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Abstract 1 

YT521-B homology (YTH) domain proteins act as readers of N6-methyladenosine (m6A), the 2 

most common internal covalent modification in eukaryotic mRNA. Members of the YTHDF 3 

subclade can determine properties of m6A-containing mRNAs in the cytoplasm of animal and 4 

plant cells. Vertebrates encode three YTHDF proteins, and whether they perform specialized 5 

or redundant molecular functions is currently debated. In land plants, the YTHDF clade has 6 

expanded from just one member in basal lineages to eleven so-called EVOLUTIONARILY 7 

CONSERVED C-TERMINAL REGION1-11 (ECT1-11) proteins in Arabidopsis thaliana, 8 

named after the conserved YTH domain found at the C-terminus following a long intrinsically 9 

disordered region (IDR) at the N-terminus. The origin and implications of YTHDF expansion 10 

in higher plants are not known, as it is unclear whether it involves acquisition of 11 

fundamentally different properties, in particular of their divergent IDRs. Here, we used the 12 

leaf formation defects in ect2/ect3/ect4 mutants to test whether the many Arabidopsis 13 

YTHDF proteins can perform the same function if expressed at similar levels in leaf 14 

primordia. We show that the ancestral molecular function of the m6A-YTHDF axis in land 15 

plants is conserved over YTHDF diversification, and currently present in all major clades of 16 

YTHDF proteins in flowering plants. Nevertheless, lineage-specific neo-functionalization of a 17 

few members also happened after late duplication events. ECT1, the closest homolog of 18 

ECT2/3/4, is one such divergent YTHDF protein. Accordingly, mutation of ECT1 does not 19 

aggravate the defective organogenesis of ect2/ect3/ect4 mutants, even though the four 20 

proteins are naturally expressed in the same population of primordial cells. 21 

 22 

 23 

Significance statement  24 

Regulation of gene expression is essential to life. It ensures correct balancing of cellular 25 

activities and the controlled proliferation and differentiation necessary for the development of 26 

multicellular organisms. Among other mechanisms, gene expression can be controlled by 27 

methylation of adenosines in mRNA (m6A). Absence of m6A impairs embryo development in 28 

plants and vertebrates, and its mis-regulation is associated with human cancers. m6A-29 

dependent regulation can be exerted by a group of cytoplasmic proteins called YTHDFs. 30 

Plants have many more YTHDFs than animals, but the reason for this is unknown. This 31 

study addresses the origin of plant YTHDF expansion, and reveals that most, but not all, 32 

have the same molecular functions that facilitate rapid division of differentiating stem cells. 33 
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Introduction 34 

N6-methyladenosine (m6A) is the most abundant modified nucleotide occurring internally in 35 

eukaryotic mRNA. It is of major importance in gene regulation as illustrated by the 36 

embryonic lethality of mutants in the dedicated mRNA adenosine methyltransferase in 37 

higher plants (Zhong et al., 2008) and in mammals (Geula et al., 2015). The presence of 38 

m6A in an mRNA may have multiple biochemical consequences. These include the 39 

weakening of secondary structure (Liu et al., 2015) and the creation of binding sites for 40 

RNA-binding proteins specialized for m6A recognition (Patil et al., 2018). YT521-B homology 41 

(YTH) domain proteins constitute the best studied class of m6A-binding proteins. They 42 

achieve specificity for m6A via an aromatic pocket accommodating the N6-adenosine methyl 43 

group, such that the affinity of isolated YTH domains for m6A-containing RNA is 10-20-fold 44 

higher than for unmodified RNA (Li et al., 2014b; Luo and Tong, 2014; Theler et al., 2014; 45 

Wang et al., 2014a; Xu et al., 2014; Zhu et al., 2014).  46 

Two different phylogenetic clades of YTH domains have been defined, YTHDC and YTHDF 47 

(Patil et al., 2018). Genetic studies establish that major functions of m6A in development in 48 

both vertebrates and plants depend on the YTHDF clade of readers (Arribas-Hernández et 49 

al., 2018; Arribas-Hernández et al., 2020; Murakami and Jaffrey, 2022). In all cases studied 50 

in detail thus far, YTHDF proteins are cytoplasmic in unchallenged conditions (Arribas-51 

Hernández et al., 2021b; Balacco and Soller, 2019), and contain a long N-terminal 52 

intrinsically disordered region (IDR) in addition to the C-terminal YTH domain. While the YTH 53 

domain is necessary for specific binding to m6A in mRNA (Patil et al., 2018), the IDR is 54 

considered to be the effector part of the protein (Boo et al., 2022; Du et al., 2016; Park et al., 55 

2019; Wang et al., 2014a). Nonetheless, it has been proposed that the IDR may also 56 

participate in RNA binding, because the YTH domain alone has low affinity for mRNA (Patil 57 

et al., 2018). Indeed, the IDR-dependent crosslinks between a YTHDF protein and mRNA 58 

detected upon UV-irradiation of living Arabidopsis seedlings (Arribas-Hernández et al., 59 

2021a) experimentally supports such a mechanism, conceptually equivalent to the 60 

contribution of IDRs in transcription factors to specific DNA binding (Brodsky et al., 2020). 61 

While yeast, flies and primitive land plants encode only one YTHDF protein (Kan et al., 62 

2021; Scutenaire et al., 2018; Scutenaire et al., 2022; Worpenberg et al., 2021), vertebrates 63 

have three closely related paralogs (YTHDF1-3) (Patil et al., 2018) and higher plants encode 64 

an expanded family, with eleven members in Arabidopsis referred to as EVOLUTIONARILY 65 

CONSERVED C-TERMINAL REGION1-11 (ECT1-11) (Li et al., 2014a; Ok et al., 2005). It is 66 

a question of fundamental importance for the understanding of how complex eukaryotic 67 

systems use the regulatory potential of m6A whether these many YTHDF proteins perform 68 

the same biochemical function, or whether they are functionally specialized. Specialization 69 

could be driven by i) differential binding specificity to mRNA targets; ii) different molecular 70 
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function, perhaps provided by distinct sets of molecular partners or phase-transition 71 

properties; and iii) distinct expression patterns or induction by environmental cues, that 72 

would result in a diversification of biological functions even if targets and molecular functions 73 

are the same.  74 

Initial studies on mammalian cell cultures advocated a model in which YTHDF1 would 75 

enhance translation of target mRNAs, YTHDF2 would promote mRNA decay, and YTHDF3 76 

would be able to trigger either of the two (Li et al., 2017; Shi et al., 2017; Wang et al., 2014a; 77 

Wang et al., 2015). Nonetheless, recent studies in mouse, zebrafish and human cell culture 78 

involving single and combined ythdf knockouts and analysis of interacting mRNAs and 79 

proteins do not support functional specialization, and propose a unified molecular function 80 

for all three vertebrate YTHDFs in accelerating mRNA decay (Kontur et al., 2020; Lasman et 81 

al., 2020; Zaccara and Jaffrey, 2020). Such functional redundancy is also supported by 82 

structural studies on the YTH domain of the three human paralogs (Li et al., 2020). 83 

The great expansion of YTHDF proteins in higher plants is unique among all other 84 

eukaryotes studied. Phylogenetic analyses of plant YTHDF domains have established the 85 

existence of 3 clades in angiosperms, DF-A (comprising Arabidopsis ECT1, ECT2, ECT3, 86 

ECT4), DF-B (comprising Arabidopsis ECT5, ECT10, ECT9), and DF-C (comprising 87 

Arabidopsis ECT6, ECT7, ECT8 and ECT11) (Scutenaire et al., 2018). The fact that the 88 

eleven Arabidopsis paralogs conserve the aromatic residues necessary for specific binding 89 

to m6A  (Fray and Simpson, 2015) suggests that they all may function as m6A readers. The 90 

unified model for YTHDF function recently proposed for the three vertebrate paralogs 91 

(Kontur et al., 2020; Lasman et al., 2020; Zaccara and Jaffrey, 2020)  is consistent with what 92 

had already been established for ECT2, ECT3 and ECT4 in the Arabidopsis DF-A clade 93 

(Arribas-Hernández et al., 2018), even though the three plant paralogs are more divergent in 94 

sequence than the highly similar mammalian YTHDF1-3 (Arribas-Hernández et al., 2018; 95 

Patil et al., 2018). The two most highly expressed members in Arabidopsis, ECT2 and 96 

ECT3, accumulate in dividing cells of organ primordia and exhibit genetic redundancy in the 97 

stimulation of stem cell proliferation during organogenesis (Arribas-Hernández et al., 2018; 98 

Arribas-Hernández et al., 2020). The two proteins probably act truly redundantly in vivo to 99 

control this process, because they associate with highly overlapping target sets in wild type 100 

plants, and each exhibits increased target mRNA occupancy in the absence of the other 101 

protein (Arribas-Hernández et al., 2021b). Simultaneous knockout of ECT2 and ECT3 102 

causes a 2-day delay in the emergence of the first true leaves, aberrant leaf morphology, 103 

slow root growth and defective root growth directionality among other defects (Arribas-104 

Hernández et al., 2018; Arribas-Hernández et al., 2020) that resemble those of plants with 105 

diminished m6A deposition (Bodi et al., 2012; Růžička et al., 2017; Shen et al., 2016). For 106 

the third DF-A clade member, ECT4, the genetic redundancy is only noticeable in some 107 
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tissues as an exacerbation of ect2/ect3 phenotypes upon additional mutation of ect4, most 108 

conspicuously seen in leaf morphogenesis (Arribas-Hernández et al., 2018; Arribas-109 

Hernández et al., 2020). Despite the strong evidence for redundant functions among plant 110 

YTHDF paralogs in the DF-A clade, the presence of the many other YTHDF proteins in 111 

Arabidopsis leaves open the question of whether substantial functional specialization of 112 

YTHDF proteins exists in plants.  113 

In this study, we systematically define overlaps in molecular functions of plant YTHDF 114 

proteins. Employing a functional assay, we demonstrate that at least one member of all 115 

clades in Arabidopsis, and the only YTHDF protein from the most basal lineage of land 116 

plants, are able to replace ECT2/3/4 function in leaf primordia. In contrast, a few late-117 

diverging ECTs were not able to perform the molecular function of ECT2/3/4. Based on 118 

these results, we propose an ancestral molecular role for land plant YTHDF proteins in 119 

stimulation of primordial cell proliferation, and sustained functional redundancy during the 120 

diversification process that started more than 400 million years ago (Mya). In addition, our 121 

results also support the specialization of a small subset of fast-evolving plant YTHDF 122 

proteins with contributions to specialization mainly from the IDRs, but also from the YTH 123 

domains.   124 

 125 

Results 126 

The phylogeny of plant YTHDF proteins comprises more clades than previously estimated 127 

The adaptation of plants to terrestrial life, since the transition from freshwater to land (500-128 

450 Mya) until the rise of angiosperms (~200 Mya), was accompanied by the acquisition of 129 

morphological and physiological complexity (Pires and Dolan, 2012). Knowing how 130 

diversification of YTHDF proteins came about during the course of plant evolution is relevant 131 

to understand their distinct functions, and may hint to roles they might have played in plant 132 

evolution. However, the species included in the so far most detailed phylogenetic study on 133 

plant YTHDF proteins jump from bryophytes (liverworts and mosses, the first land plants) to 134 

angiosperms (flowering plants) (Scutenaire et al., 2018). Therefore, we performed a new 135 

phylogenetic analysis using YTHDF proteins from taxa widely spread across plant evolution 136 

(Figure 1A). When possible, we included basal clades of each group in addition to model 137 

organisms. Because the green alga Chlamydomonas reinhardtii lost all YTHDF proteins 138 

(Scutenaire et al., 2018), we used Micromonas pusilla to represent Chlorophytes. As 139 

outgroups we used yeast, fly and mammalian YTHDF proteins, as well as YTHDC proteins 140 

that do not contain additional globular domains. The resulting phylogenetic tree largely 141 

agrees with the DF-A/B/C clades defined on the basis of angiosperm YTHDF sequences 142 

(Scutenaire et al., 2018), but includes some notable differences. The former DF-C group 143 
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comprising Arabidopsis ECT6/7/8/11 (Scutenaire et al., 2018) can be subdivided into at least 144 

two groups that diverged early during YTHDF radiation and are not subtended by a common 145 

branch (Figure 1B). Thus, to represent plant YTHDF evolution more accurately, we 146 

introduced ‘DF-D' for the clade defined by one Amborella trichopoda (a basal angiosperm) 147 

YTHDF protein, and Arabidopsis thaliana ECT6/7 (Figure 1B). We also distinguished 148 

between subclades A1/A2 and C1/C2 to reflect early divergences within these clades 149 

(Figure 1B). Furthermore, since the group comprising bryophyte YTHDFs did not receive a 150 

designation in previous studies, we named it DF-E (for ‘Early’) (Figure 1B). Finally, an 151 

additional group composed of three early-diverging YTHDFs in the fern Ceratopteris richardii 152 

was named DF-F (for ‘Fern’), because they did not fall into any of the other clades (Figure 153 

1B). We conclude that land plant YTHDFs are phylogenetically more diverse than previously 154 

appreciated. 155 

 156 

YTHDF protein diversification occurred early during land plant evolution 157 

Our phylogenetic analysis shows that plant YTHDF diversification started before the 158 

radiation of Euphyllophytes (plants with true leaves comprising ferns, gymnosperms and 159 

angiosperms) after their divergence from bryophytes and lycophytes (earliest vascular 160 

plants), between 424 and 410 Mya (Magallón et al., 2013). This is because liverworts, 161 

mosses and the lycophyte Selaginella moellendorfii possess one or two YTHDFs in the 162 

‘early clade’ (DF-E) while the fern C. richardii has six YTHDFs, three of which define the 163 

fern-specific DF-F clade and the other three cluster with members of the DF-A or DF-D 164 

clades (Figure 1B). On the other hand, the DF-C clade as defined here only diverged in the 165 

lineage that gave rise to spermatophytes (seed plants comprising gymnosperms and 166 

angiosperms), and the DF-B clade only has members among flowering plants. Thus, our 167 

analysis reveals that YTHDF radiation started early in land plant evolution and coincided 168 

with the acquisition of morphological complexity and the adaptation to diverse environments. 169 

 170 

Functional analysis of plant YTHDF proteins 171 

To address the degree of functional specialization among plant YTHDF proteins in a simple 172 

manner, we set up a functional study aimed to determine which YTHDF proteins are able to 173 

perform the molecular functions of Arabidopsis ECT2/3/4 that are required for rapid cellular 174 

proliferation in leaf primordia. For that purpose, we aimed to express the eleven Arabidopsis 175 

ECT genes (Figure 2A) in the actively dividing cells where ECT2 and ECT3 are expressed 176 

(Arribas-Hernández et al., 2020), and score whether ectopic expression of these YTHDF 177 

proteins can suppress the delayed emergence of first true leaves observed in triple 178 

ect2/ect3/ect4 (henceforth, te234) mutants (Arribas-Hernández et al., 2018). The most 179 

straight-forward approach of using the ECT2 promoter was not feasible, as pilot experiments 180 
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with a genomic ECT4 fragment revealed that its expression was substantially lower than that 181 

of a similar ECT2 genomic fragment when driven by the ECT2 promoter (Figure S1), 182 

perhaps indicating the presence of internal cis-regulatory elements. Thus, the study had to 183 

be executed using another promoter active in leaf primordia to drive comparable expression 184 

of cDNAs encoding all eleven ECT proteins. 185 

 186 

uS7Bp:cECT2-mCherry complements the organogenesis defect of ect2/ect3/ect4 187 

The promoter of the gene AthuS7B/RPS5A (At3g11940 (Lan et al., 2022)) encoding a 188 

ribosomal protein is active in dividing cells (Weijers et al., 2001), similar to the expression 189 

domain of ECT2/3/4 (Arribas-Hernández et al., 2018; Arribas-Hernández et al., 2020). We 190 

therefore tested whether an ECT2-mCherry cDNA fusion expressed under the control of the 191 

AthuS7B promoter (uS7Bp) could complement the delayed leaf formation in te234 mutants 192 

(Figure 2B). Transformation of the uS7Bp:cECT2-mCherry construct resulted in 193 

complementation frequencies of ~40% among primary transformants, lower but comparable 194 

to those obtained with the genomic ECT2-mCherry construct under the control of ECT2 195 

promoter and terminator regions (ECT2p:gECT2-mCherry) (Arribas-Hernández et al., 2018, 196 

Figure S2A). As control, we used a uS7Bp:mCherry construct that showed no 197 

complementation (Figure S2A), as expected. Importantly, the leaf morphology and the 198 

pattern of mCherry fluorescence in uS7Bp:cECT2-mCherry lines was indistinguishable from 199 

that of ECT2p:gECT2-mCherry (Figure S2B). Hence, we proceeded with expression of 200 

cDNAs encoding all of ECT1-11 under the control of the uS7B promoter in te234 mutants. 201 

 202 

Percentage of complementation among primary transformants as a readout for functionality 203 

To design the experimental setup, we also considered the fact that expression of transgenes 204 

involves severe variations in levels and patterns among transformants. This is due to 205 

positional effects of the T-DNA insertion and the propensity of transgenes to trigger silencing 206 

in plants (Fagard and Vaucheret, 2000), and explains why only a fraction of ECT2-mCherry 207 

lines are able to rescue loss of ECT2 function (Figure S2A, (Arribas-Hernández et al., 208 

2018)). Hence, many independent lines need to be analyzed before choosing stable and 209 

representative lines for further studies. Taking this into account, we decided to perform 210 

systematic and unbiased comparisons on ECT functionality by counting the number of 211 

primary transformants (henceforth T1) able to complement the late leaf emergence of te234 212 

plants (size of first true leaves > 0.5 mm after 10 days of growth) for each construct (Figure 213 

S3). To facilitate the interpretation of the results and make transformation batches 214 

(experimental repeats) completely comparable, we normalized the percentage of 215 

complementing primary transformants to the fraction observed for uS7Bp:cECT2-mCherry in 216 

each independent transformation (Figure 2C).  217 
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 218 

Most Arabidopsis YTHDF paralogs can perform the molecular function required for leaf 219 

development   220 

The results of the comparative analysis reveal a high degree of functional overlap within the 221 

Arabidopsis YTHDF family, because nine out of the eleven YTHDF proteins are able to 222 

complement delayed leaf emergence of ect2/3/4 mutants to some extent, and eight of them 223 

do so with a frequency of more than 30% compared to ECT2 when expressed in the same 224 

cells (Figure 2C and S4). Importantly, complementation is indirect proof of m6A-binding 225 

ability, because the proteins must bind to the targets whose m6A-dependent regulation is 226 

necessary for correct leaf organogenesis in order to restore ECT2/3/4 function. Thus, most, 227 

but not all, Arabidopsis YTHDF proteins retain the molecular function required to stimulate 228 

proliferation of primed stem cells. 229 

 230 

Hierarchical redundancy among ECT2/3/4 231 

The results of the functional assay for the DF-A clade revealed a clear difference in the 232 

degree of complementation by ECT2, ECT3 and ECT4:  ECT2 (100%) > ECT3 (83%) > 233 

ECT4 (43%). This difference matches the hierarchical redundancy between ECT2/3/4 234 

proteins that we described in previous studies (Arribas-Hernández et al., 2018; Arribas-235 

Hernández et al., 2021b; Arribas-Hernández et al., 2020). However, it remains unclear 236 

whether the different importance in vivo could be explained only by the different expression 237 

levels of the three proteins, as they also follow the same ECT2 > ECT3 > ECT4 ranking 238 

(Figure S5), or whether it is related to different ability to perform their common molecular 239 

functions. Interestingly, the expression level in the lines selected as best-complementing in 240 

our functional study followed a clear ECT4>>ECT3>ECT2 trend (Figure 2D), indicating that 241 

ECT4 needs to be overexpressed to perform ECT2/3 function, and that ECT3 needs higher 242 

expression than ECT2 to complement to the same extent. Therefore, our results indicate 243 

that not only endogenous expression levels, but also molecular functionality may be 244 

responsible for the ECT2>ECT3>ECT4 hierarchy. Of note, the agreement between the 245 

percentage of T1 plants showing complementation (Figure 2C) and the functional hierarchy 246 

between ECT2/3/4, highlights the accuracy with which our functional assay reflects the 247 

capacity of the protein to perform the molecular functions required for leaf formation. 248 

 249 

Poor ECT2/3/4-like activity of ECT1 and ECT11 IDRs is the main reason for their reduced or 250 

absent complementation capacity of te234 plants  251 

Our results suggest that ECT11 and ECT9 are not able to perform the ECT2/3/4 function 252 

responsible for leaf formation, and that ECT1 does so only very inefficiently (Figure 2C). 253 

Indeed, the two best-complementing uS7Bp:cECT1-mCherry lines chosen from the seven 254 
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that scored positive in our assay (Figure 2C) only mildly restored leaf shape and growth rate 255 

(Figure 3A) despite strong ECT1-mCherry overexpression (Figure 2D). To investigate 256 

whether lack of complementation of te234 plants is due to poor or divergent target-binding 257 

affinity by the YTH domain, IDR-related effector functions, or a combination of both, we built 258 

chimeric IDR/YTH constructs between ECT2 and ECT1/9/11 (Figure 3B). Additionally, we 259 

built an ECT8IDR/ECT2YTH chimera (C-8/2) to test whether hybrid constructs can at all be 260 

functional, choosing ECT8 as a positive control as it is the highest-scoring ECT (after ECT2) 261 

in our functional assay (Figure 2C). Expression of the constructs in te234 plants showed that 262 

chimeras can be, indeed, fully functional, with a complementation score for C-8/2 even 263 

higher than ECT2 itself (Figure 3C). ECT1- and ECT11-derived chimeras showed that both 264 

the IDR and the YTH domain of the two proteins retain a reduced degree of function 265 

compared to the equivalent regions in ECT2 (Figure 3C). However, the IDRs of both proteins 266 

scored lower than their YTH domains when combined with the other half from ECT2 (Figure 267 

3C), pointing to the IDR as the main cause for different functionality. In the wild type 268 

proteins, the combination of the two poorly-performing halves is likely the cause for the 269 

negligible ECT2/3/4-like activity in ECT11 that is only residual in ECT1. 270 

 271 

The IDR of ECT9 is incapable of performing ECT2/3/4 molecular functions, but its YTH 272 

domain retains some ECT2/3/4-like function   273 

Although the functional study with full-length ECT9 showed no trace of te234 274 

complementation, we could not conclude that ECT9 lacks ECT2/3/4-like activity, because 275 

the transformation efficiency was systematically low over three independent transformations 276 

(Figures S3 and S6), allowing the recovery of only 27 lines (Figure 2C) of which only a few 277 

exhibited low-level expression (Figure S4) that disappeared in the offspring (second 278 

transgenic generation, or T2). However, transformation with ECT9/ECT2-derived chimeras 279 

resulted in a low but adequate number of T1s (Figure S7), of which 8% (for C-9/2) and 11% 280 

(for C-2/9) exhibited mCherry fluorescence (Figure S8). No complementation capacity was 281 

observed for the ECT9-IDR combined with ECT2-YTH domain (C-9/2), while non-zero, albeit 282 

low, levels of complementation were observed for the reciprocal C-2/9 construct (Figure 3C). 283 

These results show that ECT9 cannot perform the ECT2/3/4-function responsible for the 284 

developmental phenotype of te234 mutants, and point to the IDR as the main site of 285 

functional divergence of the protein.  286 

 287 

The ability to complement ect2/3/4 does not simply follow affiliation with phylogenetic clades 288 

To extract additional information from the pattern of ect2/ect3/ect4 complementation by the 289 

different YTHDF proteins, we ranked them according to the ability to complement te234, 290 

again measured as the frequency of fully complementing T1 plants. This property followed 291 
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the order ECT2 (100%) > ECT8 (85%) > ECT3 (83%) > ECT5 (60%) > ECT10 (48%) > 292 

ECT4 (43%) > ECT7 (39%) > ECT6 (36%) > ECT1 (8%) > ECT11 (0%) = ECT9 (0%) 293 

(Figure 2C). Strikingly, the ability to rescue defective timing of leaf emergence did not follow 294 

the defined phylogenetic clades, because proteins in the same clades present both the 295 

highest and lowest complementation scores, for example ECT8 (85%) vs. ECT11 (0%) in 296 

the DF-C clade, and ECT5 (60%) vs. ECT9 (0%) in the DF-B clade (Figures 1B and 2C). 297 

Furthermore, the closest homolog to ECT2/3/4 in the DF-A clade, ECT1 (55% amino acid 298 

identity to ECT3), showed very poor functional equivalence (Figures 1B and 2C). However, 299 

despite the apparent lack of correlation between the functional equivalence and the degree 300 

of sequence conservation, it is noteworthy that there is a clear trend for non-complementors 301 

to be the most highly divergent proteins in each group, as revealed by the length of the 302 

branches in the phylogenetic tree. The reverse is also true: highly complementing proteins 303 

have changed less compared to the common ancestor. Indeed, according the phylogenetic 304 

trees proposed by us and others (Scutenaire et al., 2018), the shortest branches within each 305 

of the DF-A,-B, -C and -D groups belong to the highest-scoring paralogs of each group 306 

(ECT2, ECT5, ECT8 and ECT7; blue branches in Figure 1B), while the longest branches 307 

correspond to the lowest-scoring paralogs (ECT1, ECT9, ECT11 and ECT6, red branches in 308 

Figure 1B). Taken together, these results suggest that the common ancestor of embryophyte 309 

YTHDF proteins may have had a molecular function related to that of the modern 310 

Arabidopsis ECT2/3/4, and that this function has been conserved in the least-divergent 311 

members of the DF-A/B/C/D clades after the diversification event that predates angiosperm 312 

radiation. Subsequent duplication and neofunctionalization may have driven the rapid 313 

evolution of highly-divergent YTHDF proteins in some clades (ECT11, ECT1, and ECT9 in 314 

Arabidopsis) that have lost their primary function and perhaps fulfill different molecular roles 315 

in the plant m6A pathway. 316 

 317 

The molecular function of ECT2/3/4 was present in the first land plants  318 

To test whether the common ancestor of plant YTHDF proteins had a molecular function 319 

similar to that of the modern Arabidopsis ECT2/3/4, we subjected the only Marchantia 320 

polymorpha YTHDF protein (Mpo_YTHDF) (Figure 2A) to our functional assay. The result 321 

showed a partial, but clear capacity of two different splice forms of Mpo_YTHDF to 322 

complement the delay in leaf emergence of Arabidopsis te234 plants (Figures 4A and S9). 323 

Furthermore, the leaf morphology defects of te234 mutants were also partially rescued by 324 

the heterologous expression of the liverwort protein (Figures 4B and S10A). Although 4% 325 

and 18% complementation scores (for the shorter and longer splice forms respectively) are 326 

relatively low, a thorough inspection of the fluorescence intensity in all primary transformants 327 

revealed that the transgene was only expressed in a reduced subpopulation, and to low 328 
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levels compared to uS7Bp:cECT2-mCherry (Figure S10B). This can be due to codon usage 329 

bias and propensity to trigger silencing upon heterologous expression of a long cDNA from a 330 

distant plant species (Wang and Roossinck, 2006). Therefore, our assay is underestimating 331 

the ability of Mpo_YTHDF to perform the molecular functions of Arabidopsis ECT2/3/4 due 332 

to low expression. Nevertheless, the capacity of Mpo_YTHDF to complement leaf formation 333 

defects caused by a reduced rate of cell proliferation in leaf primordia in Arabidopsis 334 

ect2/ect3/ect4 mutants (Arribas-Hernández et al., 2020) demonstrates that at least part of 335 

the molecular activity of At_ECT2/3/4 was already present in the first land plants, and 336 

suggests that stimulating proliferation of primed stem cells is the ancestral YTHDF molecular 337 

function in plants. 338 

 339 

Heterologous expression of Human YTHDF2 enhances the phenotype caused by loss of 340 

ECT2/3/4 in Arabidopsis 341 

Finally, we tested whether human YTHDF2 (Hs_YTHDF2) (Figure 2A) could function 342 

molecularly like plant YTHDFs. This question is relevant, because both different and similar 343 

molecular mechanisms have been proposed for YTHDF proteins in yeast, plants, 344 

invertebrates and vertebrates (Arribas-Hernández and Brodersen, 2020; Kan et al., 2021; 345 

Scutenaire et al., 2022; Wang et al., 2014a; Wang et al., 2015; Worpenberg et al., 2021), 346 

and even among the three mammalian paralogs (YTHDF1-3) there is no clear consensus as 347 

to their molecular functions (Murakami and Jaffrey, 2022). While we did not observe 348 

complementation of the delayed leaf emergence or aberrant leaf shape of te234 plants in 349 

any of the 79 transformants expressing Hs_YTHDF2-mCherry that we recovered (Figure 350 

5A), several lines showed more acute developmental defects compared to te234 (Figures 351 

5B and S10B), and some T2 seedlings resembled Arabidopsis mutants with severe 352 

depletion of m6A such as amiR-MTA (Arribas-Hernández and Brodersen, 2020; Shen et al., 353 

2016). Generally, we observed severe dwarfism and aberrant number and shape of 354 

cotyledons and/or first true leaves, although the severity of the phenotype exhibited variable 355 

penetrance among T2 siblings for each independent line (Figure 5B). We conclude that 356 

expression of Hs_YTHDF2 in Arabidopsis te234 mutants exacerbates its developmental 357 

phenotype. This interesting result is in agreement with the generally accepted idea that 358 

m6A/YTHDF2 destabilize mRNA in mammals (Herzog et al., 2017; Ke et al., 2017; Sommer 359 

et al., 1978; Wang et al., 2014a; Wang et al., 2014b) while m6A/ECT2/3/4 do the opposite in 360 

plants (Anderson et al., 2018; Arribas-Hernández et al., 2021b; Parker et al., 2020; Shen et 361 

al., 2016; Wei et al., 2018). However, an analogous molecular mechanism between plant 362 

and mammalian and plant YTHDFs cannot be completely ruled out, because a different 363 

cellular context may be hampering the molecular activity of Hs_YTHDF2 in plant cells, and 364 
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simple competition for targets with remaining ECTs could be the cause of the enhanced 365 

phenotype.  366 

 367 

Validation of the functional assay by loss-of-function genetic analysis  368 

The results of our functional analysis predict that knockout of genes encoding Arabidopsis 369 

YTHDF proteins with ECT2/3/4-like functionality (ECT8 > ECT5 > ECT10 > ECT7 > ECT6) 370 

may exacerbate the delay in leaf emergence of te234 mutants if endogenously expressed in 371 

primordial cells. The reverse should also be true: mutation of ECT1, ECT9 or ECT11 should 372 

not, or in the case of ECT1 only very slightly, exacerbate the developmental defects of te234 373 

even if these proteins are naturally expressed in leaf primordia. We chose ECT1 for 374 

validation of this prediction for three reasons. First, mRNA-seq data show that neither the 375 

highest-scoring (ECT8/5/10) nor the lowest-scoring members (ECT9/11) exhibit meristem 376 

enrichment (Figure S5). Furthermore, ECT9/11 are generally very lowly expressed (Figure 377 

S5). In contrast, the expression levels and tissue specificity of ECT1 are comparable to that 378 

of ECT4 (Figure S5) whose activity is easily revealed as an enhancer mutant of ect2/ect3 379 

(Arribas-Hernández et al., 2018). Second, ECT1 expression is strong in shoot and root 380 

apices as judged by histochemical GUS assays of Arabidopsis plants expressing 381 

ECT1p:GUS (Ok et al., 2005). Third, ECT1 is of particular interest because, as the closest 382 

relative of ECT2/3/4 in Arabidopsis, the natural expectation would be some degree of 383 

redundancy. Indeed, the considerable expression of ECT1 in the embryo (Figure S5) may 384 

suggest that simultaneous mutation of ECT1/ECT2/ECT3/ECT4 could phenocopy the 385 

embryonic lethality of mutants devoid of a functional methyltransferase complex (Růžička et 386 

al., 2017; Shen et al., 2016; Zhong et al., 2008). In this context, the lack of functional 387 

redundancy and therefore negligible genetic interaction predicted by our functional assay is 388 

not trivial, but rather a challenging concept, and hence appropriate for validation.  389 

 390 

ECT1 and ECT2/3/4 are expressed in the same cell types 391 

We first assessed the expression pattern of ECT1 protein using stable transgenic lines 392 

expressing a C-terminal TFP-fusion of ECT1 (ECT1p:gECT1-FLAG-TFP-ECT1ter, ECT1-393 

TFP lines, Figure S11A). The pattern of turquoise fluorescence was strongly reminiscent of 394 

that of fluorescent ECT2/3/4 fusions (Arribas-Hernández et al., 2018) with signal at the base 395 

of young leaves, in leaf primordia, main root tips and lateral root primordia at different stages 396 

(Figure 6A-D). Thus, the overlap in ECT1 and ECT2/3/4 expression patterns is substantial. 397 

We note that these transgenic lines selected on the basis of visible and reproducible pattern 398 

of fluorescence may have elevated expression levels compared to the endogenous ECT1, 399 

because we could detect ECT1-TFP mRNA but not the endogenous transcript by RNA 400 

blotting (Figure S11B). 401 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2022. ; https://doi.org/10.1101/2022.10.19.512826doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.19.512826
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13

 402 

ECT1 resides in the cytoplasm where it can form granules 403 

To perform ECT2/3/4-like functions, ECT1 would also need to be cytoplasmic. Confocal 404 

microscopy of meristematic root cells indeed showed cytoplasmic signal with heterogenous 405 

texture similar to what we previously described for ECT2/3/4 (Arribas-Hernández et al., 406 

2018) (Figure 6E). However, most roots had a few cells containing distinct ECT1-TFP foci 407 

(Figure 6F) that formed in the absence of stress-inducing treatments like heat or drought that 408 

have been used to induce granule formation by ECT2/3/4 (Arribas-Hernández et al., 2018; 409 

Scutenaire et al., 2018). Importantly, we found no trace of free TFP that could be causing 410 

artifacts in the imaging (Figure S11A). We conclude from the similar expression pattern and 411 

subcellular localization of ECT1 and ECT2/3/4 that assessment of the possible exacerbation 412 

of te234 phenotypes by additional loss of ECT1 function is a meaningful test of our 413 

functional assay.  414 

 415 

Mutation of ECT1 does not exacerbate the phenotype of ect2/ect3/ect4 plants 416 

We isolated three lines homozygous for T-DNA insertions in the ECT1 gene body, ect1-1 417 

(SAIL_319_A08), ect1-2 (GK-547H06), and ect1-3 (SALK_059722) (Figure 6G) and, based 418 

on qPCR analyses, concluded that the three are knockout mutations (Figure 6H). We used 419 

the ect1-1 and ect1-2 alleles for subsequent systematic genetic analyses with a series of 420 

single, double, triple and quadruple mutants of ect1 combined with ect2, ect3 and ect4. 421 

Importantly, both ect1-1/ect2-1/ect3-1/ect4-2 (qe1234, for ‘quadruple ect1/2/3/4’, see Figure 422 

S11C for multiple mutant abbreviations) and ect1-2/ect2-3/ect3-2/ect4-2 (Gqe1234, for 423 

‘GABI-KAT quadruple ect1/2/3/4’) mutant plants were viable, excluding the possibility that 424 

mutants lacking the complete DF-A clade phenocopy the lethality of m6A-deficient mutants 425 

(Zhong et al., 2008). Furthermore, the timing of the leaf emergence and the overall rosette 426 

morphology were indistinguishable from the corresponding te234 and Gte234 parental 427 

mutants (Figure 6I and S11D). Similarly, ect1-2/ect2-3/ect3-2 (Gte123) mutants were 428 

identical to ect2-3/ect3-2 (Gde23), and single ect1 mutants did not show any obvious defects 429 

(Figure 6I and S11D). Additional analysis of trichome branching and root morphology did not 430 

detect defects caused by mutation of ECT1 in any background tested (Figure S11E,F). 431 

Thus, the thorough genetic analysis undertaken here did not reveal any indication of 432 

redundancy between ECT1 and the other three DF-A clade proteins, despite the fact that 433 

ECT1 is expressed in a pattern similar to that of the other DF-A paralogs. This conclusion is 434 

in agreement with the poor ECT2/3/4-like activity shown by ECT1 in our functional assays, 435 

thereby validating the approach. 436 

 437 

Discussion  438 
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Functional versus biological redundancy  439 

Our study reveals that most YTHDF proteins in higher plants can perform, essentially, the 440 

same molecular function. We anticipate that this molecular function is used in specific 441 

biological contexts by ECT8/5/10/7/6 due to different expression patterns and response to 442 

stimuli, thereby achieving biological specialization with respect to ECT2/3/4. Such variability 443 

can already be inferred from available RNA-Seq data that show, for example, ECT8 to be 444 

primarily expressed during senescence-associated processes 445 

(http://bar.utoronto.ca/efp2/Arabidopsis/Arabidopsis_eFPBrowser2.html). In addition to 446 

redundancy, there is a clear pattern of lineage-specific specialization in fast-evolving YTHDF 447 

proteins from different clades, exemplified in Arabidopsis by ECT1, ECT11 and ECT9. 448 

Whether these proteins act to counteract the ECT2/3/4-like function by binding-competition 449 

to m6A-containing transcripts, perhaps halting growth upon stress, or whether they perform 450 

independent functions in different tissues or cell types, is open for new investigations.  451 

 452 

ECT1 is a newly evolved gene in a Brassicaceae lineage 453 

Surprisingly, the only member of the DF-A clade not yet characterized as m6A reader, ECT1, 454 

scored low in our functional assay and indeed, inactivation of ECT1 does not enhance the 455 

phenotype caused by loss of ECT2/3/4 despite expression of ECT1 in the same cell types 456 

and subcellular compartment as the other DF-A paralogs. We note that a previous 457 

description of nuclear and cytoplasmic fluorescence of a 35Sp:ECT1-GFP fusion (Ok et al., 458 

2005) may be due to the fact that the authors used epifluorescence instead of confocal 459 

fluorescence microscopy for the analyses. Because that technique does not distinguish 460 

between inside or around the nucleus, the signal observed may have been perinuclear, e.g. 461 

from the endoplasmic reticulum. But then, why is ECT1 so similar in sequence, yet so 462 

different functionally? A thorough look at phylogenetic analyses from Scutenaire et al. (2018) 463 

reveals that ECT1 is only present in species of the ‘lineage I’ of Brassicaceae such as A. 464 

thaliana and Capsella rubella (Nikolov et al., 2019). The closely related Brassica oleracea 465 

(‘lineage II’) (Nikolov et al., 2019) has a clear homolog of Ath/Cru ECT3, but not ECT1 466 

(Scutenaire et al., 2018), while other dicots outside Brassicaceae encode ECT3/1 orthologs 467 

in a separate cluster (Scutenaire et al., 2018). Therefore, ECT1 is the product of a recent 468 

duplication and neofunctionalization event of the ECT3/1 gene in a lineage of Brassicaceae 469 

that diverged more rapidly than any other DF-A2 clade member in Arabidopsis (Figure 1B, 470 

(Scutenaire et al., 2018)). This is in agreement with our overall conclusion that most 471 

YTHDFs in early angiosperms possessed Mpo_YTHDF/Ath_ECT2/3/4 molecular functions, 472 

and only late diverging events resulted in specialization of a few YTHDF proteins. For ECT1, 473 

such duplication and neofunctionalization event occurred late in a small subgroup of dicots. 474 

We note that such rapid neofunctionalization appears to result primarily from changes in the 475 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2022. ; https://doi.org/10.1101/2022.10.19.512826doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.19.512826
http://creativecommons.org/licenses/by-nc-nd/4.0/


 15

IDR. This observation underscores the urgent need to understand the functional elements of 476 

the IDR that endow YTHDF proteins with specific functions. It also hints that comparative 477 

analysis of pairs of YTHDF proteins such as ECT1/ECT3 that are closely related in 478 

sequence, but divergent in function could be of considerable value in this regard.  479 

 480 

DF-A proteins evolved fast during the rapid diversification of angiosperms 481 

Our phylogenetic analysis reveals that the DF-A clade originated before the divergence of 482 

ferns from the ancestor of seed plants, at least 410 Mya (Magallón et al., 2013) but two clear 483 

branches, DF-A1 and DF-A2, emerge from a clear common stem (Figure 1B). While DF-A1 484 

contains early-diverging DF-A proteins in ferns, gymnosperms, and the basal angiosperm 485 

Amborella trichopoda, the second group (DF-A2) is subtended by a long branch that 486 

comprises the only Nymphaea colorata DF-A and all monocot and dicot DF-A proteins 487 

(Figure 1B). Because Amborellaceae and Nymphaeaceae (water lilies) are sister groups to 488 

all other angiosperms (Figure 1A), the result suggests that the DF-A protein present in the 489 

most recent common ancestor of all extant angiosperms underwent a period of rapid 490 

evolution in a narrow window of time at the onset of the great angiosperm expansion (Soltis 491 

et al., 2008). Because it is clear that the DF-A members ECT2/3/4 play an important role in 492 

the development of current dicots, it is tempting to speculate whether this rapid change in 493 

the ancestral DF-A protein could be connected to angiosperm evolution. 494 

 495 

The diversity of plant YTHDF proteins and the need for many YTHDFs in complex plants 496 

Ferns diverged from other vascular plants ~400 Mya, around the same time that early 497 

tetrapods evolved from fish. While the observation that a few fern YTHDF proteins cluster in 498 

DF-A and -C clades points to an early diversification of plant YTHDFs, the fact that the other 499 

half of the C. richardii  YTHDF repertoire defines an independent clade (DF-F) suggests that 500 

complex plants may need many different YTHDFs, well surpassing the three paralogs found 501 

in most vertebrates (Patil et al., 2018). But why? The need for many YTHDFs of 502 

considerable variability is all the more puzzling given our demonstration here that the 503 

majority of them retains the same molecular function. Robustness is a commonly given 504 

explanation for redundancy, but the same argument could apply to methyltransferase 505 

subunits, and Arabidopsis has maintained only one copy of MTA, MTB, FIP37, VIR and 506 

HAKAI (Balacco and Soller, 2019). Therefore, the answer should probably be sought 507 

elsewhere. It is clear now that the m6A/YTHDF axis controls cellular proliferation and organ 508 

growth in plants (Arribas-Hernández and Brodersen, 2020; Arribas-Hernández et al., 2020), 509 

and a principal difference between animals and plants is the extreme plasticity of plant 510 

growth. Because growth and stress responses are also tightly intertwined, it is possible that 511 

plants use a plethora m6A-YTHDF growth-stimulators in different organs, responsive to 512 
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different stresses and developmental cues, to shape plant architecture in response to 513 

stimuli. The answer to the paradox may be in the details: plant YTHDFs  responsive to 514 

different environmental cues may fine-tune growth programs through slightly different 515 

performance and target-binding capacity in partly overlapping expression domains, where 516 

they are known to compete for targets (Arribas-Hernández et al., 2021b). 517 
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 528 

Materials and Methods  529 

Plant material and growth conditions 530 

All the used lines are in the A. thaliana Columbia-0 (Col-0) ecotype. The T-DNA insertion 531 

lines ect1-1 (SAIL_319_A08), ect1-2 (GK-547H06), and ect1-3 (SALK_059722) were 532 

obtained from Nottingham Arabidopsis Stock Centre. The mutants ect2-3, ect3-2, ect2-533 

3/ect3-2 (Gde23), ect2-3/ect3-2/ect4-2 (Gte234) and ect2-1/ect3-1/ect4-2 (te234), used for 534 

genetic crosses to ect1 alleles or for background to produce transgenic lines, have been 535 

previously described (Arribas-Hernández et al., 2018; Arribas-Hernández et al., 2020).  536 

For in vitro growth, seeds were sterilized by consecutive incubation in 70 % EtOH (2 min) 537 

and [1.5 % NaClO, 0.05 % Tween-20] (10 min) followed by two washes with sterile Milli-Q 538 

H2O, and spread on petri dishes containing Murashige & Skoog (MS) media (4.4 g/L salt 539 

mixture, 10 g/L sucrose, 8 g/L agar) supplemented with the appropriate antibiotics. Following 540 

2-5 days of stratification at 4C in darkness, the plates were transferred to incubators at 21° C 541 

in long day conditions (16h-light/8h-dark photoperiod, 120 μmol m-2 s-1 light intensity). When 542 

further growth was needed, plants were transferred to soil and grown in incubators with the 543 

same conditions for phenotypic characterization, or standard greenhouse facilities for seed 544 

production. 545 

 546 

Phylogenetic analysis 547 

Sequences of selected YTH-domain-containing proteins were downloaded from UniProt 548 

(Apweiler et al., 2004), TAIR (www.arabidopsis.org), phytozome (Goodstein et al., 2012) or 549 
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GinkgoDB (Gu et al., 2022) and aligned with Clustal Omega (Sievers et al., 2011) webserver 550 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) with default parameters. Evolutionary analyses 551 

were conducted in MEGA7 (Kumar et al., 2016). The phylogenetic tree was generated from 552 

the alignment (Supplemental Dataset 1) using the neighbor-joining method (Saitou and Nei, 553 

1987). Values of the bootstrap test (Felsenstein, 1985) were inferred from 1000 replicates. 554 

The evolutionary distances were computed using the Poisson correction method 555 

(Zuckerkandl and Pauling, 1965) and are in the units of the number of amino acid 556 

substitutions per site.  557 

 558 

Cloning 559 

We employed the scar-free USER cloning method (Bitinaite and Nichols, 2009) to produce 560 

all uS7Bp:cYTHDF(X)-mCherry-OCSter constructs by gluing four DNA fragments (uS7Bpro, 561 

cYTHDF(X), mCherry, OCSter) into the pCAMBIA3300-U plasmid (Nour-Eldin et al., 2006). 562 

The cloning strategy is analogous to the one described for the ECT2p:gECT2-mCherry-563 

ECT2ter construct (Arribas-Hernández et al., 2018). This plasmid was also used as a 564 

template to PCR-amplify the mCherry sequence. uS7Bpro and OCSter fragments were 565 

amplified from the GreenGate Cloning System (Addgene) plasmids pGGA012 and pGGF005 566 

respectively (Lampropoulos et al., 2013). The specific fragments containing cDNA of the 567 

different YTHDF proteins (cYTHDF(X)) were amplified from commercial plasmids containing 568 

the cDNA clone of interest or, when unavailable, we used reverse-transcribed cDNA from 569 

RNA (see below). A list with all the templates used to amplify cDNA and the specific 570 

transcript isoform contained in the resulting constructs can be found in Supplemental Table 571 

1.  We designed the U-containing USER-primers in a way that the same three PCR 572 

fragments common to all constructs (uS7Bpro, mCherry, and OCSter) could be used in all 573 

ligations, and only the fragment encoding the cYTHDF gene had to be customized. For the 574 

chimeras, the strategy was comparable but gluing only two fragments: uS7Bp:cIDRYTHDF(X) 575 

and cYTHYTHDF(Y)-mCherry-OCSter, amplified from the previously obtained 576 

uS7Bp:cYTHDF(X)-mCherry-OCSter and uS7Bp:cYTHDF(Y)-mCherry-OCSter constructs. 577 

The construction of ECT1p:gECT1-FLAG-TFP-ECT1ter was done by USER cloning 578 

(Bitinaite and Nichols, 2009) using gDNA from Arabidopsis tissues to amplify the ECT1 gene 579 

body and regulatory sequences, in identical way than described for ECT2 in the construction 580 

of ECT2p:gECT2-mCherry-ECT2ter (Arribas-Hernández et al., 2018). A plasmid containing 581 

MTAp:gMTA-FLAG-TFP-MTAter (Arribas-Hernández et al., 2020) was used as template to 582 

amplify the FLAG-TFP fragment.  583 

Cloning of the trial ECT2p:gECT1-mCherry-ECT2ter and ECT2p:gECT4-mCherry-ECT2ter 584 

constructs was done by GreenGate (Lampropoulos et al., 2013). In short, PCR fragments 585 

were amplified by PCR using Thermo Scientific Phusion High-Fidelity DNA Polymerase 586 
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(NEB) and introduced into entry vectors by BsaI-restriction cloning, as specified in 587 

Supplemental Table 2. Of note, because none of our constructs carried an N-tag (fragment 588 

B-C), the fragment containing ECT1/4 gDNA (from ATG to the last codon prior stop) was 589 

cloned using primers with B-to-D overhangs into pGEM-T Easy by A-tailing (Promega), 590 

thereby bypassing the need of a B-C element. The vectors containing the ECT2 5'UTR and 591 

upstream regulatory sequences (in pGGA000), the coding sequences (as gDNA) of ECT1/4 592 

(in pGEM-T Easy), linker-mCherry (pGGD003), the ECT2 3’UTR and downstream 593 

sequences (in pGGE000) and the D-AlaR cassette (pGGF003) were combined in a 594 

‘Greengate reaction’ using BsaI-HF (NEB), T4 DNA-Ligase (Thermo Scientific) and 595 

pGGZ001 as destination vector (Lampropoulos et al., 2013). All vectors were obtained from 596 

addgene (plasmid kit #1000000036). 597 

 598 

In all cases, the constructs were introduced into DH5α competent Escherichia coli cells 599 

(New England Biolabs) and Sanger-sequenced to discard clones with PCR-derived 600 

mutations. A list containing the sequences of all cloning primers, the fragments obtained with 601 

every primer set, and how these fragments were combined in the different constructs, can 602 

be found in Supplemental Table 2. 603 

 604 

Plant transformation and line selection 605 

All final binary plasmids were introduced into Agrobacterium tumefaciens GV3101 to 606 

transform the appropriate plants (specified below) by floral dipping (Clough and Bent, 1998). 607 

ECT1p:gECT1-TFP-ECT1ter lines in the ect1-2 background were selected on large MS-agar 608 

plates containing glufosinate ammonium (10 mg/L) for selection, and ampicillin (100 mg/L) to 609 

prevent Agrobacterium growth. Resistant primary transformants were transferred to soil at 610 

~9 days after germination. For line selection, T2 seedlings were screened for single 611 

insertions according to the segregation of glufosinate-resistance, and visible fluorescence in 612 

a consistent pattern among many lines. Absence of free TFP was assessed by western blot, 613 

performed as described by Arribas-Hernández et al. (2018).  614 

ECT2p:gECT1-ECT2ter and ECT2p:gECT1-ECT2ter primary transformants in the te234 615 

background were selected in a similar manner but using 3 mM D-Alanine for selection. 616 

The analysis of uS7Bp:cYTHDF(X)-mCherry-OCSter constructs and derived chimeras in 617 

te234 plants for the functional assay is detailed below. 618 

 619 

Complementation assay 620 

Due to the large amount of constructs tested, and the practical impossibility of simultaneous 621 

transformation of all constructs at once in our facilities, we performed repeated 622 

transformations of subsets of constructs to be compared, ensuring that each protein had at 623 
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least two independent transformations done in parallel with the uS7Bp:cECT2-mCherry-624 

OCSter and uS7p:mCherry-OCSter controls. The constructs dipped in each parallel 625 

transformation can be found in Figures S3 (Arabidopsis ECTs), S7 (ECT-chimeras) and S9 626 

(Marchantia and human YTHDFs). To even out the inevitable pot-to-pot differences in 627 

transformation efficiency, we dipped between 2 and 4 pots, with 4-6 plants per pot, for each 628 

construct in every transformation, and harvested the seeds from different pots individually. 629 

To measure complementation, T1 seeds were sterilized and spread on large (135 mm) petri 630 

dishes (~2000 seeds (100 μL) / plate) containing MS-agar media supplemented with 631 

glufosinate ammonium (10 mg/L), sulfadiazine (4.83 mg/L) and ampicillin (100 mg/L). On 632 

average, we observed transformation efficiencies of ~0.8% (~15.3 transformants per plate) 633 

with roughly comparable values among constructs and transformation batches except for 634 

ECT9 and Hs_YTHDF2, for which we obtained a consistently lower amount of transformants 635 

(Figure S6). Based on the transformation efficiency obtained in a first pilot transformation 636 

batch with only ECT2 and the mCherry control (Figures S2 and S6), we standardized a 637 

minimum of six plates per construct to be assessed in parallel in every independent assay, 638 

aiming to have >100 T1s of each type in any given independent comparison. Among the set 639 

of plates of each construct, we included repeats of the 2-4 independent seed batches 640 

originated from separate pots. 641 

The seeds were stratified, germinated and grown as described above. Complementation 642 

was scored after 10 days of parallel growth for all genotypes included in the same batch. We 643 

considered seedlings with first true leaves of >0.5 mm (basal-to-apical length) as 644 

‘complementing’, and those of inferior size as ‘not complementing’. Complementation 645 

percentage for each construct in every batch was then calculated as the ratio between the 646 

number of complementing seedlings and the total amount of transformants (x100%) 647 

normalized to the percentage of complementing T1s for ECT2 in the same batch. The final 648 

score given to each construct in Figures 2C, 3C, 4A and 5A is the average of the 649 

complementation percentages in all batches for which the construct was present, weighted 650 

by the amount of primary transformants recovered for that construct in each batch. For each 651 

score, the total amount of transformants (n) and independent transformations (I.T.) is 652 

indicated, and the raw numbers can be found in Figures S3, S7 and S9. 653 

 654 

Genotypic and phenotypic characterization  655 

DNA extraction and genotyping of ect1, ect2, ect3 and ect4 alleles for the construction of 656 

high order mutants, photographs of rosettes and seedlings, root growth characterization, and 657 

quantification of trichome branching were done with the same way and with the same 658 

equipment as described previously (Arribas-Hernández et al., 2018; Arribas-Hernández et 659 
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al., 2020). The sequences of ECT1-specific primers not used in the 2018 study can be found 660 

in the Supplemental Table 2.  661 

 662 

Fluorescence microscopy 663 

Stereo and confocal fluorescence microscopy were performed using the same equipment 664 

and methodology than Arribas-Hernández et al. (2020) 665 

 666 

cDNA obtention 667 

cDNA was obtained using total RNA from A. thaliana Col-0 wild type flowers, dissected 668 

gemma cups and apical notches of M. polymorpha that grows spontaneously in humid areas 669 

of our greenhouses, or human HepG2 cells (Sigma 85011430). In all cases, the RNA was 670 

extracted using trizol, and reverse transcribed with oligo-dT primers to produce cDNA as 671 

previously described (Arribas-Hernández et al., 2018).   672 

 673 

Quantitative PCR 674 

Quantitative real-time RT-PCR was performed on the Bio-Rad CFX ConnectTM thermal 675 

cycler using the QuantiTect SYBR Green RT-PCR kit (Qiagen) following the instructions 676 

from the manufacturer. Expression analysis was performed following the ∆∆�# method 677 

(Pfaffl, 2001). Samples were run in quadruplicates, and relative expression levels were 678 

normalized to ACTIN (AT3G18780) as housekeeping gene. A list of qPCR primers can be 679 

found in Supplemental Table 2. 680 

 681 

Northern blot 682 

Northern blot to detect ECT1 mRNA from total RNA of Arabidopsis flowers was performed 683 

as described previously for ECT2 and ECT3 (Arribas-Hernández et al., 2018). Primer 684 

sequences for the ECT1-specific probe are detailed in Supplemental Table 2. 685 

  686 
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Figure 1. Phylogenetic analysis of YTHDF proteins in land plants
A. Schematic representation of land plant evolution and relative position of the species used in this study. The 
architecture of the diagram and the age (million years, My) indicated on some nodes are a simplified version of the 
dated tree from Magallón et al. (2013). The length of the branches has been adjusted for illustrative purposes.
B. Phylogenetic tree of YTHDF proteins in land plants. Arabidopsis thaliana (Ath) YTHDF proteins are named after 
the first nomenclature for proteins containing an Evolutionarily Conserved C-Terminal Region (ECT) established 
by Ok et al. (2005), while members from other plant species adhere to the nomenclature based on phylogenetic 
relationships as defined by Scutenaire et al. (2018), with small variations reflecting the additional clades (E, F) and 
early divergences between subclades (A1 vs A2, and C1 vs. C2) proposed here. Colour-coding and abbreviations 
of species as in A. Thick red and blue branches highlight, respectively, the most and least divergent ECTs within 
each clade.
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Figure 2. Most Arabidopsis YTHDF proteins can replace ECT2/3/4-function to some extent
A. Diagram showing the relative length of the N-terminal IDRs of Arabidopsis thaliana (Ath) YTHDF proteins 
(ECT1-ECT11) together with Marchantia polymorpha (Mpo) YTHDF, Homo sapiens (Hs) YTHDF2, Drosphila 
melanogaster (Dm) YTHDF, and Saccharomyces cerevisiae (Sc) MRB1. Numbers on the right side indicate the 
length of the proteins in amino acids (aa).
B. Schematic representation of the strategy followed for the functional assay. uS7Bp:cECT(X)-mCherry constructs  
are introduced in ect2-1/ect3-1/ect4-2 (te234) plants, and complementation rates are estimated by the percentage 
of primary transformants (T1) whose first true leaves have a size (s) of at least 0.5 mm after 10 days of growth. 
The construct uS7Bp:mCherry is used as negative control. Examples of T1 seedlings expressing ECT2 and 
control constructs are shown. Dashed lines delimit the magnified images of emerging leaves with mCherry fluores-
cence shown below.
C. Weighed averages of the complementation percentages observed for each uS7Bp:cECT(X)-mCherry construct 
in 2-5 independent transformations (I.T.) normalized to the fraction of complementing uS7Bp:cECT2-mCherry 
observed in the same transformation batch. The absolute complementation percentages for each construct in 
each independent transformation can be found in Figure S3. Examples of complementing T1 plants and the 
fluorescent signal  are shown in Figure S4.  n, number of T1s assessed.
D. Levels of protein expression from uS7Bp:cECT(X)-mCherry constructs in independent lines (L) of 9-day-old T2 
seedlings assesed by α-mCherry western blot. All genotypes are in the te234 background. Lines with single inser-
tions and the highest complementation capacity (largest true leaves at 9 days after germination in T2) were select-
ed for the analysis. ECT9 is not included because we could not observence fluorescence in the T2 generation for 
any of the few lines obtained, probably due to silencing. te234 ECT2p:gECT2-mCherry lines (Arribas-Hernández 
et al. 2018) are included in both membranes as a reference. Vertical dotted lines in the right panel mark where 
lanes have been cropped due to defects in the gel, but all the ones shown are on the same membrane. 
Ponceau-staining is shown as loading control. 
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Figure 3. Dissection of ECT1/9/11 functionality by expression of chimeric constructs
A. 20-day-old T2 seedlings expressing the mCherry fusions of ECTs less able to complement the leaf emergence 
delay of te234 mutants. For ECT1, the two best complementing lines among 225 T1s were chosen for the pheno-
typic characterization. Lines expressing ECT11 are indistinguishable from the te234 background. ECT9 is not 
included because we could not find lines with fluorescence in T2 seedlings. ECT2, free mCherry, the background 
te234 and Col-0 WT are shown as a reference. Scale bars, 1 cm.
B. Schematic representation of the strategy followed to express chimeras with N-terminal IDR and YTH domains 
of different ECT proteins. 
C. Weighed averages of the complementation rates observed for each chimeric construct as in Figure 2C. The 
absolute complementation rates can be found in Figure S7.
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Figure 4. Expression of Marchantia polymorpha YTHDF 
alleviates loss of ECT2/3/4 in Arabidopsis
A. Weighed averages of the complementation rates observed 
for each of the indicated constructs (cDNA fused to mCherry 
under the control of the uS7B promoter) as in Figure 2C. S 
(short) and L (long) refer to the two different YTHDF splice-
forms found among the constructs obtained from M. polymor-
pha cDNA. Absolute complementation rates can be found in 
Figure S9.
B. T1 plants expressing the long isoform (L) of uS7Bp:Mpo_-
cYTHDF-mCherry in the te234 background 19 days after 
germination. Additional genotypes are included as a refer-
ence. Pictures of the Mpo YTHDF short isoform, other 
controls and T2 plants can be found in Figure S10.
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Figure 5. Heterologous expression of Homo sapiens YTHDFs 
enhances the phenotype caused by loss of ECT2/3/4 in Arabidopsis 
A. Weighed averages of the complementation rates observed for each of 
the indicated constructs (cDNA fused to mCherry under the control of the 
uS7B promoter) as in Figure 2C. Absolute complementation rates can be 
found in Figure S9.
B. Morphological appareance and fluorescence pattern of T2 plants 
expressing uS7Bp:Hs_cYTHDF2-mCherry in the te234 background 9 or 
17 days after germination (DAG). Several plants are shown to reflect the 
variable penetrance of the defects exhibited by these lines compared to 
the control te234 expressing free mCherry (top panel). The defects 
include enhanced aberrance in the shape or number of cotyledons and 
first true leaves, and slower overall growth. Additional individuals and 
controls can be found in Figure S10.te
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Figure 6. Endogenous ECT1 has negligible 
ECT2/3/4-like function, despite similar expression 
pattern and subcellular localization
A-D. Expression pattern of ECT1p:gECT1-TFP (gDNA) 
in aerial organs (B), main root (C), lateral root primordia 
(D) and emerging lateral roots (E) of 10-day-old seed-
lings. The expression mimicks the pattern observed for 
ECT2/3/4 (Arribas Hernández et al., 2020).
E-F. Intracellular localization of ECT1-TFP in meristemat-
ic cells of root tips in unchallegended conditions. 
Although the cytoplasmic signal is largely homogenous 
(F), sporadic foci (G) are frequently observed. Figure 
S11A shows the integrity of the fluorescently tagged 
protein in independent transgenic lines assesed by 
protein blot. 
G. Schematic representation of the Ath_ECT1 locus. 
Exons are represented as boxes and introns as lines. 
The positions and identifiers of the T-DNA insertions 
assigned to the ect1-1, ect1-2 and ect1-2 alleles are 
marked, and the location of qPCR amplicons and hybridi-
zation probes (P) for analyses is indicated below.
H. Expression analysis of  ECT1 mRNA in wild type and 
T-DNA insertion lines by qPCR. Northern blot using the 
probe (P) marked in G detects ECT1-TFP mRNA, but not 
the endogenous ECT1 transcript (Figure S11B).
I. Morphological appearance of seedlings with or without 
ECT1 in the different backgrounds indicated. Alternative 
allele combinations are shown in Figure S11D. DAG, 
days after germination.
Scale bars are: 1 cm in A, 1 mm in B, 100 μm in C, 10 μm 
in D-F, 1 mm in upper panels of I, and 1 cm in the lower 
panels.

ect1-1
(SAIL_319_A08)

ECT1
(AT3G03950)

ect1-2
(GK-547H06)

ect1-3
(SALK_059722)

Col-0 WT

ect1-1

ect1-2

ect1-3

Fo
ld

 C
ha

ng
e

Exon 2-3 Exon 4-5P Exon 5-6

0

0.50
0.25

0.75
1.00
1.25

Exon 2-3 Exon 4-5 Exon 5-6

Gte234 Gqe1234Col-0 WT ect1-2

9 
D

A
G

17
 D

A
G

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 19, 2022. ; https://doi.org/10.1101/2022.10.19.512826doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.19.512826
http://creativecommons.org/licenses/by-nc-nd/4.0/

