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Truncated transcription factor-like proteins called microProteins (miPs) can modulate transcription factor activities, thereby
increasing transcriptional regulatory complexity. To understand their prevalence, evolution, and function, we predicted over 400
genes that encode putative miPs from Arabidopsis (Arabidopsis thaliana) using a bioinformatics pipeline and validated two novel
miPs involved in flowering time and response to abiotic and biotic stress. We provide an evolutionary perspective for a class of
miPs targeting homeodomain transcription factors in plants and metazoans. We identify domain loss as one mechanism of miP
evolution and suggest the possible roles of miPs on the evolution of their target transcription factors. Overall, we reveal a
prominent layer of transcriptional regulation by miPs, show pervasiveness of such proteins both within and across genomes, and
provide a framework for studying their function and evolution.

Organismal complexity may arise from increasingly
elaborate regulation of gene expression by transcrip-
tional regulatory complexes arising from gene duplica-
tion (Levine and Tjian, 2003). In addition, individual
protein complexity can evolve by protein domain ac-
cretion (Koonin et al., 2000). Are there other ways of
increasing regulatory complexity? For example, can do-
main loss contribute to evolving regulatory complexity?

Transcription factor (TF)-like proteins carrying a protein-
protein interaction domain (PPID) but lacking a DNA-
binding domain (DBD) can regulate TF complexes (Van
Doren et al., 1991; Alifragis et al., 1997; Ulmasov et al.,
1997; Campuzano, 2001; Kim et al., 2002; Haller et al.,
2004; Arata et al., 2006; Noro et al., 2006; Roig-Villanova
et al., 2007; Dubos et al., 2008; Hu et al., 2008; Galstyan
et al., 2011; Staudt andWenkel, 2011). Recently coined as
microProteins (miPs; Staudt and Wenkel, 2011), they can
either prevent or contribute to the formation of active
transcription complexes by interacting directly or indi-
rectly with their target TFs (TFs that share sequence
similarity to the miPs). For instance, Arabidopsis (Arab-
idopsis thaliana) LITTLE ZIPPER (ZPR) miPs prevent
their target homeodomain (HD) TFs from dimerizing by
protein sequestration (Wenkel et al., 2007; Kim et al.,
2008). By contrast, Drosophila melanogaster HD-less
Homothorax (Hth) forms active complexes with its tar-
get TFs (Noro et al., 2006). miPs and their target TFs may
not physically interact but share a common third inter-
action partner. For example, Arabidopsis KNATM miP
and KNOTTED1-like (KNOX) TFs compete to interact
with BEL1-like (BELL) TFs (Kimura et al., 2008; Magnani
and Hake, 2008). To date, miPs have been shown to
regulate developmental pathways, hormone signaling,
and the circadian clock (Staudt and Wenkel, 2011).
Notwithstanding a few examples in the literature,
little is known about the origin and prevalence of miP-
dependent transcriptional regulation.

How did miPs arise? miPs might have predated the
evolution of their target TFs or evolved from them.
In addition, miP/TF couples could have evolved
through domain loss or acquisition, or by alternative
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transcription or splicing. Alternatively, miPs could
have arisen by convergent evolution. We define miPs
that might have arisen by domain loss/acquisition as
trans-miPs because they lie in independent loci from
their target TFs, and miPs that are generated by alter-
native transcription or splicing are defined as cis-miPs
(Fig. 1A).

We combined bioinformatics, phylogenetics, molec-
ular genetics, biochemistry, and physiology to under-
stand the prevalence, evolution, and function of miPs.

RESULTS

Prevalence of miPs in Arabidopsis

To study the function and evolution of miPs sys-
tematically, we sought all putative miPs in Arabidopsis
by searching for proteins whose sequences were similar
to those of TFs but were missing DBDs, with additional
filters to reduce potential false positives (Supplemental
Fig. S1; “Materials and Methods”). A total of 438 pu-
tative miPs were identified, of which 12 were cis-miPs
(Supplemental Table S1), including all Arabidopsis
miPs that have been experimentally characterized to
date (Ulmasov et al., 1997; Kim et al., 2002, 2008;
Hyun and Lee, 2006; Roig-Villanova et al., 2007;
Wenkel et al., 2007; Dubos et al., 2008; Hu et al., 2008;
Kimura et al., 2008; Magnani and Hake, 2008; Wang
et al., 2009; Zhang et al., 2009; Galstyan et al., 2011).
Over 85% (375/439) of putative miP gene models have
transcript support by complementary DNA (cDNA) or
EST clones (The Arabidopsis Information Resource,
http://www.arabidopsis.org). We found putative miPs
for 97 of the 1,687 Arabidopsis TFs belonging to 21 of
the 62 TF families. Four TF families (NO APICAL
MERISTEM, MYB, WRKY, and B3) were targeted by
more than 50% of the putative miPs (Fig. 1B).

We asked whether putative miPs tended to interact
physically with their target TFs in protein interaction
databases (AIMC, 2011; Kerrien et al., 2012; Chatr-
Aryamontri et al., 2013). From 18,255 physical inter-
actions among 6,829 Arabidopsis proteins, 38 miPs

interacted with 32 predicted target TFs (out of 118
putative miPs with 1,041 physical interactions and 212
predicted target TFs with 1,438 interactions). The fre-
quency of miP/TF interactions in these databases
is significantly higher than expected by chance
(P = 2.15 3 10–25, binomial distribution). We further
tested for physical interactions between 10 predicted
miPs and their target TFs in the HD TF family using
yeast (Saccharomyces cerevisiae) two-hybrid assays. Six
miPs interacted with their predicted HD TF targets
(Supplemental Fig. S2). Putative miPs that did not in-
teract with their predicted target TFs might still be
valid candidates because they could interact with a
partner of their target TFs, similar to KNATM (Kimura
et al., 2008; Magnani and Hake, 2008). In line with this
hypothesis, eight of the 10 predicted miPs carry a
known conserved domain in common with their pu-
tative target TFs and might therefore act as agonists or
antagonists (Supplemental Fig. S2).

Discovering Functions of Novel miPs

To investigate the range of processes that could be
regulated by miPs, we performed a Gene Ontology
(GO) enrichment analysis of the predicted target TFs in
Arabidopsis. We detected significant enrichments in
GO annotations in development, stress response, and
metabolism (Supplemental Table S2). To date, most of
the miPs that have been described in the literature
affect development (Van Doren et al., 1991, 1992;
Campuzano, 2001; Haller et al., 2004; Arata et al., 2006;
Noro et al., 2006; Hu et al., 2008; Staudt and Wenkel,
2011). To test our predictions and assess the functional
roles of novel miPs, we characterized the in vivo ac-
tivity of two novel miPs, an uncharacterized protein
we call LITTLE SIPPER (SPPR; AT4G26920; Zalewski
et al., 2013), which we predicted to affect flowering
time, and RESPONSE TO ABSCISIC ACID AND
SALT1 (RAS1; AT1G09950), a previously characterized
negative regulator of salt tolerance (Ren et al., 2010),
which we predicted to also regulate immunity against
bacterial pathogens.

Figure 1. Distribution of predicted miPs across Arabidopsis TF families. A, Models for miP evolution from TFs. B, Distribution of
predicted Arabidopsis miPs, expressed in absolute numbers, across target TF families.
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First, we predicted SPPR to regulate class IV HD-Leu
zipper (HD-Zip IV) TFs, including FLOWERING
WAGENINGEN (FWA). Compared with HD-Zip IV
TFs, SPPR carries only the steroidogenic acute regulatory
protein-related lipid-transfer (START) and Leu zipper
(for protein-protein interaction) domains and lacks the
HD (for DNA binding) and HD-START-associated do-
main (function unknown; Fig. 2A). As predicted, SPPR
physically interacted with FWA in yeast two-hybrid
assays (Supplemental Fig. S2). Plants carrying the fwa-1
mutation show a late flowering phenotype due to FWA
ectopic expression because of hypomethylation in the 59
region of the gene (Soppe et al., 2000). To test the effect of
SPPR on FWA, we overexpressed SPPR using the strong,
constitutive 35S promoter in wild-type or fwa-1 back-
grounds. Wild-type plants overexpressing SPPR did not
show any detectable difference in flowering time (Fig.
2B). By contrast, seven of eight independent transgenic
lines overexpressing SPPR in the fwa-1 background
flowered significantly later than fwa-1 plants (P value ,
0.05, Student’s t test), showing a synergistic interaction
between SPPR and FWA (Fig. 2B). Therefore, SPPR
might act redundantly with FWA in repressing flowering
(Fig. 2C).

Reported SPPR and FWA mRNA expression patterns
support a potential synergistic relationship. Laser dis-
section transcriptomics analysis indicated that SPPR is
specifically expressed in the seed micropylar endo-
sperm region at the embryo globular stage (Le et al.,
2010). We confirmed these results by expressing a
translational fusion of the SPPR promoter and genomic
region with the GUS reporter gene (pSPPR:SPPR:GUS)
in planta. SPPR-GUS was expressed in a subdomain of
the FWA expression pattern (pFWA:GFP) that marks all
endosperm tissue (Fig. 2D; Kinoshita et al., 2004). The
spatial restriction of SPPR-GUS expression relative to
that of FWA promoter activity suggests that SPPR may
fine-tune FWA’s action in the endosperm.

Second, we identified several miPs that were pre-
dicted to regulate TFs involved in stress responses,
including RAS1 (Supplemental Table S2). RAS1 was
originally identified as a novel protein of unknown
function that negatively regulates salt tolerance during
early seedling development (Ren et al., 2010). RAS1
belongs to a family of small proteins containing the
DELAYED IN GERMINATION1 (DOG1) domain
(Bentsink et al., 2006; Supplemental Fig. S3). In addi-
tion to the RAS1/DOG1 family, the only other proteins

Figure 2. A novel miP regulates
flowering time. A, Scheme of FWA
and SPPR interacting through the
Leu zipper domain. HD-SAD,
HD-START-associated domain.
The N-terminal region of FWA
and SPPR lies at the bottom of
the protein schemes. B, Number
of days to bolting of wild-type
(WT), 35S:SPPR, fwa-1, and
eight independent fwa-1;35S:SPPR
plants. Error bars indicate 95%
confidence interval. Asterisks indi-
cate fwa-1;35S:SPPR transgenic
lines that are statistically different
from fwa-1 (P , 0.05, Student’s t
test). C, Model for SPPR molecular
function. D, Arabidopsis seeds at
globular embryo stage expressing
GFP with the FWA promoter
(pFWA:GFP) or GUS as a transla-
tional fusion to the SPPR promoter
and genomic region (pSPPR:SPPR:
GUS). Arrows indicate embryos.
Bars = 20 mm.
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that contain the DOG1 domain are TGACG SEQUENCE-
SPECIFIC BINDING PROTEIN (TGA) TFs (Gatz, 2013).
The presence of DOG1 domain in TGA family was the
basis for inferring RAS1/DOG1 family as miPs for TGA
TF family in our prediction scheme. Most members of
TGA TFs are involved in defense against bacterial
pathogens (Gatz, 2013). Therefore, we sought to find the
role of TGA TFs in salt tolerance and the role of RAS1 in
defense against bacterial pathogens. We first tested the
effect of 150 mM NaCl on germination using knockout
mutants of TGA genes previously implicated in im-
munity (tga1-1, tga4-1, tga1-1;tga4-1 double mutant, and
tga2-1;tga3-1;tga5-1;tga6-1 quadruple mutant; Kesarwani
et al., 2007). Only tga1-1 mutants were significantly
more sensitive to salt during germination than the wild
type (two-way ANOVA and Tukey’s multiple compari-
son test, P , 0.05, Fig. 3A; data not shown for tga4-1,
tga1-1;tga4-1, and tga2-1;tga3-1;tga5-1;tga6-1 mutants). By
contrast, mutants carrying the ras1-1 allele were similar
to the wild type in germination and insensitive to salt
during seedling greening (Fig. 3, A–C). Interestingly,
ras1-1;tga1-1 double mutant lines showed phenotypes
similar to ras1-1 (Fig. 3, A–C), indicating that RAS1 may
act downstream of TGA1 to achieve salt tolerance in
seedlings (Fig. 3E).

We then asked whether RAS1 can work with TGA1
in regulating defense against bacterial pathogens. We
tested ras1-1, tga1-1, and ras1-1;tga1-1 double mutant
lines for systematic acquired resistance (SAR) against
Pseudomonas syringae. We found that ras1-1 plants
exhibited significantly more SAR than the wild type,
whereas tga1-1 plants had less SAR (two-way ANOVA
and Tukey’s multiple comparison test, P , 0.05, Fig.
3D). Contrary to salt stress, ras1-1;tga1-1 double mu-
tants showed SAR phenotypes similar to tga1-1 single
mutants (Fig. 3D), suggesting RAS1 acts upstream of
TGA1 during defense (Fig. 3E). We did not detect
physical interaction between RAS1 and TGA1 in yeast
or Nicotiana benthamiana (data not shown), suggesting
that RAS1 may interact with a partner of TGA1. These
results indicate that RAS1 and TGA1 work together to
regulate salt tolerance and immunity, although the
mechanism of their action appears to be different for
these two responses. To date, RAS1 is the first example
of an miP regulating stress response in any organism.

Evolution of miPs from TFs

The potential prevalence of miP-mediated tran-
scriptional regulation led us to ask how miPs might
have evolved. We focused on the three-amino acid
loop extension (TALE) family of HD proteins because
it is the only TF family homologous among plants,
fungi, and metazoans (Bürglin, 1997) known to be
regulated by miPs (Yang et al., 2000; Arata et al., 2006;
Noro et al., 2006; Kimura et al., 2008; Magnani and
Hake, 2008), which allows tracing of their evolutionary
history to the divergence of plants from metazoans. If
miPs played a role in increasing biological complexity,
they would have evolved after their target TFs.

Alternatively, miPs might be ancestral forms that led
to the evolution of TFs after the acquisition of a DBD.
We predicted miPs and their target TALE TFs from 16
organisms belonging to taxa relevant for studying the
evolution of plants and metazoans (Supplemental
Table S3; “Materials and Methods”). In addition to the
already characterized miPs (Yang et al., 2000; Arata
et al., 2006; Noro et al., 2006; Kimura et al., 2008;
Magnani and Hake, 2008), we identified homologs of
KNATM in monocotyledonous plants.

We inferred maximum parsimony traces of the
Myeloid ecotropic viral integration site (Meis)/KNOX
miP characters along the phylogenetic tree, which
indicate that Meis/KNOX trans-miPs evolved inde-
pendently in flowering plants and Caenorhabditis ele-
gans, and cis-miPs evolved independently in D.
melanogaster and mammals (Fig. 4A). The phylogenetic
distribution and nature of TALE miPs suggest that
they arose from ancestral TFs independently, and
possibly several times, in plant and metazoan lineages.
In line with the independent evolution hypothesis,
plant and metazoan TALE miPs have opposite effects
on their target TFs. For example, the Arabidopsis
KNATM miP inhibits its target TF, whereas the D.
melanogaster HD-less Hth miP works as a coactivator
(Noro et al., 2006; Kimura et al., 2008; Magnani and
Hake, 2008). However, we cannot exclude the possi-
bility that miPs might have been lost in several
lineages during evolution or that poor genome anno-
tations precluded the discovery of miPs in such line-
ages.

To further investigate evolution of miPs by domain
loss, we examined four additional miP/TF couples in
plants (ZPRs, SPPR, MINI ZINC FINGERs [MIFs], and
RAS). Similar to KNATM, ZPR and SPPR appeared
after their target TFs in plants, suggesting that
these miPs evolved from the TFs by domain loss
(Supplemental Fig. S4). We could not infer the origin of
RAS and MIF miPs relative to their target TFs because
both miP and TF families are found in Physcomitrella
patens but not in Chlamydomonas reinhardtii (Supplemental
Fig. S4). More genome sequences, particularly those from
Charophytes that are thought to be the green algae that
gave rise to land plants (McCourt et al., 2004), are needed
to resolve the evolution of MIF and RAS miPs relative to
their target TFs. Overall, our data suggest that the regu-
lation of TALE, HD-Zip III, and HD-Zip IV TFs by miPs
evolved relatively recently and followed the evolution of
the target TFs. Therefore, we provide evidence that at least
three classes of miPs associated with transcriptional regu-
lation contributed to biological complexity by domain loss.

Implication of miPs on TALE TF Evolution

Did the emergence of TALE miPs from the TFs affect
the function and evolution of the TFs? To address this,
we first asked whether the Arabidopsis KNATM miP
interacted with all of its putative BELL TF targets.
BELL TF family has five pairs of homologs, likely
products of the last two rounds of genome-wide
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duplication, approximately 70 and 30 million years
ago (Fig. 4B; Blanc et al., 2003). KNATM selectively
interacted with only one BELL TF paralog protein in
four of five pairs of BELL paralogs (Fig. 4B). By con-
trast, large-scale interaction analyses of Arabidopsis
KNOX full-length TFs did not show such selectivity for
BELL pairs of paralogs (Hackbusch et al., 2005). These
data suggest that members of BELL paralogs sub-
functionalized away from KNATM regulation inde-
pendently. To find where selectivity for KNATM lies
in BELL TFs, we performed a reverse yeast two-hybrid

experiment with POUNDFOOLISH (PNF), a BELL
protein that does not interact with KNATM. We ran-
domly mutagenized PNF and selected for mutations
that allowed PNF to interact with KNATM. All posi-
tive PNFmutants carried a premature stop codon right
after the PNF POX PPID (Fig. 4C; Supplemental Fig.
S5). The truncated PNF mutant proteins interacted
with KNATM as strongly as PNF’s paralog PENNYWISE
(Fig. 4B). Therefore, TF selectivity for KNATM does not
lie in the interaction domain but possibly in protein
conformation or in the C-terminal region. Also,

Figure 3. A novel miP-TF pair regulates salt tolerance and SAR. A, Seed germination determined on MS (white bars) or MS 1
150 mM NaCl (gray bars) medium. Bars summarize at least nine experiments. B, Green seedling frequency of 16-d-old plants
grown on MS (white bars) or MS 1 150 mM NaCl (gray bars) medium. Bars summarize nine experiments. C, Sixteen-day-old
seedlings on MS 1 150 mM NaCl medium. Bar = 5 mm. D, P. syringae pv maculicola ES4326 growth in Arabidopsis leaves
primed with 1 mM MgCl2 (white bars) or P. syringae pv tomato DC3000 (avrRpt2; gray bars). Data points represent mean cfu
cm–2 of six plants/genotype. A representative result from three experiments is shown. E, Genetic models of TGA1 and RAS1
action. Different letters above bars indicate statistically significant differences between samples (Tukey’s multiple comparison
test, P , 0.05). Error bars represent 95% confidence interval.
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KNATM preferentially interacts with the BELL TF that
is more highly expressed in each paralogous pair, as
detected by microarray analyses (Schmid et al., 2005).
BELL subfunctionalization by reduction in expression
might have relieved them from purifying selection,
allowing for increased protein divergence.

Similar to KNATM, PHASMID SOCKET ABSENT3
(PSA3), a C. elegans TALE miP, interacts with only one
of the three PBC TF homologs (Supplemental Fig. S2).
One possible interpretation of these results is that
KNATM and PSA3 miPs might play a role in regulating
protein dosage in the formation of protein complexes.
According to the gene dosage balance hypothesis (Papp
et al., 2003), the subunit stoichiometry of protein com-
plexes must be maintained for their correct biological
function. The subfunctionalization of only one paralog
protein in most of KNATM and PSA3 target TF paralog
pairs might have arisen to address dosage imbalance in
TALE HD TF complexes. Further investigation into the
function of diverse miPs will provide more insight into
the mechanism(s) that govern their evolution.

DISCUSSION

Here, we provide a systematic framework to study
the role of miPs in gene regulation. This framework
allowed us to group miPs and putative target TFs in

the same functional and evolutionary context, discover
novel miPs and biological pathways controlled by
miPs, and begin to address possible origins of miPs.

Of the approximately 400 putative miPs in Arabi-
dopsis, most are uncharacterized. However, we iden-
tified a few well-known proteins as miPs; these
regulate a diverse array of processes but had not been
considered previously in the miP context. For example,
we found AUXIN/INDOLE3-ACETIC ACID proteins
as miPs for AUXIN RESPONSE FACTOR TFs involved
in plant hormone auxin signaling, MIF proteins as
miPs for zinc finger-HD family of TFs involved
in meristem development, and PHYTOCHROME
RAPIDLY REGULATED1 (PAR1), PAR2, and LONG
HYPOCOTYL IN FAR RED1 as miPs for the basic
helix-loop-helix TF family involved in shade avoidance
and phytochrome signaling (Ulmasov et al., 1997; Kim
et al., 2002; Hu et al., 2008; Galstyan et al., 2011).
Therefore, we placed several previously characterized
transcriptional regulators under the same umbrella
of miPs.

Our designation of miPs as putative regulators of
TFs and prediction of their putative TF targets may
help elucidate functions of both the miPs and TFs. For
example, RAS1 is a protein of unknown molecular
function that is involved in salt tolerance during early
seedling development (Ren et al., 2010). It was origi-
nally identified as a quantitative trait locus (QTL)

Figure 4. Functional and phylogenetic anal-
yses of miPs and target TALE HD TFs in plants
and metazoa. A, Phylogenetic distribution of
miPs affecting Meis/KNOX TFs (yellow cir-
cle), cis-miPs (blue semicircle), and trans-
miPs (red semicircle). B, Yeast two-hybrid
analysis of the Arabidopsis KNATM miP (bait)
and BELL TF (prey) protein interaction
assessed with URA3 (–URA) and lacZ (5-
bromo-4-chloro-3-indolyl-b-D-galactopyr-
anoside [X-gal]) reporter genes. Bootstrap
values are based on POX PPIDs (black) and
full-length proteins (red). C, Schematic of
PNF gene indicating positions of premature
stop-codon mutations (red arrows) that
allowed PNF lacking the DBD to interact
with KNATM in a reverse yeast two-hybrid
experiment. DPNF, PNF lacking the DBD.
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Figure 5. Distribution of putative
miPs across taxa and TF families. A,
Distribution of putative miPs
(expressed in absolute numbers)
predicted to affect TFs across
microbes (blue bars), plants (green
bars), and animals (red bars). B,
Distribution of putative miPs across
target TF families in archaea and
bacteria (Methanocaldococcus jan-
naschii DSM 2661, Escherichia
coli, and Synechocystis sp. PCC
6803), yeast, C. reinhardtii, plants
(P. patens, Selaginella moellen-
dorffii, Oryza sativa, Populus tri-
chocarpa, Arabidopsis, Glycine
max, and Zea mays), and meta-
zoans (C. elegans,D.melanogaster,
Danio rerio, Xenopus tropicalis,
Gallus gallus, M. musculus, and
H. sapiens).
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contributing to variation in seedling greening between
Arabidopsis accessions. RAS1 belongs to a small
family that has eight members in Arabidopsis, which
includes another QTL gene DOG1 (Bentsink et al.,
2006). DOG1 controls variation in germination be-
tween Arabidopsis accessions. Besides RAS1 and
DOG1, the rest of the RAS1/DOG1 family members
remain uncharacterized. It is intriguing that both RAS1
and DOG1 were isolated as genes contributing to QTL,
which supports the notion that miPs are more rapidly
evolving than their TF targets. Because miPs can fine-
tune the action of TFs, they may be adaptive in gen-
eral. It remains to be seen how frequently miPs exist as
QTLs in plants.

The conserved protein sequence in the RAS1/DOG1
and TGA family has been designated as the DOG1
domain (Bentsink et al., 2006). This domain is plant
specific and is conserved in all sequenced land plants
(data not shown). The function of the DOG1 domain is
unknown. However, based on the concept of miPs, we
predict it to be involved in protein interactions. It is
possible that RAS1 and TGA1 may interact physically
or, alternatively, interact with a third partner, similar
to how BELL TFs interact with the MEINOX domain
of both the KNATM miP and KNOTTED TFs
(Kimura et al., 2008; Magnani and Hake, 2008). We
did not find evidence for physical interactions between
RAS1 and TGA1 in yeast or in planta (data not shown),
suggesting that RAS1 and TGA1 may share a third
partner. We currently do not know if other members of
the RAS1/DOG1 family also regulate members of the
TGA family. If RAS1 modulates TGA1’s activity via
interacting with a third partner, other members of the
third partner’s family may interact with other mem-
bers of the RAS1/DOG1 and TGA families.

Genetic evidence shows RAS1 to be a negative reg-
ulator of both salt tolerance during early seedling de-
velopment and defense against bacterial pathogens;
mutants carrying a knockdown allele of RAS1, ras1-1,
is more tolerant to salt treatment and resistant to bac-
terial growth (Fig. 3, A and D). Contrarily, TGA1 is a
positive regulator of both salt tolerance and pathogen
defense; mutants carrying a null allele of TGA1, tga1-1,
are more sensitive to both salt treatment and bacterial
pathogen growth (Fig. 3, A and D). Interestingly, double
mutants carrying both mutations show different re-
sponses to salt stress and pathogen attack. Double mu-
tants of tga1-1;ras1-1 are more resistant to salt, similar to
ras1-1, whereas the double mutants are more sensitive to
pathogen attack, similar to tga1-1. The nature of this
apparently opposite behavior of the genetic interactions
in the two processes and developmental stages remains
to be elucidated. One possibility is that RAS1 and TGA1
may interact with a different partner in response to salt
stress during early seedling development and bacterial
pathogens in mature leaves. The identification of the
possible third partner and the molecular mechanism
of the actions of RAS1 and TGA1 may help elucidate
the relationships between biotic and abiotic stress tol-
erance mechanisms in plants.

Our study suggests that miP-mediated gene regu-
lation is widespread because it affects several orga-
nisms and biological pathways. Therefore, we used the
same approach to predict miPs and their target TFs in
19 organisms across three domains of life, including
species belonging to archaea, prokaryotes, fungi,
plants, and metazoans. We detected miPs in all orga-
nisms examined and for almost all TF families (Fig. 5;
Supplemental Table S4). A GO enrichment analysis of
the predicted target TFs revealed enrichment in
developmental (Arabidopsis and D. melanogaster),
stress response (Arabidopsis), and metabolic pro-
cesses (Arabidopsis, Mus musculus, and Homo
sapiens; Supplemental Table S2). Our analysis suggests
a potentially ubiquitous layer of transcriptional regu-
lation by miPs and lays a foundation for identification
and future analysis of novel miPs. Finally, miPs might
also offer new tools to modulate TF function in human
gene therapy and plant bioengineering (Seo et al.,
2012) by exploiting existing miPs or by creating syn-
thetic ones.

MATERIALS AND METHODS

Bioinformatics

Supplemental Figure S1 shows the overall flow of the algorithm we used to
predict miPs and their putative target TFs, which consists of two major steps:
finding proteins that share sequence similarity with TFs and filtering out
potential false positives. The handful of characterized miPs are shorter than
200 amino acids in length and are therefore difficult to identify by sequence
similarity with their target TFs through a stringent BLAST analysis. To
overcome this problem, we created two protein databases for each organism
under analysis: one comprising all proteins (allDB), for a more stringent
analysis, and the other one including only proteins smaller than 200 amino
acids in length (smallDB), for a less stringent search. The algorithm uses TFs as
query in two BLASTP searches against the allDB and smallDB with a low
(0.01) and high (0.5) e-value cutoffs, respectively. To remove potential false
positives from the less stringent BLASTP analysis against smallDB, the algo-
rithm filters the hits that do not match TFs using a reverse BLASTP search,
with an e-value of 1E-23, against the allDB. The resulting protein data sets are
filtered for two intrinsic miP features; by our definition, miPs do not carry a
DBD and are not larger or bear different domains than their target TFs. The
algorithm removes proteins carrying a DBD by performing a Position-Specific
Iterated BLAST search against the Pfam domain database (Bateman et al.,
2004). Furthermore, the algorithm discards proteins longer than their target
TFs, with a 10% tolerance, and proteins carrying domains different from their
targets by comparing domain architectures using the InterProScan software
(Zdobnov and Apweiler, 2001). To further reduce the number of potential false
positives, we applied an absolute length filter of 500 amino acids because all
known miPs and the average PPID are considerably smaller (Xia et al., 2008).

We chose genomes to analyze based on the completed sequence, phylo-
genetic position, and genome size. Representatives from all kingdoms were
selected. We downloaded archaea, prokaryotic, fungal, and metazoan genome
sequences (Methanocaldococcus jannaschii DSM 2661, Escherichia coli strain K-12
[substrain MG1655], Synechocystis sp. PCC 6803, yeast [Saccharomyces cer-
evisiae], Caenorhabditis elegans, Drosophila melanogaster, Danio rerio, Xenopus
tropicalis, Gallus gallus, Mus musculus, and Homo sapiens) from the National
Center for Biotechnology Information’s Genome database (ftp://ftp.ncbi.nlm.
nih.gov/genomes/), whereas algal and plant genomes (Chlamydomonas rein-
hardtii, Physcomitrella patens, Selaginella moellendorffii, Oryza sativa, Populus tri-
chocarpa, Arabidopsis [Arabidopsis thaliana], and Glycine max), except Zea mays,
were downloaded from Phytozome (http://www.phytozome.org). The Z. mays
genome sequence was downloaded (the filtered set) from http://www.
maizesequence.org/. We downloaded plant TF sequences from Plant TFDB
(http://planttfdb.cbi.pku.edu.cn/) and prokaryotic and metazoan TF se-
quences from the DBD database (http://www.transcriptionfactor.org/).
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We classified TFs into families as follows: We collected the DBDs from the
Interpro database (Hunter et al., 2012) using both manual curation and domain
mapping to TF proteins in the 19 species we used in this study. We then classified
the DBDs based on conventions used by the DBD database (Kummerfeld and
Teichmann, 2006) and BioBase (http://www.biobase-international.com/). In total,
we used 579 DBDs from Interpro to classify TFs into 128 families (Supplemental
Table S5). Arabidopsis TFs that did not contain DBDs were manually removed.

We performed multiple sequence alignments using Muscle 3.2 and dis-
played them with Bioedit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html)
using the BLOSUM62 matrix and a 51% threshold for shading (Edgar, 2004).
We constructed phylogenetic trees using the neighbor-joining algorithm
implemented in the MEGA software suite (Tamura et al., 2007). We used mean
character difference, among-site rate variation, and random seed initiation;
10,000 bootstrap replicates were performed followed by identification of the
consensus tree.

GO enrichment analyses were conducted using DAVID and a P value of
0.01 as the statistical cutoff (Dennis et al., 2003).

Molecular Biology

Coding sequences were PCR amplified from Arabidopsis and C. elegans
cDNA libraries (kindly provided by Dr. Kathy Barton’s laboratory, Carnegie
Institution, and Prof. Kang Shen’s laboratory, Stanford University, respec-
tively) and cloned into pENTR/D-TOPO (Invitrogen) according to the manu-
facturer’s instructions. The SPPR genomic sequence, including the upstream
intergenic region, was PCR amplified from Arabidopsis genomic DNA and
cloned into pENTR/D-TOPO (Invitrogen) according to the manufacturer’s in-
structions. The pFWA:GFP marker line was described previously (Kinoshita
et al., 2004). For yeast two-hybrid assays, sequences were mobilized from
pENTR/D-TOPO into pDEST22 (Invitrogen) and pDEST32 (Invitrogen)
according to the manufacturer’s instructions. For overexpression and GUS
fusion analyses, sequences were mobilized from pENTR/D-TOPO into
pMDC32 and pMDC163, respectively (Curtis and Grossniklaus 2003). b-Glu-
curonidase activity was assayed as described previously (Jefferson 1989).

Yeast Two-Hybrid Assays

The Invitrogen ProQuest yeast two-hybrid system with Gateway Tech-
nology was used according to the manufacturer’s instructions. Positive in-
teractions were assessed with the URA3 (encoding for Orotidine-59-phosphate
decarboxylase) and the lacZ (encoding for b-galactosidase) reporter genes.
More than six independent colonies per pair of constructs were tested. Each
construct was tested individually, and no self-activation was detected. To
assess the interaction strength of protein pairs, the collection of control strains
that contains plasmid pairs expressing fusion proteins with a spectrum of
interaction strengths was used. +++, ++, and + correspond to interactions
similar in strength to those observed with pPC97-Fos/pPC86-Jun, pPC97-
CYH2–dDP/pPC86-dE2F, and pPC97-RB/pPC86-E2F1, respectively. For the
reverse yeast two-hybrid screen, the PNF coding sequence was mutagenized
by PCR with Mutazyme (Stratagene). The PCR products were then cotrans-
formed with pDEST32-PNF and digested with NotI and AscI restriction enzymes
into yeast cells carrying pDEST22-DKNATMB (Magnani and Hake, 2008).

Plant and Genetic Materials

Seeds of Arabidopsis ecotypes Columbia (Col-0) or Landsberg erecta (Ler)
were used for all experiments. The mutant carrying the fwa-1 allele in Ler was
previously described (Soppe et al., 2000). Mutants carrying the tga1-1, tga2-2,
tga3-1, tga4-1, tga7-1, tga1-1;tga4-1, and tga2-1;tga3-1;tga5-1;tga6-1 alleles in
Col-0 were kindly provided by Dr. Xinnian Dong (Duke University). The
mutant carrying the ras1-1 allele (SALK_058470C) in Col-0 was obtained from
the Arabidopsis Biological Resource Center (https://abrc.osu.edu/). Lines
homozygous for ras1-1 allele were confirmed by PCR. Lines homozygous for
both the ras1-1 and tga1-1 alleles were obtained by crossing the single mutants
and confirming genotypes by PCR in the F2 population.

Flowering Time Assays

Arabidopsis Ler plants (wild type, fwa-1, and T3 generation fwa-1;35S:
SPPR) were grown in the greenhouse under long-day conditions for the
flowering time assays. More than 30 plants for each genotype were analyzed.

Days to bolting were determined when the main inflorescence reached 1 cm
in length.

Salt Tolerance Assays

Arabidopsis Col-0 seeds (wild type, ras1-1, tga1-1, and ras1-1;tga1-1) were
surface sterilized with 15% (v/v) household bleach with approximately
0.2% (v/v) Tween 20, washed five times in sterilized water as described
previously (Lee et al., 2010), and sown on Murashige and Skoog medium (MS)
plates containing 0.8% agar and 3% (w/v) Suc. Salt plates were supplemented
with 150 mM NaCl. After stratification at 4°C for 3 d, the seeds on the agar
plates were placed in a growth chamber (22°C, 24 h of light at 40 mE m–2 s–1

fluorescent illumination). Germination rate was determined at 96 h after the
plates were placed in the growth chamber. Sixteen days after transfer to the
growth chamber, the frequency of green seedlings was counted. Germination
assay was conducted in at least nine independent experiments in which 108 to
204 seeds per genotype per condition were assayed for each experiment.
Green seedling assay was conducted in nine independent experiments, where
100 to 108 seeds per genotype per condition were assayed for each experiment.
Statistical analysis for the germination rate assay was performed using
IBM’s SPSS statistics version 20. Briefly, two-way ANOVA (P , 0.05) was
performed to determine the effect of genotype and salt treatment on germi-
nation rate. To discriminate the means, one-way ANOVA with Tukey’s
multiple comparison test (P , 0.05) was performed.

SAR Assays

Arabidopsis Col-0 plants (wild type, ras1-1, tga1-1, and ras1-1;tga1-1) were
grown in pots in Pro-Mix soil (Premier Horticulture) in a growth chamber
(22°C, 80% relative humidity, 125 mE m–2 s–1 fluorescent illumination) on a 10-h-
light/14-h-dark cycle. Fully expanded leaves of 4- to 5-week-old plants were
used for the SAR assay. SAR assay was performed as described by Shearer
et al. (2012) with modification. Pseudomonas syringae pv tomato DC3000 avir-
ulence Rpt2 [avrRpt2]) and P. syringae pv maculicola ES4326 were grown on
nutrient yeast glycerol agar medium at 28°C. Three leaves were hand inocu-
lated by complete infiltration of the leaf tissue with 1 mM MgCl2 or a 1 3 106

colony forming units (cfu) mL–1 suspension of P. syringae pv tomato DC3000
(avrRpt2) in 1 mM MgCl2 using a needleless syringe. Two days later, remaining
leaves were infiltrated with a 2 3 105 cfu mL–1 suspension of P. syringae pv
maculicola ES4326. Leaf discs per treatment per time point were collected at the
time of infiltration and 3 d postinfiltration, ground in 1 mM MgCl2, and
spotted on nutrient yeast glycerol agar medium plates in triplicate to deter-
mine the bacterial titer. Six biological replicates were used for each experi-
ment, and the experiment was repeated at least three times with similar
results. The average bacterial titer 6 95% confidence interval from a repre-
sentative experiment is reported. The statistical analysis was performed using
IBM’s SPSS statistics version 20. Briefly, two-way ANOVA (P , 0.05) was
performed to determine the effect of genotype and pretreatment on bacterial
growth. To discriminate the means, one-way ANOVA with Tukey’s multiple
comparison test (P , 0.05) was performed.

Transgenic Plants

For stable transformation, Agrobacterium tumefaciens strain GV3101 was
used to transform Arabidopsis plants by the floral dip method (Clough and
Bent, 1998). mRNA abundance was analyzed by semiquantitative reverse
transcription PCR as previously described (Sambrook and Russell, 2006).
SPPR transcripts were amplified using SPPR-F (TAGCAACGCTC-
GAGTCTCCT) and SPPR-R (TAGCAACGCTCGAGTCTCCT) primers.
ACTIN2 (At3g18780) transcript was used as standard and amplified with
Actin-forward (TGGTCGTACACCCGGTATTGTGCTGGATT) and Actin-
reverse (TGTCTCTTACAATTTCCCGCTCTGCTGTT) primers.

Microscopy

GFP fluorescence in Arabidopsis seeds was detected using a Leica SP5
confocal laser-scanning microscope.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers listed in Supplemental Tables S1 and S4.
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Supplemental Figure S1. Flow chart of the algorithm used to predict miPs.

Supplemental Figure S2. Protein-protein interactions between putative
miPs and their predicted target HD TFs from Arabidopsis and C. elegans.

Supplemental Figure S3. Scheme of TGA and RAS1 domain architectures.

Supplemental Figure S4. Phylogenetic analyses of miPs in plants.

Supplemental Figure S5. KNATM selectivity for BELL paralog TFs.

Supplemental Table S1. Putative miPs and their predicted target TFs for
Arabidopsis.

Supplemental Table S2. GO enrichment analysis.

Supplemental Table S3. Putative miPs predicted to target TALE Meis/
KNOX TFs.

Supplemental Table S4. Putative miPs and their predicted target TFs
across kingdoms.

Supplemental Table S5. TF classification.
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