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The plant gibberellin (GA) receptor GID1 shows sequence similarity
to carboxylesterase (CXE). Here, we report the molecular evolution
of GID1 from establishment to functionally diverse forms in
eudicots. By introducing 18 mutagenized rice GID1s into a rice
gid1 null mutant, we identified the amino acids crucial for
GID1 activity in planta. We focused on two amino acids facing
the C2/C3 positions of ent-gibberellane, not shared by lycophytes
and euphyllophytes, and found that adjustment of these residues
resulted in increased GID1 affinity toward GA4, new acceptance of
GA, and GA; carrying C13-OH as bioactive ligands, and elimination
of inactive GAs. These residues rendered the GA perception sys-
tem more sophisticated. We conducted phylogenetic analysis of
169 GID1s from 66 plant species and found that, unlike other taxa,
nearly all eudicots contain two types of GID1, named A- and B-
type. Certain B-type GID1s showed a unique evolutionary charac-
teristic of significantly higher nonsynonymous-to-synonymous di-
vergence in the region determining GA, affinity. Furthermore,
these B-type GID1s were preferentially expressed in the roots of
Arabidopsis, soybean, and lettuce and might be involved in root
elongation without shoot elongation for adaptive growth under
low-temperature stress. Based on these observations, we discuss
the establishment and adaption of GID1s during plant evolution.
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Gibberellins (GAs) are a large family of tetracyclic diterpe-
noid plant hormones that have diverse biological roles in
plant growth and development, including stem elongation, seed
germination, and floral induction (1). Although numerous GAs
have been identified, only a few, including GA4, GA;, and GA3,
are functionally active in plants (2). These bioactive GAs have
structural commonalities, including a carboxyl group at the
C6 position (C6-COOH), a hydroxyl group at the C3 position
(C3-OH) of the ent-gibberellane skeleton, a y-lactone ring, and a
nonhydroxyl group at the C2 position (shown in yellow in Fig.
14) (2), which indicates that GA receptors strictly distinguish
active from inactive GAs on the basis of these features.

The GA receptor GID1 is structurally similar to carbox-
ylesterases (CXEs), enzymes hydrolyzing short-chain fatty-acid
esters, with the GA-binding site of GID1 corresponding to the
catalytic site of CXEs and the movable lid at the N-terminal
portion functioning to cover the GA molecule, resulting in sta-
bilization at the binding site (3, 4). The N-terminal lid is also
involved in the GA-dependent interaction of GID1 with DELLA
proteins, which function as GA signaling repressors (3, 4). The
structural similarity suggests that GID1 might have been derived
from CXE in the process of plant evolution. However, when and
how GID1 was established from CXE remains an open question.
Previous studies have indicated that GID1 appeared after the
divergence of vascular plants from the moss lineage as no
GID1 homologs are found in Physcomitrella mosses or the liv-
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erwort Marchantia polymorpha (5-7). Furthermore, Hirano et al.
(5) reported that GID1s in the lycophyte Selaginella moellen-
dorffii (SmGID1s) have unique properties in comparison with
angiosperm GID1s: namely, lower affinity to bioactive GAs and
higher affinity to inactive GAs (lower specificity). This suggests
that GID1 gained higher affinity and specificity to active GAs
after its establishment.

In this study, we aimed to unravel the evolutionary process of
GID1 from establishment to functional diversification in eudicots.
First, we focused on two important amino acids in terms of
GID1 evolution that are not shared by SmGID1s and euphyllo-
phyte GID1s, and we quantitatively evaluated the effects of the
differences on GA-binding affinity and elimination activity toward
inactive GAs. In addition, we conducted a comprehensive phylo-
genetic analysis of GID1s in various plants species, and we found
that important gene duplication occurred at the establishment of
eudicots, which evolved to A- and B-type GID1s. Subsequently,
certain eudicot plants evolved a novel hypersensitive B-type
GID1, which was involved in achieving adaptive growth under
inadequate conditions. Based on these observations, we propose
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Fig. 1. Effects of Ala substitution of GA4-interacting amino acids of OsGID1 on its activity in planta. (A) Amino acids are categorized by their commonality
among GID1s and GID1-like CXEs in S/ Appendix, Fig. S2: such as type | (orange), shared by all GID1s and GID1-like CXEs; type Il (dark blue), shared by all GID1s
but not CXEs; type Il (red), shared by seed plants and ferns but not Selaginella; type IV (green), shared by seed plants but not nonseed plants; and type V (sky
blue), not conserved among seed plants. Polar and nonpolar interactions are indicated by arrows and half circles, respectively. The C6-COOH, C3-OH, and
C2 positions of GA4 are marked in yellow. (B-D) Rescued phenotypes by transformed mGID1s carrying mutated amino acids interacting with C6-COOH (B) and

C3-0OH (C), and involved in nonpolar interaction (D). (Scale bars: 5 cm.)

a global evolutionary history of GID1 in the process of plant
evolution. Our study provides insights into the molecular events
during coevolution of a receptor and its ligands.

Results

Establishment of GID1 from CXEs. First, we conducted a phyloge-
netic analysis of CXEs and GID1s of Arabidopsis thaliana, Oryza
sativa, S. moellendorffii, and Physcomitrella patens based on
amino acid sequence alignment (SI Appendix, Fig. S1 and
Dataset S1). The results showed that all GID1s were categorized
into one subclade (shown in red) of the larger clade IV (SI
Appendix, Fig. S1), confirming that GID1 was derived from one
specific CXE group. Next, we aimed to identify the amino acids
important for GA binding. Based on the structure of rice
GID1 binding GA, (4), we identified 18 amino acids involved in
the direct interaction with GA4 (Fig. 14), which were catego-
rized into five types (I-V) on the basis of their conservation
among GID1s and GID1-like CXEs (SI Appendix, Fig. S2). We
introduced Ala-substituted mutant GID1s (mOsGID1s) into a
rice gidl null mutant. Introduction of WT-OsGID1 completely
rescued the gidl dwarfism while the mOsGID1s incompletely
restored dwarfism to varying levels (Fig. 1 B-D and SI Appendix,
Fig. S3). The effect of Ala substitution did not always correspond
to the conservation state of the residue. For example, although
S198 was categorized as type I (indicated in orange in SI Ap-
pendix, Fig. S2), shared by all GID1s and CXEs, S198A did not
cause severe dwarfism (41% relative to WT-OsGID1) (Fig. 1B
and SI Appendix, Fig. S3). We classified the amino acids by in-
teraction type: polar interaction with C6-COOH or C3-OH of
GA,, or nonpolar interaction (Fig. 14), and representative res-
cued phenotypes are shown in Fig. 1 B-D. Regarding the
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interaction with C6-COOH, R251A caused the most severe de-
fect (Fig. 1B). R251, shared by GID1s but not CXEs (type II), is
involved in the establishment of a hydrogen bond network (Fig.
14), indicating that this hydrogen bond network was important
for GID1 establishment. Concerning the C3-OH interaction,
Y134A caused the most severe effect (Fig. 1C). Although
Y134 is replaced with Phe in certain CXEs (in yellow in Dataset
S1), it is shared by all GID1-like CXEs (SI Appendix, Fig. S2,
type I), suggesting that a Tyr-carrying member of GIDI1-like
CXEs was selected for GID1 establishment. S127A caused in-
termediate defect in GID1 activity (Fig. 1C) while this residue is
replaced with Met in SmGID1-2 (type II1, in red), demonstrating
that it was not essential for GID1 establishment (see below).
Nonpolar interaction is also important for GA4,~GID1 interac-
tion (Fig. 1D), and Ala substitution of the conserved amino acid
residues among GID1s (type II), such as 124, F245, and Y254,
caused severe dwarfism. In contrast, I1133A and L330A, which
face the C2 position (Fig. 14) and are diversified among GID1s
(type IIT and V), had intermediate effects. As the C2 position is a
target of hydroxylation by GA 2-oxidase (GA20x) to inactivate
active GAs, such nonpolar interaction could be important for
eliminating inactive GAs (see below). Besides binding to GA,
GID1 interacts with DELLA proteins through its so-called N-
terminal “lid” domain (8). Six nonpolar residues in the lid
(Leul8, Trp21, Leu29, Ile33, Leu45, and Tyr48, in red in Dataset
S1) are involved in DELLA-GID1 interaction (4). Ala or Ser
substitution of these six amino acids did not rescue gid! dwarfism
at all (SI Appendix, Fig. S4) although Ala substitution in
mOsGID1 does not affect GA-binding activity in vitro (4). All
six residues are shared by GIDIs, but not GID1-like CXEs
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Fig. 2. Interaction affinities of GID1s to GAs. (A) Structure of GA, with the amino acids featured in Fig. 1. 1133 and $127 of OsGID1 interacting with the C3-OH
and C2 positions of GA4 were replaced with the corresponding residues of SmGID 1s. (B) Structures of GAo, GA1, GAzs, and GA3, with sites distinct from those in
GA,4 marked in red. (C) Interaction affinity between indicated GID1s and five GAs as measured by SPR. All values are represented as molar concentration (M).
The relative affinities of various GID1s relative to WT-OsGID1 are presented in the right, blue cell, whereas those of various GAs to GA, are in the lower, red
cell. The affinity of SmGID1-2M""® relative to WT-SmGID1-2 is presented in the lower right, yellow cell. ND, no data. (D) Effects of GAg and GA3,4 on shoot
elongation in rice plants overproducing GID1°'?’ and GID1'"*3V, respectively. (Scale bars: 5 cm.) (E) Comparison of the HSQC spectrum of ['3C®'H;]-lle-labeled

OsGID1 carrying GA4 (red) or GA; (black) with that of interaction with SLR1. The dotted square in the Left is enlarged in the Right.

(Dataset S1), indicating that adjustment of the lid structure was
also a prerequisite for GID1 establishment.

Adjustment of Amino Acids Facing the C2 and C3 Positions of GAs
Enhances GID1 Function. Two amino acids facing the C2 and
C3 positions of the ent-gibberellane skeleton, 1133 and S127,
differed between euphyllophyte and S. moellendorffii GID1s
(Fig. 24). To address the effects of these amino acid differences,
we examined the binding affinity of GID1s to GA4 (bioactive),
GAy (inactive by lacking C3-OH), and GAj;, (inactive by the
presence of C2-OH) (Fig. 2B). To estimate the binding affinity
(Kp) of GAs to various GID1s (SI Appendix, Fig. S5), we mea-
sured the DELLA-GID1 interaction at various GA concentra-
tions under excess GID1 and DELLA by surface plasmon
resonance (SPR) (Methods and SI Appendix, Fig. S6A4) because

E7846 | www.pnas.org/cgi/doi/10.1073/pnas.1806040115

DELLA can interact with GID1 carrying GAs, but not free
GID1, and stabilize the GA-GID1 interaction. We performed
three independent experiments for each GA-GID1 combination
(81 Appendix, Figs. S7-S13), and the median Kp values are
presented in Fig. 2C. The Kp of GA4~OsGID1 (3.07E-8 M) in
the presence of SLR1 (rice DELLA protein) was 6.9 times lower
than that in the absence of SLR1 (2.12E—7 M) (SI Appendix, Fig.
S6 B and C). Further, GA; hardly bound to SmGID1-1 and not
at all to SmGID1-2 in the absence of DELLA (SI Appendix, Fig.
S6 D and E). These results clearly demonstrate that the presence
of SLR1 is essential for exact estimation of the GA-GID1 in-
teraction affinity. The Kp of GA4—~OsGID1 was estimated as
3.71E—-08 whereas that of GAy—OsGID1 and GA3;—OsGID1
was less than 1% of GAy, 0.705% (highlighted in red in Fig. 2C)

Yoshida et al.
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and 0.186%, respectively. The Kp of GA4~SmGID1-1 and GA4—
SmGID1-2 was 30.3% of GA4,~OsGID1 (highlighted in blue in
Fig. 2C) and 8.07%), respectively, confirming that SmGID1s have
lower affinity for GA4 than OsGID1. The Kp of SmGID1-1 to
GAy and GA34 was more than 1% relative to GA4 (3.45% and
1.79%, respectively) whereas that of SmGID1-2 was 55.3% and
3.45%, showing that the elimination ability of SmGID1s toward
these inactive GAs is inferior to that of OsGID1. Replacement
of S127 or 1133 of OsGID1 with Met (S127M) or Val/Leu
(I133V or 1133L), the corresponding residues of SmGID1s, di-
minished OsGID1 binding affinity to GA4 and elimination ability
toward GAo or GAs,. Indeed, the Kp of GA;—OsGID1512™ wags
19.2% of GA4~OsGID1 (highlighted in blue in Fig. 2C) while the
Kp of GA-OsGID1*"*™ was 673% to GAy-OsGIDI. In con-
trast, the elimination ability of OsGID1 toward GAjz4 was not
changed by this replacement (0.734% of OsGID1°'*™™ s,
0.186% of Os-GID1). The K of GA,~OsGID1"'*Y was 26.4%
of GA,~OsGID1 while that of GA3,~OsGID1"**Y was 873% of
GA34—OsGID1, suggesting that this replacement dramatically
diminished the elimination ability of OsGID1 toward GA3z4. On
the other hand, the replacement of 1133 with Leu, the corre-
sponding residue of SmGID1-1, did not significantly change the
OsGID1 elimination ability toward GAg (0.329% vs. 0.705%) or
GA;4 (0.596% vs. 0.186%).

The above observations suggested that the recognition of ac-
tive versus inactive GAs mainly depends on 1133 and S127. In-
deed, gidl plants overproducing OsGID131?™™ or OsGID1'33Y
had elongated second-leaf sheaths when exposed to 107° M GAy
or GAs,, respectively, while plants overproducing WT-OsGID1
did not (Fig. 2D and SI Appendix, Fig. S14). These results in-
dicated that these mutated OsGID1s can accept GAg or GA3z4 as
active GAs while WT-OsGID1 cannot.

Additionally, we measured GID1 binding to GA; or GA;,
bioactive GAs carrying C13-OH (Fig. 2B). The presence of C13-
OH decreased the binding affinity of OsGID1, with a Kp of
3.05E-07 for GA; (12.1% of GA,) and of 2.96E-07 for GA;
(12.5% of GA,) (Fig. 2C). The inhibitory effect of C13-OH was
substantially greater for SmGID1s, with the affinities for GA,
and GA; being less than 5% of that for GA,4 in every combina-
tion, indicating that SmGID1s cannot perceive C13-OH-type
GAs as active ones although the amino acids surrounding the
C13 position are conserved between OsGID1 and SmGID1s (Fig.
14). Interestingly, the affinities of GA;— and GAzOsGID15*™ were
substantially lower than that for binding to OsGID1 (2.12% vs.
12.1% for GA; and 1.49% vs. 12.5% for GA3). In contrast, re-
placement of the corresponding M119 amino acid in SmGID1-
2 with Ser (SmGID1-2M""%) increased its affinity to GA; by
5.2 times and that to GA; by 8.4 times whereas this replacement
increased the binding affinity to GA4 by 2.2 times (shown in yellow
in Fig. 2C). Further, I133L diminished the binding affinity of
OsGID1 to GA; and GA; (3.04% vs. 12.1% and 3.96% vs. 12.5%,
respectively), indicating that this residue also contributes to the low
affinity of SmGID1-1 for GA; and GA;. Together, these results
indicate that the amino acids recognizing the C2 and C3 positions
are also important to perceive C13-OH GAs as bioactive ones. To
confirm this hypothesis, we compared the signal of methyl groups
in Ile, Leu, and Val of OsGID1 interacting with GA, or GA; by
NMR analysis, and we found no difference between these, with
one exception of the 81 signal of 1133 (Fig. 2E), which demon-
strates that C13-OH affects the hydrophobic interaction between
GID1 and GA at the C2 position, which is located opposite of C13.

Diversification of GID1 in Angiosperms. To investigate GIDI evo-
lution, we conducted a phylogenetic analysis of 169 GID1 se-
quences from 59 angiosperms, three gymnosperms, two ferns,
and two lycophytes (Fig. 3, SI Appendix, Fig. S15, and Datasets
S2 and S3). In nonseed vascular plants, such as S. moellendorffii,
Lygodium japonicum, and Pteridium aquilinum, GID1 is encoded
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by small, multicopy genes whereas all gymnosperms studied and
Amborella trichopoda, the earliest angiosperm, have one gene
copy (Fig. 3). In monocots, GID1 is also encoded by one copy
with some exceptions (monocot (M)-type), which might be caused
by recent genome duplication (9). Thus, the default copy number
in the early stage of seed plants might have been one. Eudicot
GID1s were divided into two clades, one of which, including
AtGIDl1a and 1c, was referred to as “A-type,” and the other, in-
cluding AtGID1b, as “B-type” (Fig. 3 and SI Appendix, Fig. S15).
Nearly all eudicots, with a few exceptions, contained both types.
Two basal eudicot species, Aquilegia coerulea and Nelumbo nuci-
fera, contain a single GID1 type. We classified these GID1s as A-
type because A. coerulea GID1 is included in the clade (SI Ap-
pendix, Fig. S15). However, all other core eudicots studied have
B-type GID1, suggesting that B-type GID1 might have occurred
just before or after the establishment of core eudicots. In contrast,
we found no A-type, but multiple copies of B-type GIDI, in
Kalanchoe laxiflora and all Lamiales analyzed, indicating that these
plants might have lost A-type GID1.

Because the phylogenetic data led us to speculate that the B-
type GID1s in plants that lack A-type GID1s may have evolved
more rapidly, we examined the ratio of nonsynonymous-to-
synonymous divergence (dN/dS = ®), which allows estimating
the balance between neutral mutations, purifying selection, and
beneficial mutations, between these and other plants (Fig. 44
and SI Appendix, Tables S1 and S2). The o value for Lamiales
(wp = 0.103) was significantly higher than the background (wy =
0.0725). For Kalanchoe, too, the  value (og = 0.107) was higher
than the background although statistical support was lacking
(P =0.472), presumably due to the lack of allele numbers, as the
clade consisted of GID1 from one genus. These results indicated
that the B-type GID1s in Lamiales are under relaxed purifying
selection. To identify which region(s) of the B-type GIDIs in
Lamiales contribute to relaxation of the purifying selection, we
conducted sliding-window analysis of their @ values. The o values
for the loop region located between B2 and 3 were markedly
higher than those for other regions (Fig. 4B), suggesting that
certain substitutions in this region could act for neofunctionalization
of the B-type GID1 (see below). To confirm this hypothesis, we
performed the same analysis using the B-type GID1s from Brassi-
caceae, for which 12 alleles were categorized in one clade (Fig. 44).
Similar to Lamiales, Brassicaceae significantly exhibited relaxed
purifying selection in comparison with the background (0.161
(wg) vs. 0.0725 (w)), which had clearly involved the loop region
(Fig. 4 A and B).

To examine the difference in biological function between A-
and B-type GID1s, we compared the GID1 expression pattern in
Lactuca sativa, representing Asterids, and Glycine max, repre-
senting Rosids. The B-type was preferentially expressed in the
roots in both species (SI Appendix, Fig. S16), similar to findings in
A. thaliana (10). We also examined the affinity of B-type GID1s
from various species for GA,4 by yeast two-hybrid assay (Y2H) (S1
Appendix, Fig. S17). The interaction of AtGID1b and GAI with
GA, started around 1071 M, and the 50% of maximum effective
concentration gECS()) was 3.2 x 10™° M, whereas that of AtGID1a
was 1.8 x 107" M, indicating that AtGID1b has about 60 times
higher affinity for GA4 than AtGID1a (S Appendix, Fig. S17 A
and B). Next, we examined the affinities of Vitis vinifera (Vv),
Brassica napus (Bn), G. max (Gm), Gossypium hirsutum (Gh), and
L. sativa (Ls) GID1s to GA4 (Fig. 4C and SI Appendix, Fig. S17 C-
H). Some of these were hypersensitive like AtGID1b (ECsy =1 to
3 x 107° M) while others showed normal sensitivity, similar to
AtGID1a (1077 to 10~® M). Such hypersensitive GID1s were not
grouped into one clade but scattered over the phylogenetic tree
(blue and red arrows for normal and hypersensitive, respectively,
in SI Appendix, Fig. S15), indicating that GA hypersensitivity
might have been gained independently in each family or genus.
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Fig. 3. Copy number of seven types of GID1s in various plant species. Phylogenetic relationships among angiosperms are based on Angiosperm Phylogeny
Group (APG) IV (39). We classified GID1s into seven different types: that is, A and B of eudicots, M of monocots, BA of basal angiosperms, G of gymnosperms, F
of ferns, and L of lycophytes, based on the phylogenetic analysis. Detailed information is presented in Datasets S2 and S3 (list of 169 GID1s from 66 plant
species and alignment) and S/ Appendix, Fig. S15 (phylogenetic tree).
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Fig. 4. Diversification of GID1s. (A) Phylogenetic analysis of B-type GID1s based on the alignment presented in Dataset S4. The o values (dN/dS) calculated by
using the codeml| branch model (26) for background, Lamiales, Brassicaceae, and K. laxiflora, according to model Three (background, Lamiales, Brassicaceae)
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To study the mechanism of GA hypersensitivity, we focused on
the loop located between P2 and p3 (Fig. 4B). The alignment
showed that the hypersensitive type tended to preferentially
contain basic amino acids (Arg and/or His) in the most variable
region (boxed in SI Appendix, Fig. S18) while the normal type did
not, with the exception of LsGID1b-2 (blue and pink for normal
and hypersensitive, respectively, in SI Appendix, Fig. S18). Re-
placement of the loop of VvGID1b (normal) with that of
GmGID1b-2 (hypersensitive) increased the sensitivity to GA4 by
4.7 times (Fig. 4 C and D), clearly indicating that the hyper-
sensitivity of certain B-type GID1s depends on this hypervariable
loop sequence.

The observation by Tanimoto (11) that GA-dependent root
elongation in rosette plants occurs at lower concentrations than
that required for shoot elongation led us to speculate that root
hypersensitivity to GA depends on hypersensitive B-type GID1s.
We examined the effect of GA4 on root elongation in A. thaliana
but found no response. We speculated that the endogenous level
of active GA for root elongation might be saturated because the
interaction of AtGID1b with GA, is saturated at a very low level,
around 5 x 107 M (ST Appendix, Fig. S174). Thus, we examined
the effect of ancymidol, a GA synthesis inhibitor, on hypocotyl
and root elongation in A. thaliana gidl mutants gidla, gid1b, and
gidlc. All mutants showed a response similar to that of WT in
hypocotyl elongation while only gid/b was more sensitive than
WT in view of root elongation (Fig. 5 A and B). When we in-
vestigated GA4-dependent recovery of roots stunted by ancymi-
dol, gid1b was less responsive than WT and other mutants (Fig.
5C). Similar results were observed in lettuce; the inhibitory effect
of ancymidol on root elongation was substantially lower than that
on hypocotyl and leaf elongation while the rescue effect of GA4
on root elongation was considerably stronger than that on the
aboveground organs (Fig. 5 D and E). Finally, we examined the
effect of low temperature (16 °C) on the root growth of the three
A. thaliana gidl mutants, and we found that the gid/b mutant was
affected more significantly than the others (Fig. 5F and SI Ap-
pendix, Fig. S19). All these observations strongly suggested that
these species might use hypersensitive B-type GID1s for root
elongation to achieve adaptive growth and that the divergence of
GID1 genes in eudicots may be substantially conducive to sur-
vival under inadequate conditions (Discussion).

Discussion

Here, we studied the molecular mechanism of the establishment
and evolution of the GA receptor GID1 in the process of plant
evolution (Fig. 5G). Some CXEs show a monophyletic relation-
ship to the GID1 subclade (SI Appendix, Fig. S1), suggesting that
(a) member(s) of clade IV, GID1-like CXEs, are good candidates
for GID1 ancestors (“Before GID1” in Fig. 5G). Even though
these GID1-like CXEs display significant similarity with GID1s,
various amino acids differ between these two proteins. For ex-
ample, Y31 was recruited to establish a hydrogen bond for rec-
ognizing C3-OH whereas the corresponding residue in GID1-like
CXE:s is inconsistent. For recognizing C6-COOH, the develop-
ment of a hydrogen bond by R251 was important. The adaptation
of amino acids involved in nonpolar interaction was also essential
for GID1 establishment.

Lycophyte SmGID1s can accept GA4 as GA receptors, but
their affinity toward bioactive GAs and inactive GA elimination
ability are inferior to those of GID1s in seed plants (“Initial
GID1” in Fig. 5G). Their unique properties mainly depend on
two amino acids facing the C2- and C3-positions of GA4 (high-
lighted in red in Fig. 5G). Indeed, a substitution of S127M in
OsGID1 reduced its GA4-binding affinity and GAge-elimination
ability (Fig. 2 B and C). SmGID1-1 and SmGID1-2 carry Leu
and Val at the 133 position of OsGID1, both of which reduce the
GA,-binding affinity, whereas Val also dramatically reduces the
inactive GAj4-elimination ability (Fig. 2 B and C). It was also

E7850 | www.pnas.org/cgi/doi/10.1073/pnas.1806040115

confirmed that OsGID15'?™ or OsGID1'**V can recognize
GA34 or GAg as active GA in planta, respectively (Fig. 3D).
Thus, the adjustment of these two amino acids enhanced GID1
affinity to GA4 and capacity to eliminate inactive GAs.

Unexpectedly, these adjustments also allowed the perception
of C13-OH GAs, GA; and GAj;, as active GAs (“Adapted
GID1” in Fig. 5G), even though C13 is located at the opposite
site of the adapted sites. The NMR results clearly demonstrated
that C13-OH affects the Van der Waals interaction between
Ile133 of GID1 and GA (Fig. 2E). Thus, the amino acid changes
that increased the GA-GID1 interaction stability provided a
leeway to accept unsuitable GAs carrying C13-OH. This raises
the question why plants developed and continued to use GA; as
active GA although GA,; was not completely adaptable, even to
the angiosperm GID1s, such as OsGID1 (12.1% for GA, relative
to GAy). As C13-OH GAs are more hydrophilic than the non-
C13-OH GA,, their cell-to-cell movement is more restricted.
Actually, when isotope-labeled GA;, was applied to pea leaves,
radioactive GA; was localized in the growing portions of the
shoot (12), suggesting that GA; is formed within the growing
region and remains there. In contrast, in rice, GA4 produced
specifically in the flowers could be transported to the stem to
induce elongation (13) even though rice mainly uses GA; as a
bioactive GA in the vegetative stage. These findings led us to
speculate that plants developed a new system that can properly
use mobile and nonmobile GAs, depending on the situation, by
gaining perception of C13-OH GAs as bioactive GAs.

Core eudicots, with a few exceptions, generally contain a set of
A- and B-type GIDs, indicating that diversification of GID1 into
A- and B-types occurred just before or after the establishment of
core eudicots. We investigated why core eudicots developed two
types of GID1 and found some differences in their properties,
such as expression pattern and affinity to GA4 (Fig. 4 C and D and
SI Appendix, Figs. S16 and S17). In addition, root growth was
significantly attenuated at low temperature in gid/b mutants (Fig.
5F). Plants allocate biomass to the organs depending on the en-
vironmental conditions. Numerous studies have demonstrated
that environmental factors, such as temperature, nutrition, and
water availability, significantly affect organ development in various
species (14). Tanimoto discussed that preferential root growth in
eudicot plants, including A. thaliana and L. sativa, may depend on
a difference in GA sensitivity between roots and shoots under low
GA condition (11). We observed that root growth in the A.
thaliana gid1b mutant was specifically attenuated under limited
GA, and low temperature compared with that in the other gidI
mutants (Fig. 5F), which led us to speculate that preferential root
growth in these plants might depend on the unique properties of
B-type GID1s, preferential root expression, and higher GA, af-
finity, although it cannot be ruled out that other factors, such as
higher GA penetration into roots, higher and lower levels of
GID1 and DELLA proteins, respectively, and different sets of
transcription factors for GA action might be involved in higher
GA sensitivity of roots. Given the previous and our present re-
sults, the subfunctionalization of some B-type GID1s might have
expanded the growing habitat in the process of eudicot evolution
by the expression divergence of the two types of GID1 and neo-
functionalization conferring higher sensitivity to GA4. In this
context, the present results suggest that the loop region located
between B2 and B3 might be a target for neofunctionalization as
replacement of this loop of the normal B-type GID1 of VvGID1b
with that of GmGID1b-2 (hypersensitive) increased the GA4
sensitivity by 4.7 times (Fig. 4 C and D). Consequently, one ex-
planation is that the achievement of hypersensitive GID1 allowed
for easier regulation of the body plan of the plants to adapt to
inadequate conditions (“eudicot” in Fig. 5G).

As phytohormones have definitive roles in various de-
velopmental processes throughout the plant kingdom, the co-
evolution between receptors and ligand chemicals in various
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Fig. 5. Comparison of GA sensitivity in roots and above-ground tissues of A. thaliana and lettuce, low temperature tolerance of root elongation, and a model
of GID1 evolution. (A and B) Inhibitory effect of ancymidol on hypocotyl (A) or root (B) elongation in A. thaliana gid1 mutants, gid7a-1 [background ecotype:
Nossen (nos)], gid1b (nos), and gid1c [Columbia (col)]. (C) Recovery of Arabidopsis gid1 roots stunted by 3 x 107 M ancymidol by GA,. (D) Inhibitory effect of
ancymidol on the elongation of root, hypocotyl, and leaf in lettuce. (E) Recovery of lettuce root stunted by 3 x 107% M ancymidol by GA,. (F) Effect of low
temperature on A. thaliana gid1 root elongation. The root length of each genotype at 22 °C was set to 1. Error bars indicate SD. n > 4. **P < 0.01 based on
two-sided Student’s t test. n.s., not significant, P > 0.05. Actual root lengths are shown in S/ Appendix, Fig. $19. (G) Model for the establishment and im-
provement of the GID1 receptor during plant evolution (for details, see text).

circumstances throughout plant evolution poses an interesting
research topic. Recently, two studies investigated the molecular
evolution of the receptors of strigolactone (SL) and abscisic acid
(ABA). Parasitic plants in Lamiales have developed specialized
receptors to detect various kinds of SLs exuded by host plants
(15). ABA receptors have undergone multiple duplications and
sequence divergence, resulting in some of them attaining the

Yoshida et al.

capacity to recognize ABA catabolites, thus expanding adaptive
plasticity (16). These studies revealed that, during evolution,
plants have gained sophisticated adaptive traits through neo-
functionalization of phytohormone receptors. In line with these
findings, the present study revealed that GID1 has undergone
molecular modifications in the process of plant evolution, con-
tributing to the acquisition of novel properties that allowed
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adaptive growth under adverse conditions. This evolution of
GID1 in coordination with the evolution of its ligand has ren-
dered the GA perception system more sophisticated and, con-
sequently, expanded its involvement in various biological events,
as illustrated by the GA hypersensitivity of the roots of A.
thaliana and lettuce owing to neofunctionalization of B-type
GID1. The present study provided insights into the molecular
events during coevolution of a receptor and its ligands, which will
aid in studying the evolution of other ligand-receptor systems.

Methods

Collection of CXE and GID1 Seq es from Dat. CXE sequences of P.
patens, S. moellendorffii, O. sativa, and A. thaliana have been reported by
Marshall et al. (17). Bacterial CXEs, WP_061301181.1 (Escherichia coli CXE1;
EcCXE1) and WP_060616723.1 (ECCXE2), were collected by best-BLAST match
searches in the National Center for Biotechnology Information (NCBI) da-
tabase (18). GID1 sequences of various plant species were collected by re-
ciprocal best-BLAST match searches in the following databases: Phytozome
(19), NCBI, and the genome database of each species (Dataset S2). In some
cases, partial sequences were concatenated to produce the entire gene-
coding sequence.

h

Phylogenetic Analyses. CXE amino acid sequences were aligned using Clus-
talW (Gonnet protein weight matrix). Bayesian estimation of phylogenetic
topology was conducted with MrBayes (version 3.2.6) (20), using the WAG +
gamma (G) + proportion of invariable sites (I) model, which was selected in
ProtTest 3.4.2 (21). Bayesian Markov chain Monte Carlo (MCMC) analyses
used flat priors and were run for 3,000,000 generations and four Markov
chains (using default heating values) and were sampled every 1,000 gener-
ations. We inferred that the chains converged on a stable set of parameters
by calculating the potential scale reduction factor using MrBayes. The initial
750,000 generations were discarded as burn-in. For amino acid sequence
alignments of GID1s, MAFFT version 7 with the L-INS-i model (22) was used.
Protein sequence alignment was converted to in-frame nucleotide sequence
alignments using PAL2NAL (23). In all alignments, we removed unnecessary
long gap sequences disturbing proper alignment. Bayesian estimation of
phylogenetic topology was conducted using the general-time reversible
(GTR) + gamma (G) + proportion of invariable sites (I) model, which was
selected in jModeltest (24, 25), for 15 million generations. The initial
3.75 million generations were discarded as burn-in.

Identification of Selective Pressure Patterns in B-type GID1s. For the phylo-
genetic tree used in the calculation of selective pressure, the B-type
GID1 protein sequences alignment was converted to in-codon frame nucle-
otide alignment, as described above. The phylogenetic tree was constructed
using MrBayes as described above, and PAML 4.9e (abacus.gene.ucl.ac.uk/
software/paml.html) (26) was applied for in-frame alignment and con-
structing the phylogenetic tree. The w values were computed across the
gene sequence for designated portions of each phylogeny, with o values
closer to zero indicating stronger purifying selection. Likelihood ratio tests
(LRTs) were conducted to compare the goodness of fit of the hypothesis
models. To compare region-specific transitions of selective pressures (w; dN/dS
ratio) in B-type GID1s of Brassicaceae and Lamiales, informative single nucle-
otide polymorphisms (SNPs) in these alleles were analyzed with DnaSP 6.10.01
(27), according to Akagi et al. (28). Window-average o values were calculated
from the start codon (ATG) in a 100-bp window with a 10-bp step size, until
the walking window reached the stop codon. B-type GID1b from Linum usi-
tatissimum was excluded from the alignment of the loop regions in the B-type
GID1s (SI Appendix, Fig. S18) because of low accuracy of the alignment.

Plasmid Construction. To construct transgenic rice plants producing various
mutated GID1s, site-directed mutagenesis was conducted using the primers
listed in SI Appendix, Table S3. The products were cloned into pActNos/
Hm2 at the Smal target site as described previously (29). To construct
transgenic rice plants producing 6Ala and 6Ser mutated GID1s, PCR was
performed using mLid as template as described previously (4), and the
product was cloned into the same target site.

For Y2H, AtGID1a, AtGID1b, GmGID1b-1, GmGID1b-2, VvGID1b, and
BnGID1b in pGBKT7 were prepared as described previously (30). GhGID1b-
1 was kindly provided by Randy D. Allen, Oklahoma State University, Ardmore,
OK (31). LsGID1b-1 and LsGID1b-2 were constructed by RT-PCR using
L. sativa mRNA and primers listed in S/ Appendix, Table S3, and the con-
structs were cloned into the pGBKT7 vector. VvGID1b (loop GmGID1b-2) was
constructed as previously described, using two sets of primers in S/ Appendix,
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Table S3. To construct LsDELLA1 and LsDELLA2, RT-PCR was carried out using
L. sativa mRNA and primers listed in S/ Appendix, Table S3, and the con-
structs were cloned into pGADT7.

The construction of Trx-His-OsGID 1, mutated Trx-His-OsGID1s, and Trx-His-
SmGID1s using pET32a vector and of GST-SLR1 and GST-SmDELLA1 using
PGEX-6P-1 vector have been described elsewhere (4, 5, 29). Mutated Trx-His-
SmGID1s were produced using primers listed in S/ Appendix, Table S3. All
constructs were verified by sequencing.

Plant Material and Growth Condition. gid7-4 mutant rice plants (29) were
used to evaluate the effects of different GID1 mutations. Transgenic gid1-4
rice plants were produced by Agrobacterium-mediated transformation and
were grown in the greenhouse as described previously (32).

A. thaliana gid1a-1 and gid7b in the Nossen background and gid7c in the
Columbia background were kindly provided by Masatoshi Nakajima, The
University of Tokyo, Tokyo (33). Sterilized A. thaliana seeds were sown on
vertical agar plates containing 1% agar, 0.5x Murashige and Skoog salt, and
0.5% sucrose, with or without ancymidol and/or GA,. After 3 d of cold
treatment (6 °C in the dark), seedlings were grown at 23 °C under long-day
(16 h) light regimen for 10 to 14 d. For each treatment, root, hypocotyl, and
leaf lengths of 15 seedlings were measured using a ruler. For leaf length, the
largest cotyledon or the largest first leaf was selected from each seedling. To
examine the effect of temperature, after cold treatment and 3 d of in-
cubation at 22 °C, seedlings were transferred to 16 °C or 22 °C under con-
tinuous light for 4 d.

L. sativa cultivar Cisco (Takii Seed Company) were grown on vertical filter
papers dipped in culture medium consisting of 0.2x Hoagland’s No. 2 Solu-
tion (Sigma) supplemented with or without GA4 and/or ancymidol, as de-
scribed previously (34, 35). For each treatment, root, hypocotyl, and
cotyledon lengths of 15 seedlings were measured using a ruler after 4to 5d
of incubation at 23 °C under continuous light.

Recombinant Protein Production. Escherichia coli BL21 (DE3) cells were used
for recombinant protein production. For affinity and kinetics studies,
recombinant Trx-His-GID1s were produced from cells cultured in 500 mL of
Terrific Broth (LB) medium, with addition of 0.1 mM isopropyl-p-p-thio-
galactopyranoside (IPTG) for induction. Cells were suspended in sonication
buffer containing 20 mM Tris-HCl, pH 7.5, 200 mM Nacl, and 15 mM n-octyl-
B-p-glucoside (buffer A), and were sonicated (20 kHz, 30 x 5 s). The lysate
was affinity-purified using 3 mL of IMAC Ni-Charged Resin and further pu-
rified by Superdex-200 gel filtration chromatography (GE Healthcare).

For the production of recombinant full-length GST-SLR1 and GST-SmDELLA1,
cell culture was performed in the same way as for Trx-His-GIDs, except that
0.4 mM IPTG was used for induction. Cells were suspended in buffer A con-
taining 1 mM DTT and sonicated (20 kHz, 30 x 5 s). The lysate was affinity-
purified using 2.5 mL of Glutathione Sepharose 4B beads (GE Healthcare) and
further purified by Superdex-200 gel filtration chromatography.

For sample preparation for NMR, methyl-labeled OsGID1 was produced
using the E. coli expression system. E. coli BL21 (DE3) cells transformed with
an expression vector encoding OsGID1 were cultured at 37 °Cin M9 medium
containing 0.1 mM GA; [or GA4] and 50 pg/mL ampicillin. For selective
methyl labeling, 35 mg of [methyl-"3C; 3,3-2H,] a-ketobutyric acid sodium
salt (for lle 5 1) or 60 mg of [3-methyl-'3C; 3,4,4,4->H,] a-ketoisovaleric acid
sodium salt (for Leu and Val methyls) was added to 500 mL of M9 medium
when the ODggg reached ~0.6. When the ODggg reached 0.9, the culture was
stored on ice for 10 min, and then 0.5 mM IPTG was added. After induction,
the culture was held at 25 °C for 18 h, and the cells were harvested by
centrifugation. For sequence-specific assignment of lle-133 §1 methyl signal,
lle-133 was replaced with Leu (1133L). The procedure for the production of
1133L OsGID1 was identical to that described for WT OsGID1. For the cellular
expression of OsSLR1 (4E125R) protein, E. coli Rosetta (DE3) pLysS cells
(Novagen) were transformed with pGEX6P1 encoding GST-tagged OsSLR1
(4E125R) and cultured at 37 °C in 500 mL of LB medium containing 50 pg/mL
ampicillin. When the ODgq reached ~0.6, the culture was stored on ice for
10 min, induced with 0.4 mM IPTG, and incubated at 16 °C for 18 h, and then
the cells were collected by centrifugation.

Purification of the OsGID1-SLR1 protein complex for NMR analysis was
carried out as follows. Cell pellets obtained from methyl-labeled OsGID1 and
OsSLR1 (4E125R) cultures were suspended in sonication buffer [10 mM Na
phosphate, pH 7.5, 150 mM NacCl, 0.5 mM DTT, 1 mM GA, (or GA,) and 0.1x
complete EDTA-free buffer (Roche)] and disrupted by sonication (20 kHz,
30 x 5 s). The lysate was purified with Glutathione Sepharose 4B resin (GE
Healthcare), and then PreScission protease (GE Healthcare) was added to
remove the GST-tag. The OsGID1-SLR1 protein complex was further
purified using IMAC resin (Bio-Rad). The eluted protein was loaded onto
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a PD-10 column (GE Healthcare) that had been equilibrated with
PD-10 buffer [10 mM Hepes-NaOH, pH 7.1, 1 mM EDTA, 0.5 mM Tris
(2-carboxyethyl)phosphine hydrochloride, 2 mM GA, (or GA,)]. The flow-
through fraction, containing the purified protein complex, was concen-
trated by using an Amicon Ultra-10 filter (Millipore).

Affinity and Kinetic Studies. SPR assays using a biosensor instrument (Biacore
T100; GE Healthcare) were performed as described previously (30), with some
modifications. DELLA proteins (entire SLR1 for OsGID1 or mutated OsGID1s,
or entire SmMDELLA1 for SmGID1-1 or -2, or mutated SmGID1-1 or -2) tagged
with GST were immobilized to the sensor chip at a level of ~2,000 resonance
units of the ligand. GID1s (10~7 M; excess amount of GID1 over the mobilized
DELLA protein) with various concentrations of GAs were used as the analyte.

Western Blot Analysis. Western blot analysis was performed as described
elsewhere (8).

NMR. NMR experiments were performed at 37 °C, using an Avance900
spectrometer equipped with TCl CryoProbe (Bruker Biospin). 'H-'3C heter-
onuclear single quantum correlation (HSQC) spectroscopy experiments on
Leu, Val-['3CHs, '*CDs]-labeled OsGID1/SLR1 protein complexes with GA,
and GA, were recorded using ['*CH;, '>CDs] Leu/Val-labeled samples. The
data size and spectral widths were 256 (t;) x 2,048 (t,) and 4,500 Hz (w4, 3¢) x
14,400 Hz (w5, 'H), respectively, and the carrier frequency on '3C was set to
20 ppm. When observing lle methyl signals using ['*C®'H]-lle-labeled OsGID1/
SLR1 and OsGID1(1133L)/SLR1, the data size and spectral widths were 256 (t;) x
2,048 (t,) and 3,400 Hz (04, '>C) x 14,400 Hz (o, 'H), respectively, and the "3C
carrier frequency was set to 12 ppm. The repetition time was 2 s. The number
of scan/free induction decay was 128. All NMR spectra were processed with the
Topspin software (Bruker Biospin).
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Y2H Assay. The Y2H assay was carried out as described previously (8, 30). p-Gal
activity was determined through a liquid assay with yeast (Y187) trans-
formants. The drc package available in the software package R was used to
model the dose-response curves and to estimate the effective concentra-
tions (ECs) by a four-parameter log-logistic function as described by Ritz
et al. (36).

RNA Extraction and RT-PCR. Total RNA was extracted using an RNeasy Plant
Mini kit (Qiagen). One microgram of total RNA was used to synthesize first-
strand cDNA using the Omniscript RT Kit (Qiagen) and oligo(dT) primers. Real-
time PCR was performed using SsoAdvanced SYBR Green Supermix (Bio-Rad)
in a CFX96 Real-Time System (Bio-Rad). Ubiquitin and 60S ribosomal protein
L30 (GmRPL30) genes were used as a control for lettuce and soybean, re-
spectively (37, 38). Primers used in this study are listed in S/ Appendix,
Table S3.
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