanum, the S1—R receptors in
A. elegans and M. grandiflora resulted from a deletion of
the C-terminal receiver domain of the S1+R receptor dur-
ing their speciation. This possibility is supported by the
fact that the Aquilegia caerulea genome contains an S1+R
receptor gene as well as two S1—R receptor genes and two
S2+R receptor genes (Figs. 3, 4, 7). Although it is possible
that the S14R receptor gene was lost from species follow-
ing the appearance of A. trichopoda only to be regained fol-
lowing the appearance of A. elegans and M. grandiflora, it
is more likely that an SI+R receptor gene was present in
the common ancestral line and that S1—R receptor genes
arose independently in S. moellendorffii, in some basal
angiosperms such as A. scandens and I. floridanum, in
the monocot progenitor, and in early angiosperm species
such as A. elegans and M. grandiflora. The conservation
of sequence and variable length of the C-terminus of the
S1—R receptors in these species supports such a possibility
(Fig. 8). The conservation of sequence and the more uni-
form length of the C-terminus of S1—R receptors in core
eudicots suggest that the S1—R receptor gene was stably
maintained during their evolution. A notable exception to
this is the Brassicaceae in which the length of the C-termi-
nus of the ERS1 receptor is shorter than in other core eud-
icots (Fig. 8). The presence of introns characteristic of sub-
family 1 receptor genes, the absence of a receiver domain,
and the presence of the conserved motifs of the histidine
kinase domain confirmed that the members included in this
clade are ERS1 homologs.

EIN4 and ETR2 homologs appear as distinct receptors
in core eudicots

By the appearance of asterids such as Mimulus guttatus
and Solanum species, EIN4-like and ETR2-like receptors
had diverged sufficiently to cluster in separate clades and
each had undergone gene duplication (Figs. 4, 7). Simi-
larly in rosids, EIN4-like and ETR2-like receptors cluster
in separate clades. The genome of Vitus vinifera contains
an EIN4 homolog and an ETR2 homolog and a third that
is equally related to both. The remaining rosid species
examined contain genes encoding ETR1, ERS1, EIN4, and
ETR2 homologs, although C. papaya and M. truncatula
lack an ETR2 homolog and Cucumis sativa lacks an EIN4
homolog (Fig. 4). The number of genes encoding each
receptor type varies among these species, suggesting that
gene duplication (or loss) likely occurred following specia-
tion. The presence of the intron characteristic of subfam-
ily 2 receptor genes, the presence of a receiver domain, and
the absence of most or all of the conserved motifs of the

histidine kinase domain confirmed that they are EIN4 and
ETR2 homologs.

ERS2 homologs appear during evolution of the
Brassicaceae

ERS2 is the fifth type of ethylene receptor present in
A. thaliana which is similar to ETR2 in that it lacks the
histidine residue in the H motif in the histidine kinase
domain but differs in that it lacks a receiver domain. ERS2
homologs are confined to the Brassicaceae and therefore is
the most recent receptor type to have evolved. Genes for
ERS2 are present in A. thaliana, A. lyrata, C. rubella, T.
halophila and B. rapa (Figs. 4, 7). Phylogenetic analysis
suggests that ERS2 is most related to ETR2 as it clusters
with the ETR2 clade of Brassicaceae. The presence of the
intron characteristic of subfamily 2 receptor genes, the
absence of a receiver domain, and the absence of the con-
served motifs of the histidine kinase domain confirmed that
they are ERS2 homologs.

Discussion

The results presented here demonstrate that an ETR1-like
receptor was the first ethylene receptor type to have evolved
during plant evolution. The apparent absence of an ethyl-
ene receptor homolog in the Chlamydomonadales but their
presence in charophycean algae suggests that the ancestral
ETRI1-like ethylene receptor had evolved by the appearance
of fresh water algal species and may indicate that ethylene
signaling arose in response to its particular environment.
As some fresh water algal species can grow in moist soils,
ethylene receptors may have evolved to respond to the abi-
otic stresses associated with a terrestrial environment such
as desiccation or greater exposure to UV radiation.

At least five ETRI1-like receptor genes were identi-
fied in the K. flaccidum genome which includes two genes
containing introns characteristic of subfamily 1 receptors,
one gene containing the intron characteristic of subfamily
2 receptors, and one gene without introns. The presence
of homologs for CTR1, EIN3, and EBF1 in K. flaccidum
(Hori et al. 2014) also supports the notion that these eth-
ylene receptors are functional and that ethylene signaling
likely occurs in this species.

Homologs for ethylene biosynthetic genes encoding
ACS and ACO as well as homologs for ethylene signaling
genes encoding ethylene receptors, CTR1, EIN2, EIN3,
and ERF1 are present in S. pratensis (Ju et al. 2015). The
demonstration that this species produces and responds
to ethylene and that S. pratensis ETR1-like and EIN3-
like homologs can complement ethylene receptor and
ein3 mutants, respectively, in A. thaliana (Ju et al. 2015)

@ Springer



536

Plant Mol Biol (2015) 87:521-539

indicates that the ethylene biosynthesis and signaling path-
ways are functional in this species. That K. flaccidum (rep-
resenting an earlier plant lineage than S. pratensis) lacks an
ERF1 homolog and its EIN2 homolog may lack the C-ter-
minal signaling domain while M. viride (representing the
earliest charophyte lineage) appears to lack ethylene recep-
tors altogether (Ju et al. 2015), may indicate that the com-
ponents of the ethylene signaling pathway were actively
evolving during charophycean evolution.

The ethylene receptor gene family had expanded to eight
ETR1-like members by the appearance of the non-vascu-
lar plant P. patens, which includes four genes with introns
characteristic of subfamily 1 receptors and four genes
whose intron structure is unlike subfamily 1 genes but con-
tains the intron characteristic of subfamily 2 receptors. This
gene group may have evolved from a duplication of the
canonical subfamily 1 receptor gene because, although they
possess an intron structure quite distinct from the subfam-
ily 1 receptor genes, they share the last intron in the GAF
domain. They also may have evolved from K. flaccidum
Kf100385 as they share the intron characteristic of subfam-
ily 2 receptor genes. Because they retain the protein motifs
of a subfamily 1 (ETRI-like) receptor, they may exhibit
subfamily 1 receptor kinase activity but the phylogenetic
analysis indicates they lie more between the subfamily 1
and subfamily 2 receptor clades than do the other four P.
patens receptor genes. Thus, K. flaccidum Kf100385 and
this P. patens group of genes may have begun to diverge
from subfamily 1 genes as the first step in the evolution of
subfamily 2 receptors and as such are referred to as proto-
subfamily 2 receptor genes. The presence of four proto-
subfamily 2 receptor genes that form two subfamilies in
P. patens supports the notion that this gene group is func-
tionally important in early land plants although whether
they differ functionally remains unknown. However, these
proto-subfamily 2 receptors retain the conserved motifs of
the histidine kinase domain characteristic of subfamily 1
receptors, suggesting that they retain more subfamily 1-like
function than subfamily 2-like function. Based on limited
phylogenetic analysis, one of the two ethylene receptors
identified recently in S. pratensis was reported to be a sub-
family 2 receptor (Ju et al. 2015). However, it retains the
conserved motifs of the histidine kinase domain character-
istic of subfamily 1 receptors, so that it, like K. flaccidum
Kf100385, should be considered a proto-subfamily 2 recep-
tor until proven to possess bona fide subfamily 2 receptor
function.

The features of the proto-subfamily 2 receptor genes in
P. patens, i.e., their distinct intron structure while retaining
the conserved motifs of the histidine kinase domain charac-
teristic of subfamily 1 receptors, are retained in one of the
four ethylene receptor genes of S. moellendorffii, suggest-
ing that one of the four proto-subfamily 2 receptor genes of

@ Springer

P. patens was retained during the evolution of S. moellen-
dorffii without substantial changes in its gene structure or
amino acid sequence which is supported by the phyloge-
netic analysis. The intron structure of the proto-subfamily 2
receptor genes of P. patens and S. moellendorffii had begun
to disappear by the evolution of gymnosperms, such as P.
abies, in which its subfamily 2 receptor gene retains only
an intron between the transmembrane domains I and II that
is present in the S. moellendorffii and P. patens proto-sub-
family 2 receptor genes, and retains only the G1 and G2
motifs of the histidine kinase domain. Even these residual
features were lost in the subfamily 2 receptor gene of A.
trichopoda, the basal most angiosperm species. Subfam-
ily 2 (S2+R) receptors continued as an undifferentiated
group throughout monocots and through the evolution of
early angiosperms species. EIN4 and ETR2 only diverged
into distinct receptors with the evolution of the core eud-
icots. The presence of one undifferentiated subfamily 2
member in V. vinifera in addition to distinct EIN4 and
ETR2 homologs may indicate when this divergence was
occurring.

ERS2 homologs are found only in the Brassicaceae and
as such represents the newest evolved member of the eth-
ylene receptor gene family. It likely arose early in the evo-
lution of the Brassicaceae as all species examined contain
an ERS2 homolog. The recent evolution of a fifth receptor
in the Brassicaceae demonstrates that the ethylene receptor
gene family continues to evolve and that the appearance of
this unique ethylene receptor in the Brassicaceae must con-
fer some advantage to species in this family.

The ERS1 receptor likely evolved from duplication of
an ETR1-like gene as ERS1 is more similar to ETR1 than
it is to subfamily 2 receptors and shares the same introns
as the ETRI1 gene except in the receiver domain which is
missing from all ERS1 receptors. Although one of the three
subfamily 1 receptors in S. moellendorffii lacks a receiver
domain, which might technically make this the first appear-
ance of an S1—R receptor, it does not contain all of the
motifs of the histidine kinase domain and this gene was not
maintained in subsequent evolution as no S1—R receptor
is present in the A. trichopoda genome. Supporting this is
the absence of an ERS1 homolog in P. abies although this
represents a single gymnosperm species whose genome
sequence is available. However, no ERS1 homolog was
observed in the available EST databases for other gymno-
sperms, including Cycas micholitzii, Sundacarpus amarus,
and Gnetum montanum. Nevertheless, just as the S. moe-
llendorffii genome appears to contain an S1—R-like recep-
tor, it is formally possible that some gymnosperm species
may contain such a receptor as well, e.g., through loss of
part or all of the receiver domain from an ETR1 gene. The
genome sequence of many additional gymnosperm species
will be required to determine whether this is the case.
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An ERS1 homolog appears in A. scandens and I. flori-
danum and is the only subfamily 1 receptor present as it
is in monocots. In the Brassicaceae, the C-terminus of the
ERSI1 receptor is shorter than in other rosid species and the
sequence is highly conserved but distinct from other rosids,
suggesting that the ERS1 C-terminus continues to undergo
dynamic evolution. Whether these changes in the C-termi-
nal sequence and length has consequences on ERS1 func-
tion is unknown.

Although ETRI1 is considered the dominant receptor
in A. thaliana (Hua and Meyerowitz 1998), as a group,
monocot species differ substantially given the absence
of an ETRI1 homolog. This might suggest that ethylene
signaling is less important in monocots than in those spe-
cies containing an ETR1 homolog. However, ethylene is
known to be involved in monocot growth and develop-
ment as well as in stress responses. For example, ethyl-
ene influences the onset of the programmed cell death of
the endosperm during maize kernel development (Young
et al. 1997), regulates root growth in response to soil con-
ditions such as mechanical impedance (Whalen and Feld-
man 1988; Gallie et al. 2009) or low oxygen that occurs
during flooding (Drew et al. 1979; Drew 1997; Drew
et al. 2000); and promotes maize leaf senescence, inhib-
its photosynthetic function, and reduces drought tolerance
(Young et al. 2004).

Previous work identified four receptor genes from maize
(Gallie and Young 2004). The two subfamily 1 recep-
tor genes identified were ZmERS1a (ERS1-14, GenBank
assession AY359577) which is GRMZM2G102601 and
ZmERS1b (ERS1-25, GenBank assession AY359578)
which is GRMZM2G073668. The two subfamily 2 recep-
tor genes identified were ZmETR2a (ETR2-9, GenBank
assession AY359580) which is GRMZM2G420801 and
ZmETR2b (ETR2-40, GenBank assession AY359581)
which is GRMZM2G089010. Mutation of the cysteine
residue in transmembrane domain III involved in ethylene
binding in ZmERS1b or ZmETR2b to a tyrosine resulted
in dominant negative mutant receptors that conferred ethyl-
ene insensitivity when expressed in A. thaliana (Chen and
Gallie 2010) just as the same mutation does for A. thali-
ana ETR1 (Bleecker et al. 1988), demonstrating that these
monocot receptors are functionally similar to their eudicot
homologs. Collectively, these findings suggest that recep-
tors in monocots regulate ethylene responses and that eth-
ylene signaling in monocots is important despite fewer
diverse receptors being present. The presence of subfamily
1 and 2 receptors throughout higher plant species, however,
may indicate that both types are needed for optimal ethyl-
ene responses.
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