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Gibberellic Acid Stimulated Transcript (GAST)-like genes encode small polypeptides, some of which have been implicated in
diverse biological processes regulating plant growth and development. However, the occurrence of GASTs among plants,
their protein structures, and the mechanisms by which they evolved remain elusive. Here, using a customized workflow, we
report genes encoding GAST proteins, identify novel motifs and evolutionary patterns contributing to the subfunctionalization
of GAST domains, and explore functional conservation across diverse plant groups. We show that GAST-like sequences evolved
initially in the vascular plant Selaginella moellendorffii, after the divergence from bryophytes, and later emerged in gymnosperms
and angiosperms. GASTs in angiosperms are characterized by four conserved novel motifs; however, relatively fewer conserved
motifs exist in pteridophytes and gymnosperms. Phylogenetic analysis revealed that the GAST-Cysteine Richl motif evolved
early in the S. moellendorffii GAST, which further acquired subfunctionalization through successive conjugation of other motifs
and remained conserved across plants, as supported by their collinearity. Functional characterization of two orthologs from the
dicot Arabidopsis (Arabidopsis thaliana; Gibberellic Acid-Stimulated Arabidopsis 10) and the monocot rice (Oryza sativa; Gibberellic
Acid Stimulated Transcript-Related 9) suggests hormonal regulation, novel roles in seed germination, and functional conservation
among diverse plant groups. Computational modeling predicts that these GAST genes are regulated by several factors, including
the phytohormones gibberellin and abscisic acid, through conserved cis-motifs present in their promoters, and that they might
act as signaling molecules in a complex feedback loop. Thus, our study identifies GASTs and their encoded proteins, uncovers

their structure, novel motifs, and evolutionary pattern among plants, and suggests their functional conservation.

Gibberellins (GAs) are a class of tetracyclic diter-
penoid plant hormones involved in the develop-
ment of roots, trichomes, flowers, fruits, leaves, and
seeds, as well as stem elongation and leaf expansion
(Griffiths et al., 2006). GA signaling functions as a
derepressible system. It is perceived by GA receptor
GA-INSENSITIVE DWARF1 (GID1) and interacts
with the DELLA (conserved aspartate-glutamate-
leucine-leucine-alanine motif containing protein) re-
pressor protein, triggering the degradation of DELLA
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by the ubiquitin-proteasome pathway, resulting in
the liberation of downstream genes (Ueguchi-Tanaka
et al., 2005).

Members of Gibberellic Acid Stimulated Transcript
(GAST) gene family are regulated by GA and encode
small polypeptides that have a C-terminal domain of
~60 amino acids. The first member of this gene family,
GAST1, was identified as a GA-stimulated gene in to-
mato (Solanum lycopersicum; Shi et al., 1992). To date, 13
homologs of GAST have been identified in Arabidopsis
(Arabidopsis thaliana;Gibberellic Acid-Stimulated Ara-
bidopsis [AtGASAs]), and most of them are regulated
by phytohormones like GA (Roxrud et al., 2007).
Members of the GAST gene family were found to be
involved in various biological processes including
shoot elongation and vegetative-to-reproductive phase
transition (GIP1 [Gibberellin-induced Gene from petu-
nia (Petunia hybrida)], GIP2, GIP4, and GIP5 ); cell
elongation during fruit ripening in strawberry (Fragaria
x ananassa; FaGASAs); wounding and pathogen infec-
tion in potato (Solanum tuberosum; Snakin-1, Snakin-2,
and Snakin-3); cell expansion in Gerbera (Gerbera Ho-
molog of GAST); panicle differentiation and cross talk of
GA and brassinosteroid signaling in rice (Oryza sativa;
OsGASR1, OsGASR2, and OsGSR1); lateral root for-
mation in maize (Zea mays; ZmGSL1); determination of
flowering time (AtGASA4 and AtGASAS); and abiotic
stress resistance (AtGASA14; Kotilainen et al., 1999;
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Berrocal-Lobo et al., 2002; Ben-Nissan et al., 2004; de la
Fuente et al., 2006; Furukawa et al., 2006; Wang et al.,
2009; Zhang et al., 2009; Rubinovich and Weiss, 2010;
Zimmermann et al., 2010; Sun et al., 2013; Nahirfiak
et al., 2016). Since GASTs are GA inducible, they may
also be involved in GA signaling and biosynthesis,
which remains to be studied.

GA biosynthesis pathways were first studied in the
fungus Gibberella fujikuroi and subsequently in diverse
plant species (Hedden et al., 2001). The biochemical
origins of different bioactive GAs are found to be from
geranylgeranyl diphosphate (GGPP), a common Cy
precursor for diterpenoids. Though GGPP has not been
studied elaborately, GGPP-derived metabolites (bioac-
tive GAs) and their associated enzymes encoded by
respective genes are well characterized (Yamaguchi,
2008). Like seed plants, fungi (e.g. G. fujikuroi and
Phaeosphaeria) also produce GA; however, GA biosyn-
thesis and signaling vary distinctly from fungi to an-
giosperms. In fungi, a single bifunctional terpene
cyclase is involved in conversion of GGPP to ent-
kaurene (a key step in GA biosynthesis). However,
the physiological role of GA in fungi has not been
identified (Hedden et al., 2001; Hedden and Sponsel,
2015). Physcomitrella patens (a model bryophyte and
early non-vascular land plant/moss), also encodes a
single bifunctional terpene cyclase gene, similar to
fungi. In the due course of evolution, GA-GID-DELLA
signaling components that arose in bryophytes (Hirano
et al., 2007) showed no interaction in P. patens, but
interacted in early vascular lycophytes/pteridophytes
(like Selaginella moellendorffii and Selaginella kraussiana;
Hirano et al., 2007). Subsequently, the GID-DELLA in-
teraction became responsive to GA stimulus and plants
started to respond to DELLA-mediated growth arrest
(Yasumura et al., 2007). During the evolution of land
plants, GA-mediated signaling was refined and seemed
to have evolved in parallel with the GA-DELLA system
for regulating growth and development. However, our
understanding of the regulatory mechanism acting in
or downstream of the GA-GID-DELLA signaling re-
mains largely unexplored and enigmatic. Despite the
wide presence of the GA-GID-DELLA signaling
module and the GGPP-derived GA biosynthesis
pathway, very little is known about the evolution of
downstream /upstream components of GA signaling
and their conservation/divergence across the plant
kingdom.

In this study, we identify the origin of GASTs, explore
the evolution of their orthologs across the plant king-
dom, and hypothesize their putative role in the GA
signaling pathway. Besides their evolutionary conser-
vation, we also highlight their functional conservation.
Here, we outline a workflow for the identification of
GAST-like genes across the plant kingdom (from algae
to angiosperms). We found that GAST-like genes
evolved in vascular plants after the bryophyte diver-
gence, whereas pteridophytes and very few gymno-
sperms have unannotated GAST orthologs (GORs).
GORs have 11 conserved Cys residues (distributed in
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three conserved motifs) at their C-terminus along with
a Leu-rich N-terminal motif in some of the sequences.
Phylogenetic studies predicted that GASTs evolved
initially with motifl and acquired subfunctionalization
in successive conjugation with other motifs through the
activity of transposable elements in S. moellendorffii. The
presence of conserved motifs in the GAST domain is
responsible for the discrete evolution of GORs, which
are highly conserved across plant species. Differential
expression analysis indicated that Ath-GASA10 and
Osa-GASRI (Gibberellic Acid Stimulated Transcript-Related9)
play a role in seed germination, and mutational studies
validated that Ath-GASA10 and Osa-GASR9 are func-
tionally conserved in dicots and monocots. In silico
annotation analysis suggests that Ath-GASA10 and Osa-
GASROI act as signal molecules for the regulation of the
GA biosynthetic pathway either by GA induction or in
a negative feedback loop.

RESULTS AND DISCUSSION

Although the GA signaling pathway is known and
extensively studied in angiosperms, the origin, distri-
bution, and evolution of GA-regulated GASTs remains
largely unknown (Zhong et al., 2015). We customized a
workflow for the identification of GORs across the
plant kingdom. Further, we predicted and character-
ized novel conserved motifs, uncovered their evolution-
ary pattern, and demonstrated functional conservation

(Fig. 1).

GORs Evolved in Pteridophytes After the Divergence
from Bryophytes

Among four angiosperm species studied, we identi-
fied 12 and 13 GASTs in maize and tomato, respec-
tively. Among 11 GASTs identified in rice, we found
one additional sequence, Os10g02625 (Osa-GASR11),
and 10 GASTs reported previously (Zimmermann et al.,
2010; Supplemental Table S1). Similarly, 15 GORs were
identified in Arabidopsis, including 13 previously
known members (Roxrud et al., 2007) and two addi-
tional GASTs—Ath-GASA13 (AT3G10185) and Ath-
GASA15 (AT1G10588; Supplemental Table S1). In this
study, GASTs from Arabidopsis and rice were used as
references. Surprisingly, we did not find any GASTs in
two gymnosperm species (Picea abies and Pinus taeda).
However, we have identified a total of 18 GASTs in four
other gymnosperms (Pinus pinaster, Pinus tabuliformis,
Picea sitchensis, and Picea mariana; Supplemental Table
S2) from the National Center for Biotechnology Infor-
mation database. Though some of the gymnosperms
have orthologs of the GA receptor (GID1 and SLEEPY1)
and DELLA proteins (Vandenbussche et al., 2007), the
complete absence of these orthologs in some gymno-
sperms might be due to successful adaptive modifica-
tions which arose in lineages of gymnosperms that
survived after the Eocene epoch, where extreme
weather conditions (sharp cooling and drying) caused
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Figure 1. A flowchart was created for
the identification of GORs and func-
tional annotation. The existence of
GORs was screened across the plant
kingdom. The rice and Arabidopsis ge-
nomes were taken as references. 3D
structures of GAST proteins (I-TASSER)
and promoter motifs (MEME and TOM-
TOM) were predicted for functional
annotation (MEME suite and the KEGG
pathway).
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the diversification and extinction of many lineages of
gymnosperms, and led to frequent parallel or conver-
gent evolution (Wang et al., 2000; Ran et al., 2006;
Pittermann et al., 2012; Wang and Ran, 2014). However,
we cannot rule out the possibility that the absence of
GORs in some gymnosperms might be due to the lack
of proper annotation. Interestingly, we identified 11
GORs in S. moellendorffii (query coverage >80% and
maximum identity >90%) that have not been charac-
terized and annotated previously (Supplemental Table
S2). Further, in species like Chlamydomonas reinhardtii
and Ostreococcus tauri (unicellular algae), and P. patens
(bryophyte), we found that some sequences showed
less similarity to references GASTs (Supplemental
Table S2).

An unrooted maximum-likelihood (ML) tree was
reconstructed using 174 protein sequences retrieved
from databases. The branches and sub-branches
showed a very low bootstrap value (<30); however,
similar sequences were grouped hierarchically
(Supplemental Fig. S1). In the tree, GOR sequences
were distributed in two clusters, with cluster I having
sequences highly similar to reference GASTs and
cluster 1II, divided into subclusters A and B, having
sequences both highly similar and less similar to
reference GASTs. Subcluster A consisted of sequences
with less similarity to references and subcluster B
consisted of highly similar sequences from gymno-
sperms and angiosperms along with pteridophytic S.
moellendorffii (Supplemental Fig. S1). The rest of the
less similar sequences, from C. reinhardtii, O. tauri
(algae), P. patens (bryophytes), P. abies, and P. taeda

1000

(gymnosperms) were grouped separately in cluster
III and had a very low bootstrap value and no GAST
domain, suggesting their unrelatedness to the refer-
ence (Supplemental Fig. S1; Supplemental Table S2).
Further, these 94 less similar sequences were elimi-
nated, and the remaining 80 sequences were used for
analysis.

The presence of GAST domains and their clustering
pattern in the phylogeny (Supplemental Fig. S1) sug-
gests that GOREs first evolved in the vascular land plant
S. moellendorffii, a pteridophyte, after the divergence
from bryophytes, and simultaneously in the gymno-
sperms and angiosperms. However, pteridophytic S.
moellendorffii and S. kraussiana possess functional GID1
and DELLA homologs capable of forming a complex
with GA, whereas GID1- and DELLA-like proteins are
unable to form GA-mediated complexes in P. patens
(Yasumura et al., 2007; Yamaguchi, 2008). Unlike vas-
cular plants, non-vascular bryophytes (P. patens) lack
GA-mediated growth responses due to the absence of a
functional GA-GID1-DELLA signaling module (Yasumura
et al.,, 2007), which could be the reason for the absence
of GORs in bryophytes and algae or vice-versa.

Positional Conservation of Cys Residues in Identified
Novel Conserved GAST Motifs in GORs

The screened 80 GORs with GAST domains were
used for identification of conserved motifs. Using the
MEME (Multiple Expectation Maximization for motif
elicitation) suite (Bailey et al, 2009) and multiple-
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sequence alignment (Thompson et al., 1997), we pre-
dicted four conserved motifs in 62 highly similar GORs
(excluding gymnosperms; Fig. 2; Supplemental Table
52). Based on the bits value of conserved amino acids,
motifs were named GAST-Cysteine Richl (GCR1;
x7Cx3Cx2CCx2CxCVPxGx7), GAST-PCY (GPCY;
PCYx3K[TN]x2G), GCR2 (x5Cx3Cx2RCS), and GAST-
Leucine Rich (GLR; Fig. 2, B-E). Of the four motifs,
three were present consecutively at the C-terminus of
GAST sequences (Fig. 2A). GLR has maximum oc-
currence at the N-terminus, with highly conserved
Leu residues (Fig. 2E). Though all four conserved
motifs were prevalent among GORs, some of the se-
quences lacked one, two, or three conserved motifs.
The GORs from S. moellendorffii also consist of these
conserved motifs (Fig. 2A). Smo-GASS10 (S. moellen-
dorffii Gibberellic Acid-Stimulated Seleginellal0), Smo-
GASS11a, and Smo-GASS11b have all four motifs;
Smo-GASS2a, Smo-GASS2b, and Smo-GASS1 lack
the GLR motif; Smo-GASS8, Smo-GASS9a, and Smo-
GASS9b have only the GCR1 motif; Smo-GASS7a and
Smo-GASS7b lack the GPCY motif (Fig. 2A).

Similarly, we identified five conserved motifs in 18
GORs from gymnosperms (P. pinaster, P. tabuliformis,
P. sitchensis, and P. mariana; Fig. 3; Supplemental
Table S2). Despite important sequence variation, mo-
tifs were very similar, as described above, and were
named gymnosperm GAST-Cysteine Richl (gGCR1;
x5Cx3Cx2CCx2CxCVPxGx2G), gymnosperm GAST-
PCY (gGPCY; PCYx3KTx2[GN]xPKCP), gGCR2
(x4Lx4Cx3Cx2RC[KSA]x2), and gymnosperm GAST-
Leucine Rich (gGLR; Fig. 3, B-F). GLR has maximum
occurrence at the N-terminus, with highly conserved
Leu residues (Fig. 3E), which is similar to the case for
GORs excluding gymnosperms (Fig. 2E). The fifth
novel motif, GAST-MSA (gGMSA; MSAX5VLY), was
also predicted by MEME in some of the gymnosperm
GORs, namely, Psi-GASP2a (P. sitchensis Gibberellic
Acid-Stimulated in Pinaceae2a), Psi-GASP2b, Psi-GASP9,
Psi-GASP11a, and Psi-GASP11b (Fig. 3, A and F). The
three conserved motifs GCR1, GPCY, and GCR2
(Fig. 2, B-D), and their gymnosperm counterparts
gGCR1, gGPCY, and gGCR2 (Fig. 3, B-D), have 11
highly positionally conserved Cys residues at the
C-terminus (Figs. 2 and 3), though their sequences are
not identical. Based on the variable size of the GAST
domain, some level of functional variation in GASTs
was previously assumed (Roxrud et al., 2007), but our
results, which show tight conservation of Cys resi-
dues in GAST motifs, rather suggest functional con-
servation of GORs, especially those with complete
motifs.

Conserved GASTs Evolved through Subfunctionalization
of Motifs Which Originated in Pteridophytes

The phylogeny, conserved motifs, and multiple-
sequence alignment revealed that the GORs origi-
nated in S. moellendorffii. Moreover, our observations
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indicated that the S. moellendorffii sequences have
different combinations of motifs (Fig. 2A). We
here show the origin and evolution of GAST domain
architecture using a TimeTree of S. moellendorffii
GASTs. A TimeTree was reconstructed using the
RelTime method (Tamura et al., 2012) inferred from
the neighbor-joining method with sequences of S.
moellendorffii GAST domains. We observed that GCR1
evolved initially in the sequences of Smo-GASSS,
Smo-GASS9a, and Smo-GASS9b, suggesting that
GCR1 is the most ancient (Fig. 4). Further, in the rel-
ative time frame, Smo-GASS7a and Smo-GASS7b
evolved with GCR1, GCR2, and GLR, followed by
the evolution of Smo-GASS10, which had acquired
GPCY and was the first to possess four complete
motifs (Fig. 4). In the subsequent evolution, Smo-
GASS11a and Smo-GASS11b acquired all four mo-
tifs. Unexpectedly, Smo-GASS1 lost GLR and
remained with GCR1, GCR2, and GPCY in the course
of evolution (Fig. 4). The sequences Smo-GASS2a and
Smo-GASS2b evolved later from Smo-GASS1 with
the same combination of motifs. The GAST domain
(comprised of GCR1, GCR2, and GPCY) and GLR
evolved simultaneously in S. moellendorffii with dif-
ferent combinations of motifs (Fig. 4). We found that
the GAST domain motifs are not identical or recur-
ring sequences, suggesting that they are not the re-
peats of ancient GCR1. Thus, the evolution and
rearrangement of motifs did not arise from a dupli-
cation event, as S. moellendorffii is an ancient organism
with a small genome and a low rate of evolution
(Baniaga et al., 2016) and did not arise from either
whole-genome duplication or polyploidy events
(Banks et al., 2011). Interestingly, it was also found
that the S. moellendorffii genome has transposable el-
ements (TEs) in high proportion (37.5%; Banks et al.,
2011). It is plausible that the GASTs evolved initially
with GCR1 and later acquired subfunctionalization
through successive conjugation of other motifs
through the activity of TEs in S. moellendorffii.

Evolution of the GAST Domain from Ancient GCR1
through Subfunctionalization is Responsible for the
Discrete Evolution of GORs

To understand the relatedness among the GORs, we
reconstructed one unrooted ML tree using GAST do-
main sequences of 80 short-listed GORs (Fig. 5). In
the ML tree, GASTs diverged from two clusters, one
containing sequences of Osa-GASRS, Smo-GASSS,
Smo-GASS9a, and Smo-GASS9b, and the other cluster
containing Smo-GASS7a and Smo-GASS7b along with
Psi-GASP1. Interestingly, only rice Osa-GASRS, with a
low rate of substitution, was clustered with Smo- GASSS,
Smo-GASS9a, and Smo-GASS9b, and Psi-GASP1, also
with a very low rate of substitution, diverged from Smo-
GASS7a and Smo-GASS7b (Fig. 5). The rest of the GASTs
were diverged and grouped into three clades labeled I, II,
and III. Clades I and IIT have very diverse sequences with
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1002 Plant Physiol. Vol. 180, 2019

Downloaded on November 5, 2020. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.


https://plantphysiol.org

A Sequences E-values

Evolution of Gibberellic Acid Stimulated Transcripts

gGLR [

Psi-GASP2b 69e82 [T I— - 1 i
Psi-GASP2a 7382 T =——= o AE
1.
Psi-GASP11b 9.1e.81 =] ; YJr h EN ‘L |
1 T — .___,E “
Psi-GASPY 5.1e-79 1 l,-WA
Psi-GASP11a 44075 U EEE— o il 0 e
PUNGASAZ S . [LF]V [MLV][LIMJVI[VL])[VEL][ QA][LT [YVE] [VI][E\\-] SAN][
) : AI)[ED][IA)[GAE][AIL)[SNP)[GT]

Ppi-GASASlike  3.2e.67 |
Psi-GASP6 24066 — :
Pma-GASASlikel 5.2¢-64 — ) F gGMSA []
Psi-GASP10b 7.3e-59 — =
Psi-GASP10a 1.6e-58 L]
Psi-GASP3a 8.5¢-53 I e
Psi-GASP3b 1.0e-52 — e
EibCARAL Locs g d WAS[AV] S‘N] RS][LF FCIVLY
Psi-GASPS 1.6e-44 1
Pma-GASASdike2 6.1e41 EEEs———
Psi-GASP14 9.50-41 [ )
Psi-GASP1 3.8¢-39 B 2]

s 60 g 100 ! 14 a

B gcer1 mm C sorey ¢GCR2 [

:§E

S[RH][HK][KND][PR]C[LM][RFK][FA]C[GQ][TIK]CCA[KR]C[LNJCVPPGT[YS]G PCY[ANR][ND] WLM]KT[HQ]{GQ] o\r] KGJPKCP

[GKNJR[GR]LL[QH] [PT [IS]DC[G!\.\T]EAS]AC[GS]XRC[}.SA][AK][AT]
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highly variable rates of substitution, in comparison to
clade II (Fig. 5). In clade I, Osa-GASR9 and Zma-
Unchl (Z. mays-Uncharacterized protein), with high
rates of substitution, grouped discretely and evolved
faster. Zma-Peamacleinl, Zma-Peamaclein2, and
Zma-Peamaclein3, with very high substitution rates,
clustered together and diverged from Osa-GASR2.
Psi-GASP3a and Psi-GASP3b, with similar sequences,
were placed discretely in clade I. However, Psi-
GASP10a and Psi-GASP10b, with similar sequences
and high rates of substitution, clustered together and
diverged from Smo-GASS10. Among four Arabidopsis

sequences of clade I, Ath-GASA7 separated with a
higher substitution rate from Ath-GASAS8, Ath-
GASA10, and Ath-GASA15, which grouped together
(Fig. 5). The clustering of GORs in this clade might be
due to the similarity of the motif sequence to Smo-
GASS10, which eventually evolved from Smo-
GASS7a and Smo-GASS7b (Fig. 5).

Clade II consisted of GORs with less variable rates of
substitution and divergence and lacked any S. moel-
lendorffii GORs. Osa-GASR4 and Zma-Unch2, with high
substitution rates, diverged hierarchically from Sly-
GAST10, Sly-snakin2, Psi-GASP14, and Ath-GASA14
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Figure 4. The reconstructed TimeTree was used to predict the evolution of S. moellendorffii GASTs containing conserved motifs
in a relative time frame. A TimeTree was reconstructed from S. moellendorffii GAST orthologs using the RelTime method inferred
from neighbour joining in MEGA7 (Kumar et al., 2016). The TimeTree indicated the evolution of GASTs according to the presence
of conserved motifs. Smo-GASS9a and Smo-GASS9b were taken as the outgroup and the distance was calculated in a relative time
of 1. On the right, the GAST sequences are shown with their respective motifs arranged according to their evolution. The Smo-
GASS sequences and length of the motifs do not represent actual scale.
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Figure 5. Unrooted maximum-likelihood phylogenetic tree of GORs using MEGA6. The maximum-likelihood tree was recon-
structed using the conserved C-terminal domains of 80 GORs. The bootstrap value was estimated from 1000 replicates. The scale
bar represents the amino acid substitution rate. Novel GORs are indicated by asterisks.

(Fig. 5). Ath-GASA2 and Ath-GASA3 evolved faster
than other Arabidopsis GASA sequences in clade II.
Psi-GASP2a, Psi-GASP2b, Psi-GASP9, Psi-GASP11a,
Psi-GASP 11b, and Ptb-GASA2 grouped together
and diverged from Ath-GASA9 and Sly-snakin2b_p
(Fig. 5). Clustering of only these gymnosperm GORs,
which have a fifth motif, suggests that the relative
similarity between their GAST domains or motifs is
responsible for their specific clustering in the ML tree
and evolutionary pattern.

1004

Clade III consisted of the rest of the S. moellendorffii
sequences and some other GORs (Fig. 5). Smo-GASSI,
Smo-GASS2a, Smo-GASS2b, and Osa-GASR were the
first to diverge in clade III. The subsequent divergence has
shown hierarchal separation of the cluster of identical
sequences including Smo-GASS11la and Smo-GASS11b
and the cluster including Osa-GASR11 and Ptb-GASA1
(Fig. 5). These Smo GORs evolved gradually (Fig. 4).
Further, Sly-RSIlp, with a high rate of substitution,
grouped together with four gymnosperm GASTs, which
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had diverged from Ath-GASAS5. Ath-GASA4 showed
higher rates of substitution in clade III (Fig. 5). The clus-
tering of GORs in these three clades was due to their
similarity with the gradually evolved conserved motifs
(Fig. 4). Furthermore, these GORs were discretely dis-
tributed in the phylogeny due to the variability in occur-
rence of motifs and distance between motifs, which shows
their discrete evolutionary pattern.

Despite Variable Coverage of Collinearity, Most GORs
Show Conservation

To understand the evolution of GASTs and their re-
tention across plant species, we identified duplicated

. Oryza sativa (0s)

O Zea mays (Zm)

. Arabidopsis thaliana (At)
Solanum lycopersicum (SI)

' A1

.Selaginella moellendor[fii (Sm) .' :
. Gymnosperms (Ps, Pm, Pt & Pp)

Evolution of Gibberellic Acid Stimulated Transcripts

gene pairs in genomic regions that were syntenic using
the Plant Genome Duplication Database (PGDD; Lee
et al., 2013). Further, the syntenic pairs were shown as
a network (Fig. 6) from the log scores provided by
PGDD (Hammoudi et al., 2016). Most of the identified
S. moellendorffii GORs showed variable coverage of
collinearity with GORs from other species. We ob-
served that 45% of S. moellendorffii GORs were collinear
with 22% of GORs from gymnosperm (P. mariana-
GASADb5-like, P. pinaster [Ppi]-GASA5-like, Ppi-Unchs,
and Ppi-Unch13; Fig. 6). All S. moellendorffii GORs ex-
cept Smo-GASS7b showed collinearity with 60% of
Arabidopsis GORs and 81% of rice GORs. Smo-GASS7b
showed collinearity only with Osa-GASR1, Osa-GASR10,

Figure 6. Collinearity network among the GORs to understand conservation using Cytoscape v3.6.0. The collinearity network
was drawn between syntenic gene pairs using scores provided by PGDD. The “Organic Layout” in Cytoscape v3.6.0 was used for
the network representation and optimized manually in species-specific clusters. Specific colors were used to represent each
species (colored nodes) in the collinearity network and the colored edges represent specific syntenic gene pairs across the species
used for this study. The names of the GORs were shortened to fit in the nodes of the network. For “AtG1,” for example, the first two
letters represent the genus and species, the next letter represents the gene name, and the number indicates the numeric value for

the the gene family member (Supplemental Table S1).
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and Osa-GASRI11. Similarly, 38% of GORs from tomato
and 54% of GORs from maize also showed collinearity
with 36% of S. moellendorffii GORs (Fig. 6). All of the
primitive S. moellendorffii GORs (Smo-GASS8, Smo-
GASS9a, and Smo-GASS9b), with only the GCR1 motif,
and the gradually evolved Smo-GASS7a, with GCR1,
GCR2, and GLR motifs, shared collinearity only with
Arabidopsis GORs (Fig. 6). A possible reason for the
maximal syntenic pairing of GORs between these two
species is that both genomes have striking similarity in
terms of genome size, gene density, and occurrence of TEs
(Banks et al., 2011). Several GORs from rice, maize, to-
mato, and gymnosperms shared collinearity with Smo-
GASS10, which has all four motifs, and they clustered
together in clade I, indicating their conservation (Fig. 5).
The Smo-GASSs (Smo-GASS1, Smo-GASS2, Smo-GASS6,
Smo-GASS54, and Smo-GASS3), gradually evolved after
Smo-GASS10, shared collinearity in various capacity with
GORs from other species, and clustered together in clade
IIl, indicating their evolutionary conservation (Fig. 6).
Interestingly, the most recent pteridophytic GOR, Smo-
GASS2a, shared collinearity with the next evolved GORs
from gymnosperms (Psi-GASP1), Arabidopsis (dicot),
and rice (monocot), indicating their conservation and
evolutionary lineage.

Though Selaginella evolved many million years ago,
prior to the angiosperms, the sequences of GORs re-
main unperturbed. The whole genome duplication
(WGD) event resulted in a higher ploidy level, which
was responsible for the evolution and speciation of
vascular plants (Barker et al., 2016). Even though all
seed and flowering plants have undergone at least one
round of polyploidy (Li et al., 2015), it did not strongly
affect the sequences of conserved GORs. A possible
reason is that unlike more evolved monocots (rice and
maize), in wild Arabidopsis weed, selection was not
influenced by domestication.

Further, 50% and 22% of identified gymnosperm
GASTs showed collinearity with 93% of Arabidopsis
and 72% of rice GORs, respectively, besides S. moel-
lendorffii (Fig. 6). Arabidopsis GORs, except Ath-
GASA2, shared the maximum number of syntenic pairs
with gymnosperm GORs (Fig. 6). Interestingly, gymno-
sperm GORs did not show any synteny with GORs from
tomato and maize, which are evolutionarily advanced,
partly because of the influence of domestication. We also
observed that the slight sequence variation in GAST
motifs gGCR1 and gGLR, and the presence of gGMSA in
gymnosperms, may cause some level of functional di-
versification, despite overall strong conservation (Fig. 5).
Additionally, the small number of sequenced gymno-
sperms and poor annotation may affect their collinearity
with other species. It is possible that more refined se-
quencing and annotation of diverse gymnosperms may
provide better synteny or collinearity of GORs.

Additionally, 72%, 27%, and 9% of rice GORs showed
collinearity with all of the Arabidopsis GORs, 84% of to-
mato GORs, and 50% of maize GORs (Fig. 6). Similarly,
only 7% of Arabidopsis GORs did not show collinearity
with any of the Z. mays GORs, while Ath-GASA5, Ath-
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GASA12, and Ath-GASA13 (20%) did not show collin-
earity with any of the tomato GORs (Fig. 6). Likewise,
50% of maize GORs have shown collinearity with 77% of
tomato GORs (Fig. 6). The maximum number of collinear
pairs between rice, maize, and tomato have shared col-
linearity according to the evolutionary pattern of con-
served motifs following their conservation (Fig. 6). Also,
the collinearity network suggests that GCR1, along with
GPCY and three of GAST domain are highly conserved
among the syntenic gene pairs across the plant species
used in the current study.

Ath-GASA10 and Osa-GASR9 Act as Positive Regulators
of Seed Germination

Earlier reports have suggested that GASTs were in-
duced by hormonal treatment (Shi et al., 1992; Wang
etal., 2009; Sun et al., 2013). We selected a pair of related
orthologs, Ath-GASA10 (a dicot) and Osa-GASR9 (a
monocot), from clade I (Fig. 5) to experimentally vali-
date their functional conservation and their response
to phytohormones. We observed that GA and ABA
induced and reduced the expression level of both Ath-
GASA10 and Osa-GASR9 in Arabidopsis and rice seed-
lings, respectively (Fig. 7, A and B). We also observed
similar response of Ath-GASA10 to GA and ABA treat-
ments in germinating Arabidopsis seeds (Supplemental
Fig. S2). This indicates their potential role in seed ger-
mination (Supplemental Fig. S2), as phytohormones GA
and ABA play antagonistic roles during seed germina-
tion. Earlier, some members of the Arabidopsis GASA
family (AtGASA4 and AtGASA6) were also found to be
involved in seed germination (Olszewski et al., 2002;
Roxrud et al., 2007; Zhong et al., 2015).

Further, to investigate the potential role of Ath-
GASA10 and Osa-GASRY in seed germination, we an-
alyzed the loss-of-function mutant of Ath-GASAI0
(atgasal0-2) and the overexpression line of Ath-
GASA10 and Osa-GASR9 (Ath-GASAI00OE and Osa-
GASRIOE, respectively) in Arabidopsis (Fig. 8). In
control conditions, the atgasa10-2 mutant (89%) showed
a slower rate of seed germination than wild type (93%)
after 120 h (Fig. 8B). Ath-GASAI0OE seeds (92%)
showed a slightly faster seed germination rate than
wild type (81%) after 48 h (Fig. 8B). Upon treatment
with 1 um ABA after 48 h, the difference in the rate
of seed germination between wild type (75%) and
atgasal0-2 (53%) increased further, whereas it showed
less severe impact on germination of Ath-GASA10OE
seeds (79%; Fig. 8E). Treatment with GA increased the
seed germination rate of Ath-GASAI0OE (92% at 48 h)
more than that of wild type (83% at 48 h), indicating
that Ath-GASA10 plays a role in seed germination in a
GA-dependent manner (Fig. 8C). This observation was
further strengthened by analyzing the germination rate
of transgenic seeds after treatment with paclobutrazol
(PAC), whose effect on seed germination rate was in
contrast to that of GA (Zhong et al., 2015; Fig. 8D). Since
GA and ABA treatment inversely altered the expression
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Figure 7. Expression patterns of Ath-GASA10 and Osa-GASR9 upon treatment with phytohormones. The relative expression
patterns of Ath-GASA10and Osa-GASR9 upon treatment with 10 um of ABA, BAP, GA, and IAA for 12 h are shown. A, Expression
of Ath-GASAT0 in Arabidopsis seedling is shown at 5 d after germination. B, Expression of Osa-GASR9 in rice seedlings is shown
at 7 d after germination. Error bars indicate the st of three independent experiments. One-way ANOVA was performed. Asterisks
indicate significant statistical differences: ***P < 0.001, **P < 0.01, and *P < 0.05.

of Ath-GASA10, we asked if the lower seed germination
rate of atgasal0-2 upon ABA treatment could be rescued
by GA treatment. We observed that application of GA
with ABA was able to reduce the difference in seed
germination between atgasal0-2 and wild type. Upon
ABA treatment, only 52% of atgasal0-2 seeds germi-
nated after 48 h, but GA+ABA treatment improved
seed germination of atgasal0-2 (70%; Fig. 8F). Osa-
GASRIOE seeds showed a germination rate similar to
that of Ath-GASA10OE upon treatment with ABA, GA,

and PAC, which indicates the functional conservation
of Osa-GASR9 and Ath-GASA10 in monocots and di-
cots, respectively (Fig. 8; Supplemental Table S3).

Rice Osa-GASR9 Can Rescue the Seed Germination
Phenotype of Arabidopsis atgasa10-2

To genetically confirm the functional conservation
of Ath-GASA10 and Osa-GASRY9, we transformed
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seeds were used in each experiment. Error bars indicate the s.
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pAth-GASA10:Ath-GASA10 and pAth-GASA10:Osa-
GASR9 binary constructs into the atgasal0-2 back-
ground. Lines showing expression levels near to
those of wild type plants were selected for further
analysis (Fig. 8A). Seed germination assay of pAth-
GASA10:Ath-GASA10 (Ath-GASA10comp) and pAth-
GASA10:0sa-GASR9  (Osa-GASR9comp) transgenic
lines showed that 65% were able to rescue the low
germination efficiency of atgasal0-2. Seed germina-
tion rates of Ath-GASA10comp and Osa-GASR9comp
transgenic lines in atgasal0-2 background were com-
parable to that of wild type plants (Fig. 8). These re-
sults indicate that both Ath-GAS10 and Osa-GASR9
are involved in the GA and ABA signaling pathway-
mediated seed germination, suggesting their func-
tional conservation, which is also evident from their
collinearity (Fig. 6).

Possible Regulation and Function of Ath-GASA10 and
Osa-GASR9 As Putative Signal Molecules

To understand the functional conservation and
regulation of Ath-GASA10 and Osa-GASR9, we pre-
dicted three-dimensional (3D) structures of Ath-
GASA10 (Fig. 9A) and Osa-GASR9 (Fig. 9C) and

Psi (degrees)

&
n

Psi (degrees)
=)

FS
i

135t

A0 7
J P\,
w -
5 B N e P R
Ath-GASA10 p——— FI
0Osa-GASR9 P

i =i g
180 ‘ L | 2| Total number of residues 89

-180 -135 -90 -45
Phi (degrees)

-180
-180 -135 -90 45
Phi (degrees)

their stereochemical quality showed 97.4% and 96.3%
residues in allowed region of Ramachandran plots,
respectively (Fig. 9, B and D), confirming their stable
structures. Both proteins have conserved Cys resi-
dues and show 42% sequence (Fig. 9E) and 47%
structural similarity, which might be due to the
presence of conserved motifs. Some of the members
of GAST-like genes in Arabidopsis, tomato, rice, and
petunia are regulated by GA (Shi et al., 1992; Aubert
et al., 1998; Ben-Nissan et al., 2004; Furukawa et al.,
2006; Roxrud et al., 2007). Our analysis showed that
Ath-GASA10 and Osa-GASR9 expression is antago-
nistically regulated by GA and ABA (Fig. 7, A and B),
indicating their complex regulation, which remains
elusive. Therefore, we analyzed the Enzyme Com-
mission (EC) numbers and gene ontology (GO) terms
of both Ath-GASA10 and Osa-GASR9 and annotated
their molecular function in metabolic pathways
(Supplemental Table S4) using 3D structure model-
ing, which indicates some overlapping functions
(Supplemental Table S4).

Further, we identified cis-motifs and their distribu-
tion in upstream promoter sequences of Ath-GASA10
and Osa-GASRY, and we predicted their regulatory
function (Supplemental Fig. S3; Supplemental Table
S5). We observed the presence of at least five conserved

No. of

residues %-tage
Most favoured regions [A, B, L] 55 71.4%
Additional allowed regions [a, b, 1, p] 16 20.8%
Generously allowed regions [~a, ~b, ~1, p] 4 52%
Disallowed regions [XX] 2 2.6%
Non-glycine and non proline residues 77 100.0%
End-residue (excl. Gly and Pro) 1
Glycine residues 6

Proline residues 5

45 90 135 180

No. of
residues %-tage
Most favoured regions [A. B, L] 33 40.24%
Additional allowed regions [a. b. 1, p] 34 41.34%
Generously allowed regions [~a, ~b, ~l,p] 12 14.64%
Disallowed regions [XX] 3 3.74%
Non-glycine and non proline residues 82 100.0%
J 1= End-residue (excl. Gly and Pro) 9
~ Glycine residues 6
- | . Proline residues 10
L 4 | Total number of residues 102

45 90 135 180

Lk, kkkkk ok kkkkkkkckkk ok kK

> ¢ P R B

Figure 9. Modeled 3D structure of Ath-GASA10 and Osa-GASR9 and its quality check. The protein 3D structures of Ath-GASA10
(A) and Osa-GASR9 (C) were predicted and stereochemical quality was checked using I-TASSER and PROCHECK, respectively.
B and D, Ramachandran plot analysis was performed on Ath-GASAT0 (B) and Osa-GASR9 (D). 3D structure was visualized
through Chimera v 1.6.2. The a-helix is represented in magenta and the coiled coil in cyan. E, Multiple-sequence alignment

between Ath-GASA10 and Osa-GASR9 is shown.
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cis-motifs (Supplemental Fig. S3), which may allow the
binding of different factors/regulators that have dif-
ferent biological functions such as ABA response, GA
signaling /biosynthesis, lateral root development, etc.
(Supplemental Fig. S3; Supplemental Table S5).

The best consensus putative function derived for
Ath-GASA10 indicates its regulatory role in ger-
anylgeranylation (GO:2000112). The geranylger-
anylation process implicates the attachment of one or
two 20-carbon lipophilic geranylgeranyl isoprene
units from GGPP to one or two Cys residue(s) at the
C-terminus of specific proteins (GASTs have Cys-rich
C-termini). The geranylgeranylated protein acts as a
membrane anchor (Jiang et al., 1995), also supported
by the predicted enzymatic activity through Sphin-
gomyelin phosphodiesterase (EC3.1.4.12), which is
involved in a membrane lipid metabolic process
(GO:0006643; Supplemental Table S4). The GGPP is
the precursor of GA, ABA, and the brassinosteroid
biosynthetic pathway (Supplemental Fig. 54). Sub-
sequently, these findings are also supported by the
presence of promoter motif4, which is responsive to
ABA (Supplemental Table S5).

Similarly, the best consensus putative function
assigned for Osa-GASRY indicates its role in the car-
boxylic acid biosynthetic process (GO:0046394) and the
GA biosynthetic process (GO:0009686), and it is well
supported by the predicted enzymes EC4.1.1.37 and
EC1.13.11.12, indicating its involvement in the forma-
tion of the plant hormones jasmonic acid and GA
(Supplemental Fig. S4; Supplemental Table S4). The
presence of promoter motifs involved in the regulation
of lateral root formation, brassinosteroid signaling,
seed germination, and GA biosynthesis (promoter
motif5) further support this regulation (Supplemental
Fig. S3; Supplemental Table S5).

Together, our findings suggest that the functionally
conserved Ath-GASA10 and Osa-GASR9 might act as
signal molecules for regulation of the GA biosynthetic
pathway by GA-mediated induction and/or in a neg-
ative feedback loop through a complex regulatory
network involving hormone signaling (Supplemental
Fig. S5). Our results show GA- and ABA-mediated
regulation of Ath-GASA10 and Osa-GASR9 expres-
sion. These computational analysis results provide a
hypothetical framework for regulation and function of
Ath-GASTs and Osa-GASTs, which opens up new av-
enues for their further characterization and hormonal
regulation, as well as their molecular function in dif-
ferent plant physiology and developmental processes.

CONCLUSION

In vascular plants, GA signaling is mediated by
the functional GA-GID1-DELLA signaling module,
which is non-functional in non-vascular bryophytes
(Yasumura et al., 2007), possibly due to the absence of
some unknown signaling component. Poorly studied
GASTs may be one such component, which have evolved
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Evolution of Gibberellic Acid Stimulated Transcripts

in pteridophytes and are missing in bryophytes. Our re-
sults suggest that GASTs are conserved among vascular
plants due to the presence of conserved motifs. Phyloge-
netic studies indicate that GASTs with the GCR1 motif
initially evolved in S. moellendorffii, where GASTs with
four motifs evolved through successive conjugation of
other motifs and subfunctionalization.

The syntenic pair analysis suggests strong conser-
vation of GASTSs across vascular plants, which is ac-
quired through moderate reshuffling of sequences. Two
closest orthologs from Arabidopsis (Ath-GASA10) and
rice (Osa-GAST9) showed structural similarity and
functional conservation between dicot and monocot
plants, indicating their novel role in seed germination.
We also hypothesize that both Ath-GASA10 and Osa-
GASR9 are regulated by phytohormones, through
conserved motifs in their promoters, and may act as
signal molecules in a possible feedback loop in GA- or
ABA-mediated regulation.

MATERIALS AND METHODS
Identification of GORs and Sequence Retrieval

The devised flowchart (Fig. 1) was used for the identification of GORs from
selected representative species with completely sequenced genomes from each
phylum except the gymnosperms (Supplemental Table S1). Initially, two
gymnosperm species (P. abies and P. taeda) were taken; later, GAST orthologs
were searched in all sequenced gymnosperm species (Supplemental Table S1). First,
we retrieved the sequences of all GAST family members from rice (Oryza sativa) and
Arabidopsis (Arabidopsis thaiana), and used them as references for the identification
of ortholog sequences in other selected genomes using protein BLAST in Gramene
(http:/ /ensembl.gramene.org/Tools/Blast?db=core) and the National Center for
Biotechnology Information database (https:/ /blast.ncbinlm.nih.gov/Blast.cgi?
PROGRAM=blastp&P AGETYPE=BlastSearch&LINKLOC=blasthome). The blast
parameters used were: query coverage >80% and maximum identity >90%. For the
sequences that did not comply with these criteria, reference GASTs domain were
searched through iteration using Position-specific Iterated-BLAST (PHI-BLAST)
with altered parameters (query coverage >30%, maximum identity >30% and
e-value <2) and partial sequences were discarded. The identification of conserved
domains in the GAST sequences were manually curated through multiple-sequence
analysis using MEME suite v4.11.2 (http://meme-suite.org/) and MAST (http://
meme-suite.org/tools/mast; Bailey et al.,, 2009). The nomenclature used in the
current study to specify GAST family members was of the form “Ath-GASA1” to
indicate Arabidopsis GASAL1, and a similar pattern was followed for other species.

Phylogenetic Analysis

Phylogenetic analysis was done using MEGAG6 (Tamura et al., 2013). Separate
trees were reconstructed using full protein sequences and with GAST domains.
The ML method was used with the General Time Reversible Substitution model,
which has discrete Gamma distribution among sites (four categories) and invariant
sites (G +1) as site rates. The bootstrap value was estimated from 1000 replicates. The
ML tree was inferred through BioN] as the initial tree using the heuristic method
(Barik et al., 2014, 2015). The identified novel GAST sequence/s were assigned to the
GAST family and annotated according to their closeness to or relatedness with
reference sequence/s as found in the ML tree. The S. moellendorffii GORs were
termed “GASS” (GA-stimulated in Seleginells) and gymnosperm GORs were
“GASP” (GA-stimulated in the Pinaceae family; Supplemental Table S1).

Collinearity Calculation among GORs

To estimate GAST conservation among the genomes, syntenic gene pairs
were identified for the calculation of collinearity. These GAST pairs were re-
trieved from the PGDD (http://chibba.agtec.uga.edu/duplication/index/
blast). The PGDD scores of syntenic gene pairs were present in the form of
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network through Cytoscape v 3.6.0. The “Organic Layout” was used for the
network representation and further optimized manually to highlight the re-
latedness among the GOR syntenic pairs in species-specific clusters.

3D Structure Prediction and Identification of Conserved
Motifs in Promoter

Three dimensional structure was determined using the Iterative Threading As-
sembly Refinement server (Supplemental Table S6; Zhang, 2008; Roy et al., 2010). The
functional annotation was predicted on the basis of predicted EC numbers with active
sites, GO terms, and ligand binding sites (Zhang, 2008; Roy et al., 2010; Yang et al.,
2015). 3D structures of the best predicted model of individual proteins were visual-
ized using Chimera v1.6.2. Further, predicted consensus GO terms and EC numbers
for GAST were used for identification of their high-level functions in the biological
system through the metabolic pathway database KEGG (http://www.genomejp/
kegg/pathway.html). De novo discovery of promoter motifs was carried out using
different tools available in the MEME suite (v4.11.2). Predicted promoter motifs were
compared by aligning with the different transcription factor binding sites in eukar-
yotes (experimentally defined), available on the JASPAR CORE database (http://
jaspar.genereg.net/), with the help of TOMTOM (from the MEME Suite). These
identified transcription factor binding sites were further used to identify their re-
spective orthologous genes in Arabidopsis (http:/ /www.arabidopsis.org/).

Plant Materials and Growth Conditions

The seeds of Arabidopsis Col-0 (ecotype Columbia-0), and a transfer-DNA
insertion mutant atgasal0-2 (Salk_119972) were procured from Arabidopsis
Biological Resource Center. atgasal0-2 (AT5G59845) contains a single exon with
transfer-DNA insertion in the promoter region and showed 80% reduction in
the expression level of Ath-GASA10. Seeds were sterilized, germinated, grown,
and maintained as described previously (Singh et al., 2012, 2014). One hundred
seeds of each line were sterilized, stratified, and sown on one-half strength
Murashige and Skoog (MS) medium supplemented with any of 1 um ABA, 1 um
GA, or 1 um PAC, and kept for germination under normal growth condition
(22°C). We scored seed germination rate from 48 h to 120 h; emergence of a
radical tip was marked as the first sign of seed germination. For rice study, the
indica rice cultivar IR64 was used. Seed sterilization and germination assay
were performed as described previously (Singh et al., 2016). The germinated
seeds were transferred to hydroponic media for their growth and development
(Yoshida et al., 1976). Further, we have also generated overexpression lines of
Ath-GASA10 and Osa-GASR9 in Arabidopsis and the rate of seed germination
was analyzed in Ath-GASA100OE, atgasa10-2, and Osa-GASRIOE.

RNA Isolation and Relative Expression Analysis

RNA was isolated using the TRI-reagent (Sigma-Aldrich)-based method and
treated with RNase-free DNase I (Thermo Fisher Scientific); 2 ug RNA was
converted to complementary DNA with M-MLV Reverse Transcriptase (Invi-
trogen) as described previously (Singh et al., 2017). Each sample was analyzed
in triplicate by real-time quantitative PCR using 2X Brilliant II SYBR Master
Mix (Agilent Technologies). The PCR reaction was placed in an ABI PRISM 7900
HT Fast Real Time PCR System (Applied Biosystems). Actin/ GAPDH genes
and actin/ubiquitin were used as endogenous controls in the case of rice and
Arabidopsis, respectively. For relative quantification of transcript abundance,
the AACt method was used (Livak and Schmittgen, 2001; primers are listed in
Supplemental Table S7).

Construction of Transgenic Plants

The Ath-GASA10 promoter was cloned into the pCAMBIA1301 vector be-
tween the PstI and Ncol restriction enzyme sites by replacing the Cauliflower
mosaic virus (CaMV)35S promoter. The Ath-GASA10 coding region (270 bp) was
amplified and cloned into the pJET1.2 cloning vector and subcloned into the
pCAMBIA1301 vector between the BgIII and BstEII restriction enzyme (New
England BioLabs) sites under control of the CaMV35S promoter for over-
expression and the Ath-GASA10 native promoter for complementation con-
struct. Similarly, the coding region of Osa-GASR9 (309 bp) was cloned into the
pCAMBIA1301 vector between the BglIl and BstEII restriction enzyme sites
under control of the CaMV35S promoter for overexpression and the Ath-
GASA10 native promoter for complementation construct. These constructs
were transformed in Arabidopsis plants using the floral dip method (Clough
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and Bent, 1998). T, plants were selected on hygromycin and resistant plants
were used for expression level analysis. Homozygous T; seeds were used for
further experiments.

Statistical Analysis

For syntenic pair and collinearity network analysis, log scores were provided
by PGDD (Hammoudi et al., 2016). Biological experiments were performed in at
least three replicates. Error bars indicate the st for three independent experi-
ments. Statistical significance for all the experiments was evaluated using one-
way ANOVA in Excel (Microsoft), and statistical differences were indicated by
asterisks: **P < 0.001, **P < 0.01, *P < 0.05.

Accession Numbers

Accession numbers of the genes used in this study are Ath-Actin7,
AT5G09810; Ath-Ubiquitinl, AT3G62250; Osa-Actinl, Os03g50885 and Osa-
GAPDH, Os08g03290. All other genes are listed in Supplemental Table S1.

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Phylogenetic analysis of GORs in different
species.

Supplemental Figure S2. Expression analysis of Ath-GASAI0 in
germinating seeds.

Supplemental Figure S3. Prediction of cis-motifs in the promoter of Ath-
GASA10 and Osa-GASR9 using MEME-suite v4.11.2.

Supplemental Figure S4. Biosynthesis pathways of plant hormones re-
trieved from KEGG database.

Supplemental Figure S5. The putative functional pathway of Ath-
GASA10/0sa-GASR9 postulated through in silico analysis.

Supplemental Table S1. List of protein and nucleotide sequences identi-
fied across the plant kingdom for the determination of GORs using a
reference genome.

Supplemental Table S2. Identified GOR sequences across the selected spe-
cies from plant kingdom.

Supplemental Table S3. Average germination rates (AGR in %) of wild
type and transgenic seeds under hormone treatment and control
conditions.

Supplemental Table S4. Predicted consensus GO terms and EC numbers
of Osa-GASR9 and Ath-GASA10.

Supplemental Table S5. Features of promoter motifs identified from Osa-
GASR9 and Ath-GASA10.

Supplemental Table S6. Best predicted 3D model of Ath-GASA10 and
Osa-GASR9 with their C-Score, TM Score, and RMSD value (I-TASSER
server) along with predicted Ramachandran Plot statistics of 3D
structure.

Supplemental Table S7. List of primers used in the study.
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