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Abstract 
Across flowering plants, floral structure is variant, but most are generally composed of a 

combination of sepals, petals, stamens, and carpels, the identity of which are specified by MADS-

box transcription factor genes. The highly-conserved floral homeotic MADS-box genes of the 

MIKC-type MADS subfamily play important roles in agriculture as disruption to protein function 

leads to phenotypic consequences in flower and fruit size. Transcription factors, like the MADS-

box family, may be regulated by other factors such as microProteins. MicroProteins (miPs) are 

small proteins that typically consist of a single protein-protein interaction domain. These families 

of small proteins act as negative regulators as their expression leads to repression of their related 

target proteins. While several subfamilies of miPs have been classified according to the family of 

transcription factors with which they interact, no previous literature exists identifying miPs that 

regulate the MADS-box family. In order to determine whether microProteins may exist within the 

MADS-box gene family, I performed searches for potential miPs of the MADS-box genes using 

Hidden Markov Model (HMM) profile searching and protein domain profiling. From these profiles 

and subsequent individual gene alignments, I identified 10 strong candidate miPs within the 

MADS-box gene family that have strong consensus in the protein-protein interaction domains of 

full-length MADS-box genes. 
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Introduction 

Families of transcription factors have been characterized to regulate genes involved in a 

diverse array of plant processes such as floral organ morphology, hormone signaling, response to 

environmental factors, and stem cell differentiation (Bartlett 2017; Singh et al. 2002; Castelán-

Muñoz et al. 2019; Drisch and Stahl 2015). The highly-conserved MADS-box transcription factor 

(TF) family of genes is responsible for the great diversity of floral structure that is present today 

(Bartlett 2017).  

The MADS-box family names comes from the first four discovered members:  the 

MINICHROMOSOME MAINTENANCE1 (MCM1) in yeast, AGAMOUS (AG) in Arabidopsis 

thaliana, DEFICIENS (DEF) in Antirrhinum, and serum response factor (SRF) in humans (Ng and 

Yanofsky 2001). Structurally, all MADS-box genes have a highly conserved MADS-domain (M-

domain) that is responsible for binding to the DNA of their target genes as dimers and recognize a 

“CArG” box motif (CC[A/T]6GG) (Nam et al. 2004, Lai et al. 2019). The MADS-box gene family 

can phylogenetically be subdivided into the type I (also known as M-type or SRF-like) and type II 

(also known as MIKC-type or MEF2-like) MADS transcription factors (Alvarez-Buylla et al. 

2000). Less-studied, the type I MADS-box genes are typically shorter and encoded by a single 

exon, but still perform transcriptional regulatory activities (Masiero et al. 2011). The well-studied 

type II genes, due to their additional domains, are typically longer and are encoded by five to eight 

exons (Masiero et al. 2011).  

The MIKC-type MADS-box genes consist of three domains in addition to the DNA-

binding M-domain: the intervening (I) domain, the keratin-like coiled-coil (K), and a C-terminal 

(C) domain (Nam et al. 2004; Ng and Yanofsky 2001). The weakly conserved I-domain plays a 

role in both DNA-binding specificity and the facilitation of protein-protein interactions (Lai et al. 

2021). The highly conserved K-domain determines oligomerization strength and specificity in the 

dimerization and tetramization of MADS-box transcription factors (Hugouvieux and Zubieta 

2018). Like the I-domain, the C-terminal domain is variable with few conserved structures (Lai et 

al. 2019). The C-domain does not appear to have consistent functional specificity across genes. 

Some MADS genes contain C-domains that encode transcriptional activation functions while 

others participate in protein-protein interaction (Piwarzk et al. 2007; Honma and Goto 2001). 

Across angiosperms, floral structure is variant, but most flowers are composed of a 

combination of sepals, petals, stamens, and carpels, the identities of which are specified by the 



MADS-box genes. In Arabidopsis thaliana (arabidopsis), the flower is composed of four whorls 

containing each of the floral organs (Kater et al. 2006). The ABC(DE) homeotic floral model is 

the most widely used model of classification of floral development genes. In arabidopsis, except 

for one A-class gene (APETALA2), these genes are entirely comprised of MADS-box family genes 

(Becker and Theißen 2003). The A-E class genes specify sepals in the first whorl, the A-B-E class 

genes specify petals in the second whorl, the B-C-E class genes specify stamens in the third whorl, 

the C-E class genes specify carpels in the fourth whorl, and the C-D-E class genes specify ovules 

(Theißen et al. 2016; Bartlett 2017) (Figure 1).  

 
The activity of transcription factors,  such as those found in the MADS-box family, is 

tightly regulated. In addition to transcriptional regulation, microProtein-mediated inhibition of 

protein complex formation is one post-translational way in which protein interactions are regulated 

(Eguen et al. 2015; Dolde et al. 2018). MicroProteins (miPs) are a class of small proteins that 

consist of a single protein-protein interaction domain (Bhati et al., 2018). MicroProteins negatively 

regulate their target proteins in various ways, including competitive inhibition of competent 

protein complex formation and/or nuclear localization (Eguen et al. 2015; Staudt and Wenkel 

2011; Hong et al. 2011; Zhang et al. 2009). 

Petals Stamens 

Sepals Carpels 

(Ovules) 

A, E class 

B, C, E class A, B, E class 

C, E class 

C, D, E class 

Figure 1. General floral structure and the classes of MADS-box genes that 
determine organ identity. Modified from Theißen et al. (2016). 



While the inhibitory power of miPs is largely due to the specificity of its protein-protein 

interactions, the respective protein-protein interaction domains of the miP and its target proteins 

need not be identical for such negative regulation to occur. The interaction between a protein and 

a miP with identical protein-protein interaction domains is known as homotypic miP-inhibition 

while interaction by non-identical (but compatible) protein-protein interaction domains is known 

as heterotypic miP-inhibition (Bhati et al. 2018). The specification of homotypic or heterotypic 

inhibition is likely due to the requirement of the target transcription factor to function as a homo- 

or heterodimer (Graeff and Wenkel 2012). Because of their protein-protein interaction 

compatibility with target proteins, miP structure is not highly conserved (except that they are small 

and usually consist of a protein-protein interaction domain).  

To date, miPs have been characterized in several of the large transcription factor families. 

LITTLE ZIPPERS (ZPR) miPs repress the activity of the Class III homeodomain-leucine zipper 

(HD-ZIPIII) proteins which promote the development of adaxial leaf fates and meristem formation 

(Wenkel et al. 2007) The four members of the ZPR family (ZPR1/2/3/4) contain a leucine zipper 

motif similar to that of the HD-ZIPIII proteins (Wenkel et al. 2007). MINI ZINC FINGERS (MIFs) 

miPs inhibit the activity of zinc-finger-homeodomain protein (ZF-HD) which have been 

implicated in a large regulatory network of defense and response to environmental stress, 

development of floral and vegetative organs, and regulation of gametogenesis (Hu and Ma 2006; 

Takatsuji 1999; Ciftci-Yilmaz and Mittler 2008). The MIF proteins inhibit DNA-binding, inhibit 

nuclear localization, and to form non-function heterodimers with their target proteins (Hong et al. 

2011). 

The fabrication of synthetic miPs indicates that miPs are useful tools for specific inhibition 

of proteins (Eguen et al. 2020). Furthermore, the targeting specificity of these microProtein tools 

is extremely precise. Seo et al. (2012) demonstrate that overexpression of microProteins leads to 

phenotypes identical to those of target gene-deficient mutants, that is there are no other phenotypic 

alterations except those regulated by the target gene. Applied to crop and agricultural 

bioengineering, the world of microProteins provides precision access to control of proteins in a 

wide range of important signalling pathways. 

Thus far, microProteins have been identified in transcription factor families that regulate 

meristem formation (Wenkel et al. 2007), defense and environmental response regulatory networks 

(Ciftci-Yilmaz and Mittler 2008), and inflorescence (Magnani and Hake 2008). This large range 



of roles indicates that the existence of microProteins is not limited by the function of the proteins 

that they target. Instead their pervasive presence indicates an effective and important regulatory 

role that has occurred across protein families and plant species. Thus, although miPs have not been 

identified within the MADS-box transcription factor family, there is potential for their existence. 

To investigate the existence of microProteins within the MADS-box gene family, I performed a 

filter and search process of 13 plant genomes (Straub and Wenkel, 2017; Man et al. 2020) and 

protein domain identification. From this approach I identified 23 truncated genes as potential miP 

candidates within the MADS-box family. Subsequent individual gene alignments revealed that 12 

of these genes had strong potential to qualify as true miPs.  

 
Materials and Methods 
MicroProtein candidate database identification 

In this project, I identified potential MADS-box microProteins (miPs) within several plant species 

spanning land plant diversity. From Phytozome v12.1 (Goodstein et al., 2012), I obtained and 

merged the primary transcript peptide annotation databases for the species Amborella trichopoda, 

Ananas comosus (pineapple), Arabidopsis thaliana, Daucus carota (carrot), Malus domestica 

(apple), Mimulus guttatus, Marchantia polymorpha, Oryza sativa (rice), Solanum lycopersicum 

(tomato),  Physcomitrium patens, Sphagnum fallax, and Zea mays (henceforth called the multi-

species database). After merging these individual databases, I used the software miPFinder v1 

(Straub and Wenkel 2017) to filter potential miP candidates from the combined database. Finally, 

I compiled candidates in a miP candidate database on which I conducted further searches. 

 

MiP gene discovery 

My method of gene discovery follows from previous work done by Man et al. 2020. From 

previous literature, I identified and compiled examples of well-studied and characterized full-

length MADS-box genes from the species A. thaliana, O. sativa, and Z. mays (Table 1.)  I obtained 

the primary peptide transcripts of each gene in Table 1 from Phytozome v12.1 (Goodstein et al., 

2012). To increase the list of full-length MADS-box genes to include those from species in the 

multi-species database, I performed a preliminary search using the genes from Table 1 as search 

priors. I identified matches in the multi-species database using Hidden Markov Model (HMM) 

profile searching (Eddy, 2011). With this extended list of full-length MADS-box genes (see 



Supplemental Materials), I performed a final search for miPs. This search followed the same 

procedure as the first full-length gene search but instead of searching within the multi-species 

database, I searched in miP candidate database. I found a total of 135 truncated MADS-box genes 

(see Appendix Table A.1). 

 I inferred final trees using gene alignments generated using MAFFT v7.313 (Katoh and 

Standley, 2013) and filtered for homoplastic positions with Noisy v1.5.12 (Dress et al. 2008). 

Maximum-likelihood trees with 1,000 bootstrap replicates were inferred using IQTree v2.1.2 

(Nguyen et al. 2015). I visualized final trees using FigTree v1.4.4 and R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. List of full-length MADS-box genes from three plant species 

Species Genes 

A. thaliana AP1; AT1G69120.1  SEP1; AT5G15800.2 



AP3; AT3G54340.1 SEP2; AT3G02310.1  

PI; AT5G20240.1 SEP3; AT1G24260.2 

AG; AT4G18960.1  SEP4; AT2G03710.1  

STK; AT4G09960.3   

O. sativa OsMADS20; LOC_Os02g49840.1  OsMADS58; LOC_Os05g11414.1 

OsMADS18; LOC_Os07g41370.1 OsMADS3; LOC_Os01g10504.1 

OsMADS15; LOC_Os07g01820.1  OsMADS1; LOC_Os03g11614.1 

OsMADS14; LOC_Os03g54160.1 OsMADS7; LOC_Os08g41950.1 

SUPERWOMAN1; LOC_Os06g49840.1 OsMADS8; LOC_Os09g32948.1 

OsMADS4; LOC_Os05g34940.1  OsMADS5; LOC_Os06g06750.1 

OsMADS2; LOC_Os01g66030.1 OsMADS19; LOC_Os02g45770.1 

Z. mays ZMM4; Zm00001d034045_P003 ZMM2; Zm00001d008882_P001 

ZMM15; Zm00001d013259_P002 ZMM25; Zm00001d042591_P002 

ZMM28; Zm00001d022088_P004 ZMM23; Zm00001d039434_P001 

ZMM16; Zm00001d042618_P001 SILKY1; Zm00001d036425_P002 

ZMM29; Zm00001d010232_P001 ZMM8; Zm00001d048082_P001 

ZMM1; Zm00001d023955_P003 ZMM14; Zm00001d028217_P001 

 

 

 

 



Gene domain classification 

To assign protein domain classifications to each gene, I detected gene domains from the Pfam 

database using HMMER v3.1b2 (Eddy, 2011). I then coded domain hits as follows: 0 - no domain 

hits; 1 - K-box only; 2 - MADS-domain only; 3 - both K-box and MADS-domain. I then mapped 

domain hits onto a final tree with SIMMAP (Bollback 2006) using functions from the R packages 

ape and phytools. I classified truncated genes with no K-box and no MADS-domain as the most 

likely candidates for true miPs.  To verify these results of the hmm detection, I aligned miP genes 

and visually identified regions of high sequence consensus using Jalview 2 (Waterhouse et al. 

2009). 

 

Individual Alignments 

Using the miP classification from the domain mapping, I investigated the domains of the most 

likely miP candidates. Based on my maximum-likelihood gene tree with 1,000 bootstrap replicates 

(Figure 1), for each of the miP candidates, I chose the closest full-length homeotic MADS-box 

gene of the same species (see Supplemental Materials). Those miP candidates without a full-length 

homolog of the same species were omitted from the alignments. I performed gene alignments in 

Jalview 2 (Waterhouse et al. 2009). In these alignments I investigated whether or not the miP 

candidates had high consensus in the protein-protein interaction domain(s) of their full-length 

counterparts. Because miPs compete with their full-length paralogous proteins to form non-

functional heterodimers, they often share the same or compatible protein-protein interaction 

domain (Bhati et al. 2019). Evidence of high consensus in the protein-protein interaction domains 

would indicate strong viability of the miP candidates as true miPs of the MADS-box TF family. 

 
Results 
Gene trees reveal potential miP candidates 

In order to determine the presence of candidate miPs in my genome searches, I created several 

MADS-box trees. In Figure 1, I present the gene tree with protein domain presence mapped. The 

protein domains were detected using HMMER v3.1b2 and mapped onto the tree in R using the 

SIMMAP function of the phytools package. The domain combinations are color-coded as follows: 

red, no domain hits; blue, K-box only; green, MADS-domain only; brown both K-box and MADS-



domain. I hypothesize that the genes with neither a K-box nor a MADS-domain are most likely to 

be true miPs rather than MADS-box genes.   

 
Figure 2. Protein domain mapping using results from HMM domain profiling and Pfam domain database. 

Red indicates miP candidates (no K-box and no MADS-domain); blue indicates truncated genes (K-box only); 

green indicates truncated genes (MADS-domain only); brown indicates full-length MADS-box genes (K-box 

and MADS-domain). Based on this domain profiling, genes with a K-box only (blue), MADS-domain only 

(green), or no K-box or MADS-domain (red) are most likely candidates for true microProteins. 



 

The domain mapping and ancestral reconstruction of the tree in Figure 2 indicate that there are 

many potential microProtein candidates related to the MADS-box family. Because miPs likely 

consist of a protein-protein interaction domain (Eguen et al. 2015), the truncated genes with a K-

box only, a MADS-domain only or neither a K-box nor a MADS-domain (respectively blue, 

green, and red in Figure 2) are considered candidates for miPs. In this project, I chose to 

investigate only a small subset of this set of genes, the subset of miP candidates without a K-box 

and without a MADS-domain. 

 It is also important to note that the tree in Figure 2 appears rooted at a clade of genes 

mostly consisting of a MADS-domain only. This grouping is likely due to the fact that I used an 

outgroup of an M-type MADS-box gene, a MADS-family gene consisting of a single MADS-

domain and a variable C-terminal domain (Chen et al. 2018; Masiero et al. 2011). This outgroup 

sampling seems to be affecting the ancestral reconstruction for the rest of the tree. The ancestral 

reconstructed states that occur at the node where each MADS-box clade branches off indicate 

that the full-length and miP candidates arose from genes with only a MADS-domain. It is 

thought that the MADS-box family of genes evolved from a region of topoisomerases IIA 

subunit A (TOPOIIA-A) and that subsequent gene duplication in the TOPOIIA-A lineage likely 

gave rise to the distinct type I and type II MADS-box genes present today (Gramzow et al. 

2010). Thus, it is unlikely that the true ancestry of the MADS-box family of genes is like that 

depicted in Figure 2. In order to account for this outgroup sampling, future searches should look 

closely at this group of genes and re-evaluate their placement in the tree. It is possible that they 

do not belong in this tree.  
 

In Figure 2, the maximum-likelihood gene tree with 1,000 bootstrap replicates is made up of full-

length MADS-genes (gray), homeotic genes from A. thaliana, O. sativa, and Z. mays are shows in 

the following colors per class: light green, A-class; blue and purple, B-class; red, C-class; dark-

green, D-class; pink, E-class. Finally, genes in the color burgundy are all truncated genes which 

are to be examined to determine if they have potential as true MADS-box miPs. 

 



 
Figure 3. Full phylogeny full length MADS-genes (grey), A-class genes (green), B-class genes (blue and 

purple), C-class genes (red), D-class genes (dark green), E-class genes (pink), type I MADS-box outgroup 

(yellow), truncated MADS-box genes (black), and candidate microProteins (burgundy).  

 

Figure 3 shows the same genes presented in Figure 2 with bootstrap support values and the 

MADS-box clades color-coded for ease of reading. Having decided to focus on only the 



candidate miPs with no K-box and no MADS-domain, the tree in Figure 3 focuses on 

highlighting the ABCDE MADS-box clades and the selected candidate miPs within them. From 

this tree, there is 1 miP candidate sister to the A clade, 3 miP candidates in the B genes, 1 miP 

candidate in a clade sister to the B-class genes, 12 miP candidates in the C/D clade, 4 in the E 

clade, and 2 miP candidates in the outgroup. Thus, miP candidates seem to be concentrated in the 

C/D clade. 

 

MicroProtein candidates 

The B (purple and blue), the C (red), and E class clades seem to have the greatest number of 

candidate miPs (Figure 2). The remaining MADS-box clades do not have clear miP candidates. 

Table 2 lists all truncated genes without a K-box and MADS-domain (burgundy).  

 

Table 2. Full list of candidate microProteins genes with no detected K-box or MADS-domain.1  

Aco024506.1 LOC_Os04g31790.1 Zm00001d023409_P001 

DCAR_006196 MD08G1197200 Zm00001d052534_P001 

DCAR_026452 MD08G1197100 Zm00001d023739_P001 

DCAR_009156 MD06G1013100 Zm00001d049897_P001 

DCAR_016550 Migut.L01170.1.p Zm00001d045697_P001 

DCAR_027244 Solyc08g067220.1.1 Zm00001d015775_P001 

DCAR_031809 Zm00001d030375_P002 Zm00001d031626_P001 

LOC_Os12g05560.1 Zm00001d023405_P001  

 

I looked at the subset of miPs without a K-box domain and without a MADS-domain to determine 

if any have protein-protein interaction domains using an alignment with the closest known 

homeotic homolog. Table 3 lists each candidate miP, its closest known homeotic MADS-box 

gene(s), and the domain(s) in which I found the highest consensus from individual alignments. 

 
1 Based on Figure 2. 



Table 3. Domain2 consensus between miP candidates and closest full-length MADS-box gene(s)3 and the 

clade classification. 

Candidate microProtein Closest full-length homolog Domain consensus Clade 

Aco024506.1 Aco015487.1 - E 

LOC_Os04g31790.1 LOC_Os02g45770.1 (OsMADS19) K, C E 

LOC_Os12g05560.1 LOC_Os05g11414.1 K C/D 

MD08G1197200 MD10G1056200 K C/D 

Migut.L01170.1.p Migut.K00969.1.p K, K-C E 

Zm00001d015775_P001 Zm00001d021057 I-K E 

Zm00001d023405_P001 Zm00001d042591_P002 I, I-K,  C/D 

Zm00001d023409_P001 - C/D 

Zm00001d052534_P001 - C/D 

Zm00001d023739_P001 Zm00001d023955_P003 (ZMM1) I-K, K-C C/D 

Zm00001d045697_P001 K C/D 

Zm00001d049897_P001 I-K, K-C C/D 

Zm00001d030375_P002 Zm00001d017932_P002 K-C C/D 

Zm00001d031626_P001 Zm00001d042618_P001 (ZMM16); 

Zm00001d010232_P001 (ZMM29) 

- B 

 

 
2 M, I, K, and C denote their respective MADS-box domains, K-C indicates a region overlapping the K-domain and 
the C-domain, and I-K indicates a region overlapping the  I-domain and the K-domain.  
 
3 MiP candidate genes were aligned with their closest floral homeotic full-length MADS-box gene(s) (Fig. 3), to 
determine consensus. Those without a homolog of the same species within the same clade were omitted from the 
alignment. 



The presence of consensus between the full-length MADS-box gene and the miP would indicate 

evidence for the viability of the candidate as a true miP. Of the 23 original miP candidates without 

a K-box and without a MADS-domain, 14 had homologs in the same clade and species, and of 

those 14, 10 showed consensus in protein-protein interaction domains. There were 9 miP 

candidates (of the original 23) that did not have close homologs in the same species may be miss-

annotated or their close homologs may be un-annotated and missing from the gene tree. The M-, 

I-, and K-domains facilitate interaction between the MADS-box TF and other proteins 

(Hugouvieux et al. 2018; Lai et al. 2019). There is also evidence that regions spanning both I- and 

K-domains facilitate protein-protein interaction (Lai et al. 2019). Additionally, the end of the K-

domain into the C-domain facilitates tetramerization with target proteins (Song and Chen, 2018). 

The third column of Table 3 lists consensus between the miP candidate and the four MADS-box 

domains. The K-domain has high consensus most frequently across all 10 of the miP candidates. 

As the K-domain plays a role in protein-protein interactions (Lai et al. 2019), this high frequency 

makes it more likely that these miP candidates are true miPs of the MADS-box family. Finally, 

the last column of Table 3 provides a general categorization of the miPs into a MADS-box clade. 

This classification was based on the relationships in Figure 3. 

 

Individual protein alignments reveal strongest miP candidates 

To investigate my chosen subset of miP candidates more closely, I made alignments 

between candidate miPs and their closest full-length homologs. The first miP candidate I examined 

was Zm00001d015775_P001 and its closest homolog Zm00001d021057 (Figure 4). 

Zm00001d015775_P001 has high consensus in the I-domain and in a region that spans both the I 

and K domains of Zm00001d021057. The I-domain is involved in dimerization specificity of the 

transcription factor (Lai et al. 2019; Grimplet et al. 2016). Crystal structures of SEP3 reveal that 

overlapping regions in the I- and K-domains also play a role in dimerization and tetramerization 

(Puranik et al. 2014). Thus, because Zm00001d015775_P001 seems to share regions that facilitate 

protein-protein interactions, it is a likely candidate for a true miP.  



 
 The next miP candidate I investigated was Zm00001d023739_P001 and its closest 

homolog Zm00001d023955_P003 (ZMM1) (Figure 5). The alignment of the miP candidate and 

the C-class gene ZMM1 in Figure 4 shows strong consensus in two regions, one spanning the I- 

and K-domains and the other spanning the K- and C-domains. Similar to the region spanning the 

I- and K-domains mediates dimerization and tetramerization, the region spanning the end of the 

K-domain and the beginning of the C-domain are important for proper floral organ identity 

specification (Piwarzyk et al. 2007). The K-domain consists of two 𝛼-helices, K1 and K2 (Yang 

and Jack 2004; Hugouvieux et al. 2018). While Piwarzk et al. (2007) used a model of the K-

domain marked out in  three 𝛼-helices, K1, K2, and K3, they showed that the  part of the helix in 

the final region of the K-domain was necessary for the function of AP3 and PI. 

 

I-domain K-domain 

Figure 4. Alignment of miP candidate Zm00001d015775_P001 and its closest homolog Zm00001d021057 reveals strong consensus in the I- domain and 
a region spanning the I and K domains. Domain annotations based on annotation of ZMM1 by Dong et al. (2019).  



 

 

 
 

The next miP candidate I investigated was Zm00001d045697_P001 and its full-length 

homolog Zm00001d023955_P003 (ZMM1) (Figure 6). Figure 6 shows strong consensus in the 

K-domain. While the K-domain as a whole mediates protein-protein interactions, Puranik et al. 

(2014) show that the two homodimers of the SEP3 K-domain associate due to the hydrophobic 

interactions of the second 𝛼-helix, K2. In Figure 7, we see that strong consensus between the two 

genes occurs primarily toward the end of ZMM1’s K-domain where the K2 helix lies. Due to the 

important role in protein-protein interactions that K2 plays, Zm00001d045697_P001 is a likely 

candidate for a true C-class miP. 

I-domain K-domain 

 

K-domain C-domain 

Figure 5. Alignment of Zm0001d023739_P001 and ZMM1 reveal strong consensus in the a region spanning the I- and 
K-domains (top) and in a region spanning the K- and C-domains (bottom). Domain annotation for ZMM1 based on 
amino acid alignments of Dong et al. (2019). 



 
 
 

 
 

The next miP candidate that I investigated was Zm00001d049897_P001 and its closest 

full-length homolog Zm00001d049897_P001 (ZMM1) (Figure 7). Figure 7 shows strong 

consensus in two regions, one spanning the I- and K-domains and the other spanning the K- and 

C-domains. Similar to the alignment in Figure 4, the miP candidate Zm00001d049897_P001 has 

consensus in two protein-protein interaction regions, this makes it a good candidate for a true 

miP of the MADS-box family. 

 

K-domain C-domain 

Figure 6. Alignment of Zm00001d045697_P001 and its full-length homolog Zm00001d023955_P003 (ZMM1) 
reveals strong consensus in the K-domain. Domain annotation for ZMM1 based on amino acid alignments of 
Dong et al. (2019). 



 

 
 

After viewing all these promising alignments, it is important to note that I have chosen to 

show only 5 of the miP candidates with the highest consensus. These 5 genes all happen to be 

maize genes. As a note of caution, the maize genome is not as well annotated as other species’ 

genomes (the arabidopsis genome is very well annotated), so although in these alignments, the 

miP candidates look promising, there is also a possibility of a misannotation in these genes. 

 
 
 
 
 
Discussion 

I-domain K-domain 

K-domain C-domain 

Figure 7. Alignment of  Zmm00001d049897_P001 and its closest homolog ZMM1  reveal strong consensus in the a 
region spanning the I- and K-domains (top) and in a region spanning the K- and C-domains (bottom). Domain 
annotation for ZMM1 based on amino acid alignments of Dong et al. (2019). 



 No previous literature exists identifying microProteins within the MADS-box transcription 

factor family. However, evidence for the existence of microProteins would indicate a novel 

regulatory mechanism within the MADS-box transcription factor family. To determine the 

existence of miPs in the MADS-box family, I used an initial general filtering of gene length (< 

140 aa) with the miPFinder v1 (Straub and Wenkel 2017) and then performed an iterative method 

of genome searching (Man et al. 2020) followed by domain mapping onto the gene tree consisting 

of both full-length and truncated MADS-box genes. Using this method, I found 23 miP candidates 

of particular interest with no K-box domain and no MADS-domain. Of the 23 candidates, 14 had 

homologs in the same species, and of those 14, 10 had significant consensus with the protein-

protein interaction domains of their closest homeotic homolog. The miP candidates without close 

homologs in the same species may be miss-annotated or their close homologs may be un-

annotated. These consensus between protein-protein interaction domains occurred in I, K- domains 

and overlapped in I-K and K-C domains. The identification of these potential miP within the 

MADS-box transcription factors has greater implications for the regulatory mechanisms within 

this important family. 

 

Support from synthetic microProteins 

While I cannot definitively classify the miP candidates identified in this research as true MADS-

box miPs, previous research in synthetic miPs within the MADS-box family shows that MADS-

box proteins can be regulated by miPs. Seo et al. (2010) engineered synthetic microProteins 

targeting the MIKC-type MADS-box gene AGAMOUS (AG), the C-class homeotic MADS-box 

gene in arabidopsis. The authors engineered eight truncated variations of AG consisting of various 

combinations of all four MIKC domains. Overexpression of the engineered the AG-K (K-domain 

only) was shown to produce disruptions in floral structure similar to those of the ag-3 knockout 

mutant. This indicates the negative effects of AG-K occur through protein-protein interaction 

mediated by the K-domain. 

 Additionally, these authors produced similarly truncated forms of the MIKC-type MADS-

box gene SUPPRESSOR OF OVEREXPRESSOR CONSTANS 1 (SOC1). The researchers 

generated four truncated SOC1 genes to mimic microProteins to target SOC1 consisting of a 

combination of the MADS-, I-, and K-domains (C-terminus was excluded) of the MADS-box 

gene. These synthetic microProteins consisted of 1) the MADS-domain only (S-M), 2) the MADS-



domain, I-domain, and K-domain (S-MIK), 3) the second-half of the MADS-domain, the I domain, 

and the K-domain (S-IK), and 4) the K-domain only (S-K). The authors showed that transgenic 

arabidposis plants overexpressing S-MIK, S-IK, and S-K exhibited a delayed flowering phenotype 

indicating expression of truncated forms of the SOC1 gene containing the protein-protein 

interaction domain, the K-domain, suppressed SOC1 activity. The S-M truncated form also showed 

slightly delayed flowering which is thought to be the result of the competition between MADS-

domains of S-M and SOC1. Additionally, the authors found that these synthetic microProteins 

inhibited SOC1-SOC1 homodimerization and that all except the S-M prevented SOC1 nuclear 

localization. 

 These results are intriguing as I too show that several miP candidates exhibit strong 

consensus in the K-domain, M-domain, and overlapping I-K domains (Table 3). While for AG, 

Seo et al. (2012) synthesized a truncated gene spanning the K- and C-domains, they concluded 

that this synthesized miP did not produce the expected negative regulation. While I have three miP 

candidates showing strong consensus in a region spanning both the K- and C-domains, these genes 

also all showed strong consensus in at least one other domain (I, I-K, or K). Thus, due to the 

presence of I, I-K, or K domains, it is likely that if these are true miPs, they would function as 

negative regulators of their target MADS-box proteins. Thus, since the miPs with consensus in the 

protein-protein interaction domains have close homologs in the same clade and species, it is likely 

that the miP candidates can interact with these close homologs (and potentially others not included 

in my gene trees) and negatively regulate their function. 

 

MicroProteins and MADS-box clades 

Based on the findings of my search and the gene tree created from both full-length and 

truncated MADS-box genes, the C-D-class clade has 7 strong miP candidates, and the E-class 

clade has 3 strong miP candidates (miP candidates with consensus in a protein-protein interaction 

region; Table 3). The A- and B-class clades of genes do not have any miP candidates with 

consensus in the protein-protein interaction domains. 

One explanation for the lack of MADS-box miPs in the A-class clade of genes is that this 

clade may already be regulated by another family of miPs. In the A-class genes, there appears to 

an indirect potential method of regulation. In the shoot apical meristem pathway (SAM), the 

arabidopsis gene FLOWERING LOCUS T (FT) forms a complex with two basic leucine-zipper 



transcription factors which leads to the activation of the A-class MADS-box gene APETALA1 

(AP1; Andrés et al. 2015). The LITTLE ZIPPER (ZPR) family of proteins which regulate the class 

III homeodomain-leucine zipper (HD-ZIPIII) proteins (Wenkel et al. 2007). While the leucine-

zipper transcription factors that bind to FT are not of the HD-ZIPIII family, there is potential for a 

similar family of microProteins with a similarly compatible leucine zipper domain that may 

regulate the formation of the FT-leucine-zipper complex. This regulation in turn would also 

indirectly regulate the activation of the AP1 protein in the SAM. 

In arabidopsis, expression of the floral meristem identity genes LEAFY (LFY) and AP1 are 

required for the activation of the B-class gene APETALA3 (AP3; Lamb et al. 2002). Thus, because 

another mechanism of regulation exists for this B-class gene, it is possible that this class of MADS-

box genes are not regulated by miPs. 

While I have found promising candidates of miP regulations, I must also acknowledge the 

possibility that MADS-box genes may not be regulated by any miPs. 

 

Most frequent consensus in the K-domain 

 MicroProteins typically contain a protein-protein interaction domain similar to that of the 

protein family with which they interact (Eguen et al. 2015). However, I note that different amino 

acid sequences result in similar protein structure. There are two general modes of miP inhibition: 

1) homotypic inhibition, in which the protein-protein interaction domains are the same and 2) 

heterotypic inhibition, in which the protein-protein interaction domains are compatible but not 

necessarily the same (Eguen et al. 2015). Through my gene alignment and subsequent consensus 

analyses, I was looking generally for similarity between the amino acid sequences of both the miP 

candidate and its full-length homolog, that is homotypic inhibition. I did not however look directly 

at protein structure compatibility. It is possible that the miP candidates for which I deemed amino 

acid consensus was absent may have compatible protein structure for their full-length homologs, 

that is heterotypic inhibitory properties. Future work on these miP would benefit for a deeper 

analysis of protein structure of all the miP candidates. 

Domain-classification of the miP candidates that I found in my searches shows that of the 

10 strong microProtein candidates, 1 candidate showed consensus strictly in the I-domain, 4 

candidates showed consensus in the I-K region, 5 showed consensus in a region strictly in the K-

domain, 4 candidates showed consensus in the K-C region, and only 1 gene showed consensus in 



a region strictly in the C domain (Table 3). None of these genes showed consensus in the M-

domain. The M-domain is the DNA-binding domain of the MADS-box gene family, highly 

conserved across plant and animal species (Lai et al. 2019). However, domain swap experiments 

in Arabidopsis where the M-domain was replaced with that of SRF (in yeast) and MEF2 (in 

humans) reproduced normal phenotypes of arabidopsis MADS-box genes AP1, AP3, PI, and AG 

(Riechman and Meyerowitz, 1997; Lai et al. 2019). The results of this experiment indicate that 

DNA-binding (through the M-domain) specificity of these genes seems to be independent of their 

corresponding homeotic properties Riechmann and Meyerowitz 1997). Thus, the M-domains may 

be largely interchangeable for DNA-binding specificity, other factors may play a role, and other 

MADS-domains (specifically the I- and K-domains) may contribute to DNA-binding specificity 

(Lai et al. 2019). In vivo experiments demonstrate the both the I- and K-domains do play roles in 

DNA-binding specificity (Hugouvieux et al. 2018; Lai et al. 2019). 

 Given this literature, it is possible that because the M-domain may be interchangeable and 

independent of MADS-box protein DNA-binding and function and because the I- and K-domains 

are known to play roles in both, miP candidate domains are more likely to be similar to these latter 

domains. Indeed of my 10 strong miP candidates, half showed strong consensus in at least the K-

domain and 6 showed strong consensus in a region at least overlapping part of the K-domain. 

Consensus in the I-domain is less common in my candidates; only 1 gene shows strong consensus 

in a region strictly in the I-domain, while 4 genes show strong consensus in a region overlapping 

the I- and K-domains. The I-domain is a small domain that links the M- and K-domains and 

exhibits more sequence diversity than either of those two domains (Lai et al. 2019). While the I-

domain plays a role in dimerization activity, it also stabilizes the M-domain and plays a role in 

DNA-binding (Lai et al. 2021). Similar to the I-domain, the C-domain is less conserved and has 

more sequence diversity than either the M- or K-domains. However, it does play a role in the 

formation of protein complexes and particularly determines the specificity of interactions of 

MADS-box proteins (Song and Chen 2018). Of the miP candidates, half show strong consensus at 

least in partial regions of the C-domain. The K-domain is a more highly conserved and defining 

feature of the type II MADS-box genes (Lai et al. 2019). Because miPs typically regulate their 

target proteins through protein-protein interaction and the K-domain facilitates a majority of these 

interactions, it makes sense that most of the miP candidates show strong consensus in this domain 

over others. 



  

Future Directions 

 Thus far, using domain mapping and individual gene alignments, my research has 

identified 10 promising miP candidates and their close homologs. I have shown that these miPs 

have significant consensus in the protein-protein interaction domains of homeotic MADS-box 

genes. However, I cannot definitively classify these truncated genes as miPs without further 

experimentation and validation.  

Before beginning in vivo experiments, I need to validate the expression patterns and 

expression timing of both miP genes and their homologs. In order to determine if it is possible for 

these miPs to negatively regulate their target proteins, I would need to show that they are expressed 

at the same time and the same place as their full-length homologs. One way to do this is to examine 

expression atlases of the species’ full genomes. For example, all my most promising are from the 

maize genome, although not the most well annotated, there are databases of gene expression such 

as the MaizeGDB (Portwood et al. 2018).  

If expression data supports the likelihood of the miP candidates interacting with full-length 

MADS-box homologs, in vivo experiments would be necessary to confirm the negative regulatory 

function. I would expect to see that a knock-out of the coexpressed full-length gene would produce 

the same phenotypic alteration as the over-expression of the microProtein and vice versa. 

Furthermore, additional in silico experiments and research would be necessary for identification 

of these candidates as true miPs. While I present a preliminary assessment and classification of the 

miP candidates using gene alignments, a more careful analysis of gene annotations, alignments 

with homologs in the same species, as well as using the results of RNAseq data would show 

expression patterns and phylogenetic relationships that would determine if these candidates are 

viable as true miPs. 

 The implications of this and future research on MADS-box microProteins is important for 

both agricultural and horticultural advancement. The potential targeting specificity of these 

microProtein tools is extremely precise. The synthetic microProteins demonstrate that 

overexpression of miPs lead to phenotypes identical to those of target gene-deficient mutants, that 

is there are no other phenotypic alterations except those regulated by the target gene (Seo et al. 

2012). Applied to crop and agricultural bioengineering, families of miPs would provide precision 

access to control of proteins in a wide range of important signalling pathways. The existence of 



microProteins within the type II MADS-box gene family would indicate a new regulatory 

mechanism within this important transcription factor family. 
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Appendix 
 

Table A.1 Full list of potential miP genes after secondary search using full-length MADS-box genes as 
search priors. 

Species Genes 

A. comosus 
Aco019026.1 Aco024506.1 

Aco019839.1 Aco030553.1 

Aco019842.1 Aco030656.1 

A. thaliana 
AT2G26320.1 AT5G27810.1 

AT5G27050.1  

D. carota 
DCAR_005670 DCAR_016550 

DCAR_006196 DCAR_017330 

DCAR_006890 DCAR_024671 

DCAR_009156 DCAR_026452 

DCAR_009551 DCAR_027244 

DCAR_011573 DCAR_027961 

DCAR_014370 DCAR_029277 

DCAR_015920 DCAR_031809 

A. trichopoda evm_27.model.AmTr_v1.0_scaffold000
02.465 

evm_27.model.AmTr_v1.0_scaffold0
0017.226 

evm_27.model.AmTr_v1.0_scaffold000
02.466 

evm_27.model.AmTr_v1.0_scaffold0
0071.216 

evm_27.model.AmTr_v1.0_scaffold000
10.217 

evm_27.model.AmTr_v1.0_scaffold0
0109.2 

evm_27.model.AmTr_v1.0_scaffold000
13.57 

evm_27.model.AmTr_v1.0_scaffold0
0109.4 



O. sativa 
LOC_Os03g03100.1 LOC_Os06g23950.1 

LOC_Os04g31790.1 LOC_Os12g05560.1 

LOC_Os04g38770.1 LOC_Os12g21880.1 

 
 
M. domestica 

 
 
MD01G1193800 

 
 
MD08G1197100 

MD02G1236700 MD08G1197200 

MD05G1049100 MD09G1075200 

MD05G1049400 MD10G1055900 

MD05G1049500 MD10G1056100 

MD05G1108000 MD10G1306300 

MD06G1013100 MD13G1257500 

MD06G1163200 MD14G1042500 

MD07G1086100 MD14G1066200 

MD07G1168900 MD15G1307400 

MD08G1177000 MD15G1396300 

M. guttatus 
Migut.A00654.1.p Migut.K01032.1.p 

Migut.A00655.1.p Migut.L00101.1.p 

Migut.A00902.1.p Migut.L00642.1.p 

Migut.A00904.1.p Migut.L00643.1.p 

Migut.C00785.1.p Migut.L01170.1.p 

Migut.E01177.1.p Migut.N02839.1.p 



Migut.H01397.1.p Migut.O00478.1.p 

Migut.H02389.1.p Migut.O00954.1.p 

Migut.H02390.1.p Migut.K01001.1.p 

Migut.I00364.1.p  

P. patens Pp3c16_12230V3.1.p Pp3c3_33360V3.1.p 

S. lycopersicum 
Solyc00g179240.1.1 Solyc04g076700.2.1 

Solyc01g010300.1.1 Solyc05g015720.1.1 

Solyc01g060310.1.1 Solyc05g015730.1.1 

Solyc01g103870.1.1 Solyc06g033830.1.1 

Solyc02g032000.1.1 Solyc06g035570.1.1 

Solyc02g063500.1.1 Solyc06g071300.1.1 

Solyc03g033890.1.1 Solyc08g067220.1.1 

Solyc04g016070.2.1 Solyc10g017640.1.1 

Solyc04g025030.1.1 Solyc10g018070.1.1 

Solyc04g025050.1.1 Solyc12g005210.1.1 

Solyc04g025110.1.1 Solyc12g087810.1.1 

Solyc04g025970.1.1 Solyc12g087820.1.1 

Solyc04g076680.2.1 Solyc12g088080.1.1 

Z. mays 
Zm00001d003409_P001 Zm00001d036279_P001 

Zm00001d013258_P001 Zm00001d041587_P001 

Zm00001d015775_P001 Zm00001d042315_P001 



Zm00001d019189_P001 Zm00001d044899_P001 

Zm00001d019289_P001 Zm00001d045227_P001 

Zm00001d023405_P001 Zm00001d045697_P001 

Zm00001d023409_P001 Zm00001d047355_P001 

Zm00001d023739_P001 Zm00001d047356_P002 

Zm00001d030375_P002 Zm00001d049897_P001 

Zm00001d031399_P001 Zm00001d050388_P001 

Zm00001d031625_P001 Zm00001d052534_P001 

Zm00001d031626_P001 Zm00001d032219_P001 

Zm00001d032218_P001  

 
 
Supplemental Materials 
 
All the following files can be found in the folder MADS mip search files. 
 
Full list of all full-length MADS-box genes in the file miP_search/knownMADS_seedSeqs.fasta. 
 
Full list of all full-length and truncated MADS-box genes in the file 
miP_search/miP_finalSeqs.fasta. 
 
All individual alignments of the 14 miP candidates can be found in the folder 
individual_alignments. 
 
 
 


