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Abstract  19	  
Gene regulation via N6-methyladenosine (m6A) in mRNA involves RNA-binding proteins that 20	  

recognize m6A via a YT521-B homology (YTH) domain. The plant YTH domain proteins ECT2 and 21	  

ECT3 act genetically redundantly in stimulating cell proliferation during organogenesis, but several 22	  
fundamental questions regarding their mode of action remain unclear. Here, we use HyperTRIBE 23	  

(targets of RNA-binding proteins identified by editing) to show that most ECT2 and ECT3 targets 24	  

overlap, with only few examples of preferential targeting by either of the two proteins. HyperTRIBE 25	  
in different mutant backgrounds also provides direct views of redundant and specific target 26	  

interactions of the two proteins. We also show that contrary to conclusions of previous reports, 27	  
ECT2 does not accumulate in the nucleus. Accordingly, inactivation of ECT2, ECT3 and their 28	  

surrogate ECT4 does not change patterns of polyadenylation site choice in ECT2/3 target mRNAs, 29	  
but does lead to lower steady state accumulation of target mRNAs. In addition, mRNA and 30	  

microRNA expression profiles show indications of stress response activation in ect2/ect3/ect4 31	  
mutants, likely via indirect effects. Thus, previous suggestions of control of alternative 32	  
polyadenylation by ECT2 are not supported by evidence, and ECT2 and ECT3 act largely 33	  

redundantly to regulate target mRNA, including its abundance, in the cytoplasm.  34	  
  35	  
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Introduction 36	  
N6-methyladenosine (m6A) in mRNA is of fundamental importance in eukaryotic gene regulation 37	  

(Zhao et al. 2017). Many functions of m6A involve RNA binding proteins that recognize m6A in 38	  

mRNA via a YT521-B homology (YTH) domain (Stoilov et al. 2002; Dominissini et al. 2012; Wang 39	  
et al. 2014; Zaccara et al. 2019). The YTH-domain family is subdivided into two phylogenetic 40	  

groups, YTHDF and YTHDC (Patil et al. 2018; Balacco and Soller 2019), but the biochemistry used 41	  

for m6A recognition is identical in both groups: an aromatic cage provides a hydrophobic 42	  
environment for the N6-methyl group and stacking interactions with the adenine ring (Li et al. 43	  

2014b; Luo and Tong 2014; Theler et al. 2014; Wang et al. 2014; Xu et al. 2014; Zhu et al. 2014), 44	  
resulting in at least 10-fold higher affinity for m6A-containing over non-methylated RNA. YTHDF 45	  

proteins consist of an N-terminal intrinsically disordered region (IDR) followed by the YTH domain 46	  
(Patil et al. 2018). Early reports seemed to indicate functional specialization of vertebrate YTHDF 47	  

proteins for either translational activation or mRNA decay (Wang et al. 2014; Wang et al. 2015; Li et 48	  
al. 2017; Shi et al. 2017), whereas recent studies support functional redundancy among the three 49	  
YTHDFs in mammals and zebrafish (Kontur et al. 2020; Lasman et al. 2020; Zaccara and Jaffrey 50	  

2020), similar to the functional overlap described earlier for plant YTHDFs (Arribas-Hernández et al. 51	  
2018).  52	  
 In plants, the YTHDF family is greatly expanded, with eleven members in Arabidopsis, 53	  
referred to as EVOLUTIONARILY CONSERVED C-TERMINAL REGION1-11 (ECT1-11), 54	  

compared to three in humans (Li et al. 2014a; Scutenaire et al. 2018). ECT2, ECT3 and ECT4 have 55	  
important functions in post-embryonic development, but appear to work largely redundantly, at least 56	  

in formal genetic terms. This is because single knockouts of ECT2 or ECT3 produce only subtle 57	  
phenotypes related to branching patterns of epidermal hairs and root growth directionality, while 58	  
simultaneous knockout of ECT2 and ECT3 results in delayed organogenesis and defective 59	  

morphology of leaves, roots, stems, flowers, and fruits; defects that are exacerbated by additional 60	  

mutation of ECT4 in most cases (Arribas-Hernández et al. 2018; Arribas-Hernández et al. 2020). It 61	  
remains unclear, however, which mRNAs are targeted by ECT2/3, and what the effects of ECT2/3 62	  

binding to them may be (Arribas-Hernández and Brodersen 2020). In particular, it is not clear 63	  

whether the formal genetic redundancy between ECT2 and ECT3 is reflected in an overlapping 64	  
target set, as would be expected for truly redundant action, or whether ECT2 and ECT3 might bind 65	  

separate targets in wild type plants, but are able to replace each other in the artificial situation 66	  

created by gene knockouts. The fact that knockouts of ECT2 and ECT3 have opposite effects on 67	  
root growth directionality (Arribas-Hernández et al. 2020) clearly indicates that at least some level 68	  
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of functional specialization exists between them, despite the obvious genetic redundancy observed 69	  
in control of organogenesis. Thus, it is an open question of fundamental importance for 70	  

understanding plant m6A-YTHDF axes whether, and to what degree, mRNA targets of ECT2 and 71	  

ECT3 overlap. 72	  
 ECT2 has previously been suggested to act in the nucleus to influence alternative 73	  

polyadenylation of targets (Wei et al. 2018). This model implies that plant ECT2 would act 74	  

fundamentally differently from metazoan YTHDF proteins that are thought to be exclusively 75	  
cytoplasmic and act to control mRNA fate via accelerated mRNA decay, or translational status 76	  

(Patil et al. 2018; Zaccara et al. 2019), perhaps in some cases by influencing the ability of other 77	  
RNA binding proteins to associate with specific mRNAs (Worpenberg et al. 2021). The evidence for 78	  

nuclear localization of ECT2 is not unequivocal, however, because the ECT2 signal presumed to be 79	  
nuclear has not been examined relative to a nuclear envelope marker. In contrast, all studies 80	  

examining the subcellular localization of ECT2 (and ECT3 and ECT4) have clearly established their 81	  
presence in the cytoplasm (Arribas-Hernández et al. 2018; Scutenaire et al. 2018; Wei et al. 2018; 82	  
Arribas-Hernández et al. 2020). In addition, the model of ECT2-mediated gene regulation via 83	  

alternative polyadenylation has not been tested by direct experimentation. 84	  
 Here, we use the proximity-labeling method HyperTRIBE (targets of RNA binding proteins 85	  
identified by editing) (McMahon et al. 2016; Xu et al. 2018) to identify mRNA targets of ECT3. 86	  
HyperTRIBE uses fusion of an RNA-binding protein to a hyperactive mutant of the catalytic domain 87	  

of the Drosophila adenosine deaminase acting on RNA (ADARcd) to obtain an A-G mutation profile 88	  
specifically in mRNAs bound by the RNA-binding protein of interest in vivo. We combine 89	  

comparative analysis of this dataset with the target identification of ECT2 by HyperTRIBE and 90	  
iCLIP (individual nucleotide resolution crosslinking and immunoprecipitation) (König et al. 2010) 91	  
reported in the accompanying paper, a series of transcriptomic analyses in ect2/ect3/ect4 triple 92	  

knockout mutants, and super-resolution microscopy of ECT2 localization, to establish three 93	  

fundamental properties of mRNA regulation by ECT2 and ECT3. (1) Most targets are shared 94	  
between ECT2 and ECT3, and the two proteins act genuinely redundantly in vivo to bind to and 95	  

regulate many targets, in agreement with their similar expression patterns and genetically 96	  

redundant functions (Arribas-Hernández et al. 2018; Arribas-Hernández et al. 2020). (2) ECT2/3/4 97	  
do not appreciably influence alternative polyadenylation of target mRNAs, consistent with the 98	  

absence of ECT2-mCherry from the nucleoplasm. (3) In ECT2-expressing cell populations, the 99	  

abundance of the majority of ECT2/ECT3-target mRNAs is reduced upon loss of ECT2/3/4 activity. 100	  
  101	  
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Results 102	  
Identification of ECT3 target mRNAs using HyperTRIBE  103	  

To identify target mRNAs of ECT3 transcriptome-wide, we chose HyperTRIBE, because of our 104	  

demonstration in the accompanying paper that it efficiently identifies ECT2 targets with little 105	  
expression bias. We therefore proceeded in exactly the same way as described for ECT2: among 106	  

transgenic lines expressing AtECT3pro:AtECT3-FLAG-DmADARE488Qcd-AtECT3ter (henceforth 107	  

“ECT3-FLAG-ADAR”) in the triple ect2-1/ect3-1/ect4-2 (te234) knockout background (Arribas-108	  
Hernández et al. 2018; Arribas-Hernández et al. 2020), lines with the highest degree of 109	  

complementation were selected (Figure 1A) and used to define the level of ECT3-FLAG-ADAR 110	  
protein required for in vivo function. Subsequently, we chose lines expressing similar levels of 111	  

ECT3-FLAG-ADAR in ect3-1 single mutants, and of FLAG-ADAR under the control of the ECT3 112	  
promoter (henceforth simply “FLAG-ADAR”) in wild type background to use as negative control 113	  

(Figure1—figure supplement 1A). Five lines of each type were used for mRNA-seq of dissected 114	  
shoot and root apices, and the data was analyzed to identify differentially edited sites (Figure 1B, 115	  
Figure1—figure supplements 1,2). Despite the lower expression of ECT3 compared to ECT2 116	  

(Arribas-Hernández et al. 2018) and, consequently, generally lower editing proportions in ECT3-117	  
FLAG-ADAR lines compared to ECT2-FLAG-ADAR lines (accompanying paper) (Figure 1C), the 118	  
implementation of the HyperTRIBER pipeline to call significant editing sites successfully identified 119	  
2,448 targets in aerial tissues, and 3,493 in roots (ECT3 HT-targets) (Figure 1B, Supplementary file 120	  

1). As seen for ECT2 (accompanying paper), the ECT3 target genes in shoot and root apices 121	  
largely overlapped, and the editing proportions of individual editing sites showed a strong 122	  

correlation (Figure 1D,E). Accordingly, most aerial- or root-specific targets could be explained by 123	  
differences in expression between tissues (Figure 1F). The identification of strongly overlapping 124	  
target sets in roots and shoots is expected from the similar roles of ECT3 in promoting growth and 125	  

cell division in the two tissues (Arribas-Hernández et al. 2020), and therefore, constitutes an 126	  

argument for robustness of ECT3 target identification by the HyperTRIBE method 127	  
 128	  

ECT2 and ECT3 bind to overlapping sets of targets 129	  

We next analyzed the degree to which ECT2 and ECT3 HT-targets overlap. The datasets are 130	  
directly comparable, as growth conditions, tissue dissection, RNA extraction, library construction 131	  

and sequencing depth for target identification of ECT3 by HyperTRIBE were identical to those used 132	  

for ECT2 (accompanying paper) (Figure 2—figure supplement 1). Remarkably, more than 94% of 133	  
ECT3 HT-targets overlapped with the larger group of ECT2 HT-targets in both aerial and root 134	  

.CC-BY 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 August 3, 2021. ; https://doi.org/10.1101/2021.08.01.454660doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.01.454660
http://creativecommons.org/licenses/by/4.0/


A B

C

Col-0 WT

N
o 

tra
ns

ge
ne

N
o 

tra
ns

ge
ne

EC
T3

-F
LA

G
-A

DA
R

FL
AG

-A
DA

R

ect3-1 te234

1 
m

m
1 

cm
9 

D
A

G
24

 D
A

G
1 

m
m

1 
cm

9 
D

A
G

24
 D

A
G

A    G

ECT3-FLAG-ADAR
ect3-1

x 5 samples

FLAG-ADAR

x 5 samples

Formally tested

hyperTRIBER pipeline

Any mismatchSTAR + base counts

Filtering + annotation
of significant hits

VS

GLM: ~ sample + baseG + condition:baseG
co

nd
.

po
si

tio
ns

m
od

el

ba
se

 
co

un
t

AG

re
su

lts

3’
A

I G

in vivo
deamination

mRNA RNA-Seq

ECT3
YTH

IDR
ADAR

m6A5’

pr
oc

es
si

ng

2,618,860 (R)
2,295,706 (A)  

198,052 (R)
176,474 (A)  

Sig. + Filt. Genes

14,389 (R)
7,241 (A)  

3,493 (R)
2,448 (A)  

Figure 1. Identification of ECT3 targets using HyperTRIBE. (A) Phenotypes of wild type, ect3-1 and te234 (ect2-1/ect3-1/ect4-2) mutants with (lower 
panels) or without (upper panels) ECT3pro:ECT3-FLAG-DmADARE488Qcd-ECT3ter (ECT3-FLAG-ADAR) or ECT3pro:FLAG-DmADARE488Qcd-ECT3ter 
(FLAG-ADAR) transgenes, at 9 or 24 days after germination (DAG). (B) Experimental design for ECT3-HyperTRIBE (ECT3-HT) target identification. 
After quantifying nucleotide base counts from mapped RNA-seq libraries of ect3-1 ECT3-FLAG-ADAR and FLAG-ADAR lines,  all positions with 
mismatches were passed into the HyperTRIBER pipeline to call significant editing sites. Identified sites were further filtered to remove SNPs and retain 
only A-to-G mismatches. The number of sites in either aerial (A, dissected apices) or root (R, root tips) tissues at each stage is indicated. GLM, general-
ized linear model. (C) Density of editing proportions for significant editing sites in aerial tissues and roots of ect3-1/ECT3-FLAG-ADAR and 
ect2-1/ECT2-FLAG-ADAR  (accompanying manuscript) lines. (D) Overlap between ECT3-HT target genes and editing sites in roots and aerial tissues, 
out of the set of genes commonly expressed in both tissues. (E) Scatterplot of the editing proportions of significant editing sites in ECT3-HT for aerial vs 
root tissues. (G) Scatterplot showing the expression in aerial and root tissues (mean log2(TPM+1) over the 5 ECT3-HT control samples) of the genes 
that are identified as targets only in aerial tissues or only in roots.
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Figure supplement 2. Characteristics of ECT3-HyperTRIBE editing sites relative to target expression levels. 
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tissues, and there was a clear correlation between the editing proportions of the common editing 135	  
sites, albeit with higher editing by ECT2-FLAG-ADAR overall (Figure 2A,B). Indeed, the pattern of 136	  

editing sites resulting from fusion of ADAR to ECT2 or ECT3 was similar for many targets, with a 137	  

few more sites typically detected in the ECT2-HT dataset (e.g. ATP-Q, Figure 2C left panel). 138	  
Nevertheless, we also noticed examples with preferential targeting by ECT2-FLAG-ADAR (e.g. 139	  

TUA4, Figure 2C middle panel) or, interestingly, by the less abundant ECT3-FLAG-ADAR (e.g. 140	  

UBQ6, Figure 2C right panel), perhaps hinting to molecular explanations for the recently described 141	  
non-redundant roles of ECT2 and ECT3 in determining root growth directionality (Arribas-142	  

Hernández et al. 2020). Overall, however, the overwhelming overlap between ECT2 and ECT3 HT-143	  
targets in both tissues suggests that binding to the same mRNA targets underlies their genetically 144	  

redundant functions in leaf and root formation (Arribas-Hernández et al. 2018; Arribas-Hernández 145	  
et al. 2020). We also observed that ECT2 and ECT3 mRNAs contain m6A sites in seedlings 146	  

according to published datasets (Shen et al. 2016; Parker et al. 2020), and that their protein 147	  
products target their own and each other’s transcripts (Figure 2—figure supplement 2), indicating 148	  
that autoregulatory feedback may contribute to control their expression.  149	  

 150	  
HyperTRIBE provides direct views of redundant target mRNA interactions with ECT2 and 151	  
ECT3 152	  
Although the demonstration that ECT2 and ECT3 bind to strongly overlapping target sets is 153	  

consistent with largely redundant in vivo function, it does not constitute a direct proof. For example, 154	  
the proteins may bind to the same targets, but in different cells such they act de facto non-155	  

redundantly. We reasoned that HyperTRIBE might provide a means to observe directly whether 156	  
ECT2 and ECT3 act specifically or redundantly on shared targets, and whether one ECT protein 157	  
acquires non-natural targets upon knockout of the other by comparison of editing proportions 158	  

measured with ADAR fusions expressed in single vs. triple mutant backgrounds. The single mutant 159	  

background (e.g. ECT2-FLAG-ADAR in ect2-1) would mimic the wild type setting, while the triple 160	  
mutant background (e.g. ECT2-FLAG-ADAR in te234) would probe target interactions in the 161	  

absence of redundant or competing proteins, but still in plants with wild type growth rates (Figure 162	  

1A; accompanying paper). Redundant target interactions would be expected to result in generally 163	  
higher editing proportions of the same targets as those identified in single mutant backgrounds, 164	  

especially for the least expressed protein, ECT3 (Figure 3—figure supplement 1). Conversely, 165	  

specific interactions would cause one of two possible signatures. (i) In the case of cell-type specific 166	  
interactions, no change in editing proportions between single and triple mutant backgrounds should 167	  
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be detectable. (ii) In the case of specific interactions within the same cells in wild type, but non-168	  
natural targeting in the absence of other ECT proteins, acquisition of non-natural targets in triple 169	  

mutant backgrounds is expected. We observed widespread increases in editing proportions for 170	  

ECT3 targets upon removal or ECT2/4, while such increases occurred only sporadically for ECT2 171	  
targets (Figure 3A-C, Supplementary file 2), supporting the idea of largely redundant target 172	  

interactions. Furthermore, although more sites showed increased editing by ECT3-FLAG-ADAR in 173	  

aerial tissues than in roots in the absence of ECT2/4 (Figure 3B), the net increase of editing 174	  
proportions was higher in roots for both ECT2 and ECT3 (Figure 3C), consistent with the more 175	  

dominant role of ECT2 over ECT3 in aerial tissues compared to roots (Figure 2A,B). Importantly, 176	  
the higher editing proportions in the triple mutant background cannot be trivially explained by higher 177	  

expression of the transgene in these lines, as the average expression was comparable or slightly 178	  
lower (Figure 3—figure supplement 1). These observations directly support genuinely redundant 179	  

interactions of ECT2 and ECT3 with the majority of their mRNA targets in vivo.  180	  
 181	  
Small sets of specific ECT targets acquire unnatural ECT interactions in knockout 182	  

backgrounds 183	  
Although the tendency of ECT2/3 to show redundant target mRNA interactions was widespread, we 184	  
also looked for examples of specific interactions in the HyperTRIBE data in single and triple 185	  
mutants. A priori, we considered targets to be ECT2-specific if they were detected by ECT2-FLAG-186	  

ADAR, but not ECT3-FLAG-ADAR, in single mutant backgrounds (strictly specific), or became 187	  
edited by ECT3-FLAG-ADAR only in the triple mutant background. The definition of ECT3-specific 188	  

targets followed analogous criteria. However, because ECT2 expression is much higher than ECT3 189	  
expression (Figure 3—figure supplement 1), ECT2-specific targets identified in this way may simply 190	  
be below the detection limit of the less highly expressed ECT3-FLAG-ADAR transgene. Hence, 191	  

arguments for existence of bona fide specific targets must take detectability by ECT3-FLAG-ADAR 192	  

into account. Consistent with expectation from the different ECT2/ECT3 dosage, much larger 193	  
numbers of strictly ECT2-specific transcripts were identified compared to ECT3: 2,414 ECT2-194	  

specific and 93 ECT3-specific targets were identified in aerial tissues, while in roots, 1,738 were 195	  

ECT2-specific and 197 were ECT3-specific (Figure 3D,E, Figure 3—figure supplement 2). In 196	  
addition, small sets of specific target mRNAs became targets of the other ECT protein upon 197	  

knockout of its genuine interacting protein (110 and 24 for ECT2-specific targets in aerial and root 198	  

tissues respectively, and 2 for ECT3-specific targets in roots) (Figure 3D,E, Figure 3—figure 199	  
supplement 2). These sets constitute outstanding candidates for ECT2/3-specific mRNA targets. 200	  
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Figure 3. Redundancy between ECT2 and ECT3. (A) Scatterplots comparing the editing proportions of ECT2- and ECT3-FLAG-ADAR observed in 
triple vs. single mutant backgrounds in aerial and root tissues. They include all positions significantly edited with respect to FLAG-ADAR controls 
(p-value < 0.01, log2(FC)>1) in either background, with dots on the axes reflecting positions not significantly edited in one of the two backgrounds. Dots 
in darker shades indicate positions more highly edited in one background compared to the other (p-value < 0.1, log2(FC)>0.25 or log2(FC)<-0.25).
(B) Barplots showing the number of positions significantly more edited in triple vs. single mutant background for each tissue and ECT protein. Positions 
significantly less edited in triple mutant background were less than 12 in all cases. (C) Boxplots showing fold changes in editing proportions between 
triple and single mutant background for the 2 ECT proteins and tissues studied. (D,E) Venn diagrams (D) and Upset plot (E) showing the overlap 
between the ECT2 and ECT3-HT target sets (in single mutant backgrounds) with the groups of genes with more highly edited positions in the triple 
mutant background in aerial tissues (the equivalent for roots is shown in Figure3—figure supplement 2).
Figure supplement 1. Expression levels (TPM) of the FLAG-ADAR-containing transgenes in all HyperTRIBE lines.
Figure supplement 2. Overlap between ECT2/3-HT targets in single and triple mutant background in roots.
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Curiously, a few transcripts (21 in aerial tissues and 9 in roots) were edited by either ECT2 or ECT3 201	  
only in the triple mutant background (Figure 3D,E, Figure 3—figure supplement 2). Because ECT4 202	  

is also knocked out in te234, these sets define putative ECT4-specific targets. In summary, our 203	  

comparative analyses of ECT2/3 HyperTRIBE data obtained in single and triple mutant 204	  
backgrounds indicate that redundant target interaction is pervasive, but they also identify small 205	  

target sets with properties consistent with preferential interaction with only one ECT protein. 206	  

 207	  
ECT2/3 targets tend to be co-expressed in proliferating cells and are enriched in functions 208	  

related to basic metabolism and protein synthesis 209	  
We next combined the ECT3-HT target set described here with the ECT2 iCLIP and ECT2-HT data 210	  

(accompanying manuscript) to define three gene sets of particular interest for functional analysis of 211	  
ECT2/3: The permissive target set (6,528 genes) defined as genes with either ECT2 HT, ECT3 212	  

HT or ECT2 iCLIP support, the stringent target set (1,992 genes) defined as all ECT2 or ECT3 213	  
HT-targets that are also in the ECT2 iCLIP target set, and the non-target set (13,504 genes) 214	  
defined as all expressed genes not contained in the permissive target set (Figure 4A, Figure 4—215	  

figure supplement 1, Supplementary file 3). As an initial check of consistency of the target sets with 216	  
the biological context in which ECT2 and ECT3 function, we used single-cell transcriptome analysis 217	  
of Arabidopsis roots (Denyer et al. 2019; Ma et al. 2020) to analyze the overlap of ECT2/3 218	  
expression with the enrichment of markers for different cell types in the permissive target set. This 219	  

analysis showed reassuring congruence between predominant expression of ECT2/3 in meristem 220	  
clusters and marker enrichment for these same clusters among targets (Figure 4B, Figure 4—figure 221	  

supplement 2). We also analyzed the permissive target sets for groups of functionally related 222	  
genes, and found that ECT2/3 targets are enriched in housekeeping genes, many related to basic 223	  
metabolism and protein synthesis (Figure 4C). These initial analyses provide well-defined common 224	  

ECT2/ECT3 target sets for further functional analysis. 225	  

 226	  
Recovery of ECT2-expressing cell populations with and without ECT2/ECT3/ECT4 activity 227	  

ECT2, ECT3 and ECT4 expression is largely restricted to rapidly dividing cells of organ primordia 228	  

(Arribas-Hernández et al. 2018; Arribas-Hernández et al. 2020), and since many ECT2/3 targets 229	  
are broadly expressed housekeeping genes (Figure 4C), cell populations expressing ECT2-4 need 230	  

to be isolated prior to transcriptome analyses to avoid confounding effects from cells that do not 231	  

express these m6A readers. We therefore used the fact that ect2-1/ECT2-mCherry exhibits root 232	  
growth rates similar to wild type while te234/ECT2W464A-mCherry exhibits clearly reduced root 233	  
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Figure 4. ECT2 and ECT3 targets are co-expressed with ECT2 and 3 in proliferating cells and enriched in biosynthetic processes. (A) Overlap 
between ECT2-iCLIP target genes with ECT2-HT and ECT3-HT target gene sets. Regions outlined in bold orange and red indicate the defined permis-
sive and stringent ECT2/3 target sets in whole seedlings, respectively (aerial and root-specific target sets are shown in the figure supplement 1). 
Non-targets are all expressed genes (with detectable transcript levels in the corresponding HyperTRIBE RNA-Seq datasets) that are not in the permis-
sive target set. (B) Left: t-SNE plot for scRNA-seq data in roots from Denyer et al. (2019), with cells colored according to their cell-type cluster 
definitions (see figure supplement 2 for details). Center: ECT2 and ECT3 single cell expression levels overlayed on to the t-SNE plot (Ma et al., 2020). 
Right: t-SNE plot with cell-type clusters shaded according to the proportion of marker genes from Denyer et al. (2019) that are targets of ECT2 or ECT3 
in roots. Dashed enclosed region indicates clusters that contain meristematic cells. (C) The 10 most significantly enriched GO terms among ECT2/3 
targets (permissive set).
Figure supplement 1. ECT2 and ECT3 target sets in aerial and root tissues. 
Figure supplement 2. ECT2/ECT3 targets are co-expressed with ECT2/3 in highly dividing root cells 
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growth rates nearly identical to te234 triple knockouts (Arribas-Hernández et al. 2020), and applied 234	  
fluorescence-associated cell sorting to select mCherry-expressing cell populations from root 235	  

protoplasts of three independent transgenic lines for each of these two genetic backgrounds 236	  

(Figure 5A). Because wild type and mutant fluorescent proteins have the same expression level, 237	  
pattern, and intracellular localization (Figure 5B,C), this procedure yielded comparable ECT2-238	  

expressing cell populations (Figure 5D, Figure 5—figure supplement 1) with (ECT2-mCherry/ect2-239	  

1/ECT3/ECT4, henceforth “wild type”) or without (ECT2W464A-mCherry/ect2-1/ect3-1/ect4-2, 240	  
henceforth “mutant”) ECT2/3/4 function. We therefore isolated mRNA and constructed Smart-Seq2 241	  

libraries for comparison of location of poly(A) sites (PASs) and abundance of ECT2/3 targets and 242	  
non-targets in ECT2-expressing cells from plants of the two different genetic backgrounds. 243	  

Compared to standard mRNA-seq, Smart-seq2 recovers more reads with untemplated As 244	  
(beginning of poly(A) tails) in addition to gene-specific sequence and can, therefore, be used for 245	  

PAS mapping. We note that the selection of ECT2-expressing cells from the root meristem division 246	  
zones of wild type and mutant lines also circumvents the trouble of preparing comparable samples 247	  
from intact tissues of plants at different developmental stages despite having the same age.  248	  

 249	  
ECT2/3/4 do not play a direct role in alternative polyadenylation of targets 250	  
We first addressed the conjecture on a nuclear role of ECT2 in PAS selection (Wei et al. 2018). In 251	  
plants, PASs are not sharply defined but rather spread along localized regions and can be grouped 252	  

into PAS clusters (PACs) for analysis (Wu et al. 2011; Sherstnev et al. 2012). Using a modification 253	  
of the nanoPARE analysis pipeline (Schon et al. 2018) to map PASs from reads with ≥ 9 254	  

untemplated As, we identified a total of 14,667 PACs belonging to 12,662 genes after filtering 255	  
possible false positives (Methods, Figure 5—figure supplement 2A,B, Supplementary file 4). We 256	  
found no tendency for ECT2/3 target mRNAs to have more PACs than non-targeted genes (Figure 257	  

5—figure supplement 2C), suggesting that differential PAC location in ECT2/3 targets between 258	  

mutant and wild type is not prevalent. Nevertheless, we specifically tested whether PASs could be 259	  
affected by the loss of ECT2/3/4 function in two different ways: either a shift of the dominant PAC to 260	  

an alternative PAC altogether, or a shift in the most common PAS within clusters. Sorting the 206 261	  

genes for which the dominant PAC differed between wild type and mutant samples (18.5% of the 262	  
1,114 genes with more than one PAC) into the ECT2/3 target groups in roots (Figure 4—figure 263	  

supplement 1B, Supplementary file 4) showed that both the permissive and stringent targets were 264	  

significantly less likely than non-targets to have a different dominant PAC upon loss of ECT2/3/4 265	  
function (p=0.013 and p=1.21e-5 for strictly permissive and stringent targets respectively; Fisher’s 266	  
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Source data 1-3. Uncropped labelled panels and raw image files - Figure 5C.
Figure supplement 1. FACS-sorting of root protoplasts expressing ECT2-mCherry. 
Figure supplement 2. Poly(A) sites do not change in ECT2/3 targets upon loss of ECT2/3/4 function (extended 
data).
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exact test) (Figure 5E, Figure 5—figure supplement 2C,D). This significant depletion may be an 267	  
effect of the higher expression of targets compared to non-targets (accompanying manuscript), as 268	  

accuracy of PAS detection increases with transcript abundance (see Figure 5—figure supplement 269	  

2E for details). The result indicates that the alternative polyadenylation observed upon loss of 270	  
ECT2/3/4 function is not prevalent among ECT2/3 targets. Finally, we examined changes to the 271	  

local distribution of PASs within clusters. We defined the most common PAS as the single position 272	  

in all overlapping PACs with the most reads, and determined the distance between such dominant 273	  
PASs in wild type and mutant samples. Comparison of the distances revealed that the most 274	  

common PAS does not change by more than 10 bp in the majority of genes, and is not more likely 275	  
to be different in ECT2/3 targets than in non-targets (Figure 5F). In fact, the most common PAS is 276	  

more likely to be unchanged in targets than in non-targets (Figure 5G) (p=0.028 and p=2.2e-16 for 277	  
strictly permissive and stringent targets respectively; Fisher’s exact test). Taken together, these 278	  

analyses show that neither the usage of alternative PACs nor the dominant PASs within clusters 279	  
have any tendency to change in ECT2/3-targets upon loss of ECT2/3/4 function. 280	  
 281	  
ECT2-mCherry does not localize to the nucleoplasmic side of the nuclear envelope 282	  

To further investigate whether ECT2 may have any nuclear functions, we revisited the evidence for 283	  
localization of ECT2 in the nucleoplasm, which is based on confocal fluorescence microscopy of 284	  
ECT2-GFP or YFP-ECT2 in DAPI-stained root cells of stable Arabidopsis lines (Scutenaire et al. 285	  
2018; Wei et al. 2018). Because (i) the localization of ECT2-mCherry in living root cells of our lines 286	  

has a general sharp boundary with what we interpreted to be the nucleus (Figure 5B) (Arribas-287	  
Hernández et al. 2018) and does not overlap with nucleoplasmic MTA-TFP (Arribas-Hernández et 288	  
al. 2020), (ii) paraformaldehyde fixation routinely used to permeate DAPI inside plant tissues (used 289	  
by Scutenaire et al. and not specified by Wei et al.) can introduce artifacts in the localization of 290	  

fluorescent proteins (Li et al. 2015), and (iii) the RNA-binding properties of DAPI could yield signal 291	  

from the RNA-rich rough endoplasmic reticulum surrounding the nucleus (Tanious et al. 1992), we 292	  
decided to examine the localization of ECT2-mCherry relative to the nuclear envelope in living cells. 293	  

We therefore crossed lines expressing functional ECT2-mCherry (Arribas-Hernández et al. 2020) 294	  

with plants expressing the outer nuclear envelope and nuclear pore complex-associated protein 295	  
WIP1 fused to GFP (Xu et al. 2007). Confocal fluorescence microscopy of intact roots showed that 296	  

the sharp boundaries of the ECT2-mCherry expression domain were delimited by the GFP-WIP1 297	  

signal from the nuclear envelope (Figure 6A, Figure 6—figure supplement 1A). Importantly, the 298	  
occasional points at which the ECT2-mCherry signal seemed to fuzzily spill into the nucleus (white 299	  

arrows in Figure 6A, Figure 6—figure supplement 1A) overlapped with equally blurry GFP-WIP1 300	  
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nuclear envelope.
Figure supplement 1. Super-resolution confocal microscopy of cells co-expressing ECT2-mCherry and the nuclear 
envelope marker GFP-WIP1.
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signal, probably due to lack of perpendicularity between the nuclear envelope and the optical 301	  
section in these areas. In such cases, the cytoplasm, nucleus and nuclear envelope may be 302	  

contained in the same region of the optical section and thus appear to be overlapping (Figure 6A, 303	  

bottom panel). To verify this interpretation, we inspected our plants with the super-resolution 304	  
confocal Airyscan detector (Huff 2015) and, as expected, we did not observe ECT2-mCherry signal 305	  

inside the GFP-WIP1-delimited nuclei in any instances (Figure 6B, Figure 6—figure supplement 306	  

1B,C). Based on these analyses, we conclude that ECT2 resides in the cytoplasm and its presence 307	  
in the nucleus, if any, may be too transient to be detected by fluorescence microscopy. These 308	  

results agree with the lack of evidence for a function of ECT2/3/4 in choice of PAS, and strongly 309	  
suggest that the molecular basis for the importance of ECT2/3/4 should be sought in cytoplasmic 310	  

properties of their mRNA targets. 311	  
 312	  

ECT2/3 targets tend to show reduced abundance upon loss of ECT2/3/4 313	  
We next assessed the effect of loss of ECT2/3/4 function on target mRNA abundance, using the 314	  
Smart-seq2 data from FACS-sorted root protoplasts described above. Principal component analysis 315	  

showed that the three repeats of wild type (ect2-1/ECT2-mCherry) were well separated from the 316	  
three repeats of mutant (te234/ECT2W464A-mCherry) along the first principal component (Figure 7—317	  
figure supplement 1A), indicating that differential gene expression analysis with mutant to wild type 318	  
comparison was meaningful. We focused on stringent, permissive and non-ECT2/3 targets in roots 319	  

(Figure 4—figure supplement 1B, Supplementary file 3), and visualized their differential expression 320	  
between mutant and wild type by scatter, volcano and box plots (Figure 7A-C, Supplementary file 321	  

5). These approaches showed that stringent targets have a clear tendency towards down-322	  
regulation upon loss of ECT2/3/4 function. This trend is maintained, but is less pronounced in 323	  
permissive targets, and is reversed in non-targets (Figure 7A-C). Indeed, of the significantly 324	  

differentially expressed stringent ECT2/3 targets, nearly all were down-regulated in the mutant, 325	  

while the majority of differentially expressed non-targets were up-regulated compared to wild type 326	  
(Figure 7D). Furthermore, ECT2/3 targets accounted for more than half of all significantly 327	  

downregulated genes, but only about 15% of upregulated genes (Figure 7E). In contrast, highly 328	  

upregulated genes tended to be non-targets (Figure 7B, right panel).  329	  
 330	  

Functional groups of differentially expressed genes  331	  

To test if these differentially regulated gene sets represented subsets of functionally related genes 332	  
within target and non-target groups, we analyzed their potential enrichment of GO terms. This 333	  
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Figure 7. ECT2/3 targets are generally less abundant in cells without ECT2/3/4 function. (A) Scatterplot of TPM expression values in Smart-seq2 
libraries of root protoplasts expressing ECT2-mCherry in te234/ECT2W464A-mCherry vs. ect2-1/ECT2-mCh samples. (B) Volcano plots reveal genes 
differentially expressed between the genotypes described in A. (C) Boxplots of log2 fold change expression values between te234/ECT2W464A-mCherry 
and ect2-1/ECT2-mCh samples. (D,E) Bar plots showing the amount of significantly up- and downregulated genes in ECT2/3 targets and non-targets. 
(F,G) List with the 10 most significantly enriched GO terms among significantly upregulated ECT2/3 targets (permissive set) (F), or downregulated 
non-targets (G) upon loss of ECT2/3/4 function. 
Figure supplement 1. ECT2/3 targets are generally less abundant in root tips of ect2/ect3/ect4 knockout plants.
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analysis revealed that down-regulated ECT2/3 targets were particularly enriched in genes related to 334	  
ribosome biogenesis and translation (Figure 7F), while upregulated non-targets were enriched in 335	  

“abiotic stress responses” with molecular function “transcription factor” (Figure 7G). Because cell 336	  

wall digestion required for protoplast isolation is a cellular stress, we tested the trivial possibility that 337	  
loss of ECT2/3/4 function renders cells more susceptible to stress, and that such potential hyper-338	  

susceptibility underlies the observed differences of gene expression in ECT2-expressing root 339	  

protoplasts. To this end, we isolated RNA from intact root apices of 4-day old plants of Col-0 wild 340	  
type and te234 mutants, and performed mRNA-seq analysis. These results recapitulated the trends 341	  

of downregulation of stringent ECT2/3 targets and upregulation of stress-responsive non-targets, 342	  
albeit with less pronounced differences than observed in the selected ECT2-expressing cell 343	  

populations as expected (Figure 7—figure supplement 1). We also noticed that several stress-344	  
inducing and growth-restricting NF-YA-class transcription factors, all repressed by miR169defg, 345	  

were upregulated in root tips (Figure 8A), and used small RNA-seq to test if activation of the stress 346	  
response was visible in the miRNA expression profile. Indeed, the miR169defg family was 347	  
specifically repressed in te234 mutants, and the miR167 family, targeting growth-promoting auxin-348	  

response factors, was clearly upregulated (Figure 8B). In addition, the LTR-retrotransposon-349	  
targeting miR845a (Borges et al. 2018) was strongly upregulated. Thus, the stress response 350	  
detected in te234 mutants comprises coherent changes of miRNA and transcription factor 351	  
expression. These data confirm that the observed patterns of differential gene expression in 352	  

selected protoplasts are genuine and biologically meaningful, and that the selection of ECT2-353	  
expressing cells ensures the most accurate description of differential gene expression resulting 354	  

from loss of ECT2/3/4 function. We note that while the differential gene expression analysis 355	  
suggests that ECT2/3/4 formally act to increase abundance of their mRNA targets, it does not allow 356	  
conclusions to be drawn on how such activation is brought about: a direct stabilizing effect of 357	  

ECT2/3/4 binding to their targets is consistent with the observed results, but indirect effects via 358	  

transcriptional repression cannot be excluded, especially given the presence of stress-related 359	  
transcription factors in the set of up-regulated non-targets. 360	  
  361	  
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A

Figure 8. miRNA profile in root tips of ect2/ect3/ect4 knockout plants. (A) Differential expression analysis of 
te234 vs. Col-0 WT in 4-day-old root tips shows that expression of several stress-related NF-YA transcription factors 
(miR169defg targets) is induced in te234 plants. FC, Fold Change [te234/WT]. (B) Volcano plot showing miRNAs 
differentially expressed in te234 vs. Col-0 WT in 4-day-old root tips.   
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Discussion 362	  
Our identification and comparative analyses of mRNA targets of ECT2 (accompanying manuscript) 363	  

and ECT3, and study of their behavior in terms of abundance and use of alternative 364	  

polyadenylation in cell populations devoid of ECT2/3/4 activity allow us to draw two major 365	  
conclusions. First, combining the overlapping expression patterns of ECT2 and ECT3, their formal 366	  

genetic redundancy (Arribas-Hernández et al. 2018; Arribas-Hernández et al. 2020), their 367	  

overlapping target sets, and the signatures of redundant target interaction derived from 368	  
HyperTRIBE in single and triple ect mutant backgrounds, we conclude that many target mRNAs 369	  

can bind to either ECT2 or ECT3 with similar consequences; i.e. ECT2 and ECT3 can exhibit 370	  
redundant function sensu stricto, not just the ability to replace function in the absence of the other 371	  

protein. Second, ECT2 is not nuclear, and ECT2/3/4 do not appreciably affect alternative 372	  
polyadenylation in their direct mRNA targets. It is important to note that this conclusion on 373	  

ECT2/3/4 does not extend to m6A altogether. Polyadenylation and transcription termination are 374	  
clearly influenced by m6A in plants, as shown by studies of mutants in core N6-adenosine 375	  
methyltransferase components VIR and FIP37. In vir-1 mutants, a tendency to use proximal 376	  

alternative PASs in m6A-targets is prominent (Parker et al. 2020), and in fip37 mutants, several 377	  
cases of defective transcription termination causing production of chimeric transcripts were noted 378	  
(Pontier et al. 2019). In the latter case, m6A recognition by the YTHDC-containing nuclear subunit 379	  
of the Cleavage and Polyadenylation Specificity Factor CPSF30 was demonstrated to be required 380	  

for regular transcription termination, and subsequent studies of CPSF30, including of mutants 381	  
specifically defective in m6A-binding, also indicated its role in mediating m6A-dependent alternative 382	  

polyadenylation (Hou et al. 2021; Song et al. 2021). Thus, m6A does affect 3’-end formation of 383	  
methylated pre-mRNAs in plants, but this process involves the nuclear CPSF30 which contains a 384	  
YTHDC domain only in plants, rather than the cytoplasmic YTHDF protein ECT2. 385	  

The immediate implication of the conclusions that ECT2 does not act in the nucleus and 386	  

does not influence alternative polyadenylation is that the conceptual framework for m6A-YTHDF 387	  
action established mostly through studies in mammalian cell culture does extend to plants: m6A is 388	  

installed by a nuclear methyltransferase complex (Zhong et al. 2008; Shen et al. 2016; Růžička et 389	  

al. 2017), probably coupled to RNA Polymerase II transcription (Bhat et al. 2020), and YTHDF-390	  
mediated regulation of transcripts carrying the m6A mark takes place in the cytoplasm. Then, what 391	  

is the molecular effect of ECT2/ECT3-binding to target mRNAs? Clearly, lack of ECT2/3/4 results in 392	  

decreased abundance of direct targets. This result is in line with the lower accumulation of m6A-393	  
containing transcripts observed in plants partially depleted of m6A (Shen et al. 2016; Anderson et 394	  
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al. 2018; Parker et al. 2020) and in the ect2-1 knockout line (Wei et al. 2018) compared to wild type 395	  
plants. However, differential expression analysis of ubiquitously expressed targets performed with 396	  

RNA from entire plants is not easy to interpret when the regulatory process subject to study is 397	  

located only in well-defined cell populations of meristematic tissues (Zhong et al. 2008; Arribas-398	  
Hernández et al. 2018; Arribas-Hernández et al. 2020). The problem is even more acute when the 399	  

tissue composition of wild type and mutant individuals to be compared is different due to the 400	  

developmental delay of the m6A-deficient lines. Lastly, some of the previous studies of differential 401	  
gene expression also revealed a number of m6A-containing transcripts with increased abundance 402	  

in m6A-deficient mutants (Shen et al. 2016; Anderson et al. 2018), of which some were proposed to 403	  
be of importance for the observed phenotype (Shen et al. 2016). Thus, the studies on differential 404	  

gene expression in m6A-deficient mutants compared to wild type published thus far do not allow 405	  
clear conclusions on the consequence of loss of m6A (or a reader protein) for target mRNA 406	  

accumulation to be drawn (Arribas-Hernández and Brodersen 2020). In contrast, our experimental 407	  
setup, using a tissue with comparable cell-type composition in wild type and mutant plants and 408	  
extracting RNA only from the cells in which target regulation by ECT2/3/4 takes place, establishes 409	  

that targets generally have decreased abundance upon loss of ECT2/3/4.  410	  
The present study does not, however, elucidate the mechanisms involved in target 411	  

regulation, because it does not directly measure target mRNA synthesis and degradation rates. It is 412	  
possible that the reduced target mRNA accumulation in ect2/3/4 mutant cells is exclusively a direct 413	  

consequence of ECT2/3/4 function at the post-transcriptional level, for example mRNA stabilization 414	  
by protection from endonucleolysis as previously suggested (Anderson et al. 2018). We cannot at 415	  

present exclude, however, that more indirect effects also play a role, perhaps related to 416	  
transcriptional repression of ECT2/3/4 targets via stress responses activated upon loss of ECT2/3/4 417	  
function. We anticipate that clear answers to this question must await development of tools for 418	  

conditional inactivation of ECT2/3 function, such that consequences for mRNA target fate can be 419	  

studied immediately after loss of ECT2/3 binding. We also note that the constitutive stress 420	  
response activation is consistent with the stunted phenotype of te234 mutants (Arribas-Hernández 421	  

et al. 2018; Arribas-Hernández et al. 2020). Thus, disentangling direct effects of ECT2/3/4 on 422	  

growth via mRNA target regulation from possible indirect effects arising from stress response 423	  
activation in knockout mutants will be of major importance in future studies. 424	  
  425	  
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Methods 426	  
All data analyses were carried out using TAIR 10 as the reference genome and Araport11 as the 427	  

reference transcriptome. Unless otherwise stated, data analyses were performed in R 428	  

(https://www.R-project.org/) and plots generated using either base R or ggplot2. 429	  
(https://ggplot2.tidyverse.org). 430	  

 431	  

Plant material 432	  
All lines employed in this study are in the Arabidopsis thaliana Col-0 ecotype. The mutant alleles or 433	  

their combinations: ect2-1 (SALK_002225) (Arribas-Hernández et al. 2018; Scutenaire et al. 2018; 434	  
Wei et al. 2018), ect3-1 (SALKseq_63401), ect4-2 (GK_241H02), and ect2-1/ect3-1/ect4-2 (te234) 435	  

(Arribas-Hernández et al. 2018) have been previously described. The transgenic lines ect2-1 436	  
ECT2-FLAG-ADAR and te234 ECT2-FLAG-ADAR (accompanying manuscript), GFP:WIP1 (Xu et 437	  

al. 2007) and those expressing ECT2pro:ECT2-mCherry-ECT2ter and ECT2pro:ECT2W464A-438	  
mCherry-ECT2ter (Arribas-Hernández et al. 2018; Arribas-Hernández et al. 2020) have also been 439	  
described. Plants co-expressing ECT2-mCherry and GFP-WIP1 used for fluorescence microscopy 440	  

were the F1 progeny of a genetic cross between GFP-WIP1 and ECT2-mCherry-expressing plants. 441	  
 442	  
Growth conditions 443	  
Seeds were surface-sterilized by 2-min incubation in 70% EtOH plus 10 min in [1.5% NaOCl, 0.05% 444	  

Tween-20], two H2O washes, and 2-5 days of stratification at 4°C in darkness. To harvest tissue for 445	  

HyperTRIBE experiments, and for the PASs and differential expression analyses, we grew 446	  

seedlings in vertically disposed plates with Murashige and Skoog (MS)-agar medium (4.4 g/L MS, 447	  
10 g/L sucrose, 10 g/L agar; pH 5.7) at 20°C, receiving ~70 µmol m-2 s-1 of light in a 16 hr light/8 hr 448	  

dark cycle. Conditions were identical to those used for ECT2-HyperTRIBE and iCLIP experiments 449	  
(accompanying manuscript). To assess phenotypes of the lines employed for ECT3-HT, we grew 450	  

seedlings in horizontal MS plates (4.4 g/L MS, 10 g/L sucrose, 8 g/L agar; pH 5.7) at 21ºC in the 451	  

same light regime, transferred to soil ~8 days after germination, and maintained in Percival 452	  
incubators also under long day conditions. 453	  

 454	  

Definitions of experiment, biological replicates and technical replicates 455	  
We use the term “biological replicate” in the following way: Plants were grown at the same time, 456	  

under the same conditions, but in separate plates. Each sample replicate contains pools of 457	  

seedlings prepared in such a way that no two replicates contains seedlings grown on the same 458	  
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plates. This sampling ensures that plate-to-plate variation in growth conditions, if any, will have an 459	  
effect on measurements of gene expression within a single genotype, and hence minimize the risk 460	  

that any differences due to such variation are called as significant in comparisons between 461	  

genotypes. 462	  
“Technical replicates” are understood to be independently conducted measurements using the 463	  

same technique on the same biological material (e.g. on one biological replicate as defined above). 464	  

Technical replicates were not carried out in this study, and the term “replicate” refers to biological 465	  
replicate as defined above. 466	  

In our definition, an “experiment” results in generation and comparison of measurements arising 467	  
from multiple biological replicates of different biological entities, in the present case often 468	  

Arabidopsis seedlings differing in genotype with respect to the genes ECT2, ECT3 and ECT4. 469	  
Thus, repetition of an experiment in our definition entails generation and analysis of the required 470	  

biological replicates at different points in time. 471	  
 472	  
Generation of transgenic lines for ECT3-HyperTRIBE 473	  

We generated lines expressing ECT3pro:ECT3-FLAG-ADAR-ECT3ter and ECT3pro:FLAG-ADAR-474	  
ECT3ter by USER cloning (Bitinaite and Nichols 2009) and agrobacterium-mediated transformation 475	  
in the same way as for the ECT2 equivalents (accompanying manuscript).  Primer sequences are 476	  
detailed in Table 1. We selected 5 independent lines of each type based on segregation studies (to 477	  

isolate single T-DNA insertions), phenotypic complementation (in the te234 background) and 478	  
transgene expression levels assessed by FLAG western blot. 479	  

 480	  
HyperTRIBE 481	  

The HyperTRIBE experiments were performed once, using 5 biological replicates (independent 482	  

lines) for each of the groups (genotypes) used. Growth conditions and experimental procedures 483	  
were identical for all the groups compared in this study. Root and aerial tissue were dissected from 484	  

the same plants in all cases. Tissue dissection, RNA extraction and library preparation were done 485	  

as described for ECT2-HyperTRIBE in the accompanying manuscript. Briefly, we Trizol-extracted 486	  
total RNA from manually dissected root tips and apices (removing cotyledons) of 10-day-old T2 487	  

seedlings. After mRNA enrichment with oligo(dT) beads (18-mers), Illumina mRNA-Seq libraries 488	  

were then prepared by Novogene. 489	  
 490	  

Analysis of HyperTRIBE data 491	  
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Significant differentially edited sites between ECT3-FLAG-ADAR (fusion) and FLAG-ADAR (control) 492	  
samples were called according to our hyperTRIBER pipeline (https://github.com/sarah-493	  

ku/hyperTRIBER) as described for ECT2-HyperTRIBE in the accompanying manuscript, without 494	  

removal of any sample.  495	  

For the analysis of editing sites by ECT2/3-FLAG-ADAR in triple (te234) vs. single (either ect2-1 or 496	  

ect3-1) mutant background, the hyperTRIBER pipeline was run between the two types of samples 497	  

without taking into account the free ADAR controls, in order to detect positions edited preferentially 498	  

in one or the other background. To account for low power as a result of high variance in editing 499	  

proportions due to transgene expression differences across samples, scaled ADAR abundance 500	  

was treated as an extra co-variate in the model. This resulted in enriched sensitivity to specifically 501	  

call A-to-G positions, which were subsequently considered as significant if they had an adjusted p-502	  

value < 0.1 and an absolute log2(fold change) > 0.25. We also required positions to be a 503	  

significantly edited site in at least one of the single or triple mutant set ups against the free FLAG-504	  

ADAR control samples. 505	  

 506	  

Comparison with root single cell data 507	  

The expression matrix based on a total of 4727 individual cells from scRNA-seq in roots was 508	  

downloaded from Denyer et al. (2019), together with extensive lists of marker genes associated 509	  

with 15 clusters annotated to cell types in roots. To calculate the proportion of markers at target 510	  

genes: for each of the 15 clusters, the proportion of marker genes that are ECT2 or ECT3 targets 511	  

(based on ECT2-HT and ECT3-HT respectively in roots) was calculated. Proportions were then 512	  

overlayed onto a t-SNE diagram (Denyer et al. 2019), according to relevant clusters of cells. 513	  

 514	  

Preparation and sorting of protoplasts 515	  

We harvested roots from 5-day-old T4 seedlings grown on vertical square plates (20 plates with 4 516	  

rows of densely spotted seeds in each plate per line/replicate) to digest in 20 mL of protoplasting 517	  

solution (20 mM MES, 0.4 M D-Mannitol, 20 mM KCl, 1.25% w/v Cellulase, 0.3% Macerozyme, 518	  

0.1% w/v BSA, 10 mM CaCl2, 5mM β-mercaptoethanol; pH 5.7), following Benfey’s lab procedure 519	  

(Birnbaum et al. 2005; Bargmann and Birnbaum 2010). After the 75 min of incubation at 27ºC with 520	  

gentle agitation, we filtered the cell-suspensions through a 40 μm strainer and pelleted cells by 521	  

centrifugation at 500 g for 10 min at room temperature in a swinging-bucket centrifuge. Pellets were 522	  

gently resuspended in 400 μL of protoplasting solution for direct sorting in a FACSAriaIII cytometer. 523	  
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The flow stream was adjusted to 20 psi sheath pressure with a 100 μm nozzle aperture. Sorted 524	  

cells were collected into RTL buffer supplemented with 40 mM DTT (3.5 vol of buffer per volume of 525	  

cell suspension) and lysed by vortexing. The protoplast extracts were flash-frozen on dry ice until 526	  

extraction with the RNeasy Plus Micro kit (QIAGEN) following the manufacturer’s instructions. The 527	  

yield was ~300.000 cells in a volume of 1.5 mL (per sample). Samples were harvested, prepared 528	  

and sorted with a 15 min. lapse between them to account for sorting time. In that way, every 529	  

sample was processed in the same amount of time (~2 h from the start of harvesting to sorting). To 530	  

prevent any possible bias, the samples of each genotype (3+3) were alternated during all the 531	  

processing. 532	  

 533	  

Smart-seq2 534	  
Smart-seq2 libraries were generated according to Picelli et al. (2013) using the Illumina DNA 535	  

Nextera Flex kit from total RNA extracted with the RNeasy Plus Micro kit (QIAGEN) from FACS-536	  

sorted root protoplasts (Birnbaum et al. 2005). The libraries were sequenced in PE75 mode on an 537	  

Illumina NextSeq550 sequencer. Nextera transposase adapters were trimmed from all reads using 538	  
Cutadapt.  539	  
 540	  
Polyadenylation Site Analysis 541	  

Smart-seq2 reads with at least 9 3’-terminal A nucleotides or 5’-terminal T nucleotides were 542	  
labelled as putative poly(A)-containing reads and the oligo-A/T sequences were removed with a 543	  
maximum allowed mismatch rate of 6%. All putative poly(A)-containing reads with a length >20 and 544	  
a mean quality score >25 after trimming were retained along with their mate pair and mapped to the 545	  

Arabidopsis thaliana TAIR10 genome using STAR with the following parameters:  546	  
--alignIntronMax 5000 --alignMatesGapMax 5500 --outFilterMatchNmin 20  547	  
--alignSJDBoverhangMin 1 --outFilterMismatchNmax 5  548	  
--outFilterMismatchNoverLmax .05 --outFilterType BySJout  549	  
--outFilterIntronMotifs RemoveNoncanonicalUnannotated  550	  
 551	  

Putative poly(A)-containing reads that mapped to the genome were filtered for false positives by 552	  
examining the adjacent nucleotides in the genome: reads were removed if the putative poly(A) site 553	  

was immediately upstream of a 15nt region that is at least 80% purines (which are likely sites of 554	  

oligo-dT mispriming). All putative poly(A)-containing reads not filtered in this way were retained as 555	  
poly(A) sites and were counted for each position in the genome based on the most 3’ nucleotide of 556	  

each read (allowing 3’-terminal mismatches).  557	  

Polyadenylation site clusters (PACs) were identified using a modification of the nanoPARE analysis 558	  
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pipeline (https://github.com/Gregor-‐Mendel-‐Institute/nanoPARE) (Schon et al. 2018). Briefly, 559	  

reads from the samples above that did not contain untemplated poly(A) tails were mapped to the 560	  

genome and used as a negative control of “gene body reads”. Then, subtractive kernel density 561	  

estimation was performed for each sample using endGraph.sh with default settings to produce a 562	  
BED file for each sample containing poly(A) site clusters. As a final filter against oligo-dT 563	  

mispriming events, the reads removed as false positives in the previous step that overlap with each 564	  
cluster were counted. If the cluster contained more filtered signal than unfiltered signal, the entire 565	  

cluster was considered a false positive cluster. Clusters were retained if an overlapping site was 566	  

identified in at least 2 of the 3 replicates of both ect2-1 ECT2-mCherry and te234 ECT2W464A-567	  
mCherry genotypes. These two sets of clusters were merged using bedtools merge. Clusters 568	  

mapping to the mitochondrial and chloroplast genome and the 2 rDNA loci were discarded, and the 569	  
rest were retained for quantification. 570	  

 571	  
mRNA-Seq and small RNA-Seq from root tips  572	  
Total RNA purified from manually dissected root tips of 4-day-old plants (using the same growing 573	  

conditions and methodology as for the HyperTRIBE lines) was used for preparation of Illumina 574	  
mRNA-Seq (same methodology as for HyperTRIBE) and small RNA-Seq libraries (NEBNext small 575	  
RNA library prep set). The experiment was performed once, using 3 biological replicates for mRNA-576	  

Seq, and 2 for small RNA-Seq. 577	  
 578	  
Differential expression analysis (mRNA and miRNAs) 579	  
Differential gene expression analysis of mRNA was performed from processed and quantified 580	  

Smart-seq2 or RNA-Seq data using DESeq2 (Love et al. 2014), for all genes with at least 1 TPM in 581	  
all six samples (three biological replicates of the two types) and a total sum of at least 5 TPM. 582	  

Significantly differentially expressed genes (FDR < 0.05) were considered to be upregulated in the 583	  

mutants if the fold change between mutant and wild type samples was higher than 1.5, or 584	  
downregulated if lower than 1/1.5.  585	  

For small RNA-Seq, raw reads were trimmed with cutadapt v3.4 (Kechin et al. 2017) to 586	  

lengths of 18-28 nt, and mapped to the Arabidopsis genome using STAR v2.6.0a (Dobin et al. 587	  

2013) with genome indexes built on the Araport11_GTF_genes_transposons.Mar202021.gtf 588	  

annotation. Mapped reads were counted using featureCounts v2.0.1 (Liao et al. 2014). Genes with 589	  

less than 1 RPM in all four samples (two biological replicates of the two types) were excluded from 590	  

the analysis. Differential expression analysis was conducted using DESeq2 version 1.28.1 (Love et 591	  
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al. 2014) on the resulting matrix. Genes with adjusted p-value (FDR) lower or equal to 0.05 were 592	  

considered significantly differentially expressed, and upregulated in te234 mutants if the fold 593	  

change between te234 and Col-0 WT samples was higher than 1.5, or downregulated if lower than 594	  

1/1.5. 595	  

 596	  

GO Term enrichment analysis 597	  

The functional enrichment analysis was carried out using the R package gprofiler2 version 0.2.0 598	  
(Raudvere et al. 2019).  599	  

 600	  

Fluorescence Microscopy 601	  
Entire root tips growing inside MS-agar plates were imaged with a Leica MZ16 F stereomicroscope 602	  
with a Sony α6000 camera. Standard confocal fluorescence microscopy images of cells in root 603	  
meristems were acquired with a Zeiss LSM700 confocal microscope as described in Arribas-604	  
Hernández et al. (2018) using ~7-day-old seedlings grown on MS-agar plates and freshly mounted 605	  

in water. For super-resolution fluorescence microscopy, we used a Zeiss LSM900 equipped with 606	  
the Airyscan detector (Huff 2015). Fluorescence intensity plots were obtained with the tool “Plot 607	  
Profile” of the image-processing package ImageJ (Schindelin et al. 2012). 608	  
  609	  
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Data Access 610	  
Accession numbers 611	  

The raw and processed data for ECT3-HyperTRIBE, Smart-seq2 from root protoplasts and RNA-612	  

seq from root tips have been deposited in the European Nucleotide Archive (ENA) at EMBL-EBI 613	  
under the accession number PRJEB44359. 614	  

 615	  

Code availability 616	  
The code for running the hyperTRIBER pipeline is available at https://github.com/sarah-617	  

ku/targets_arabidopsis, and the nanoPARE pipeline for PAS analysis can be found at 618	  
https://github.com/Gregor-Mendel-Institute/nanoPARE. 619	  
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Figure supplement 1. Identification of ECT3 targets using HyperTRIBE (extended data).
Figure supplement 2. Characteristics of ECT3-HyperTRIBE editing sites relative to target expression levels. 
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Figure supplement 1. Sequencing depth of ECT2 and ECT3 HyperTRIBE RNA-seq data.
Figure supplement 2. ECT2 and ECT3 target each other and themselves.
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Figure 3. Redundancy between ECT2 and ECT3. (A) Scatterplots comparing the editing proportions of ECT2- and ECT3-FLAG-ADAR observed in 
triple vs. single mutant backgrounds in aerial and root tissues. They include all positions significantly edited with respect to FLAG-ADAR controls 
(p-value < 0.01, log2(FC)>1) in either background, with dots on the axes reflecting positions not significantly edited in one of the two backgrounds. Dots 
in darker shades indicate positions more highly edited in one background compared to the other (p-value < 0.1, log2(FC)>0.25 or log2(FC)<-0.25).
(B) Barplots showing the number of positions significantly more edited in triple vs. single mutant background for each tissue and ECT protein. Positions 
significantly less edited in triple mutant background were less than 12 in all cases. (C) Boxplots showing fold changes in editing proportions between 
triple and single mutant background for the 2 ECT proteins and tissues studied. (D,E) Venn diagrams (D) and Upset plot (E) showing the overlap 
between the ECT2 and ECT3-HT target sets (in single mutant backgrounds) with the groups of genes with more highly edited positions in the triple 
mutant background in aerial tissues (the equivalent for roots is shown in Figure3—figure supplement 2).
Figure supplement 1. Expression levels (TPM) of the FLAG-ADAR-containing transgenes in all HyperTRIBE lines.
Figure supplement 2. Overlap between ECT2/3-HT targets in single and triple mutant background in roots.

0.25

0.50
0.75

0.
25

0.
50

0.
75

0.25

0.50
0.75

0.
25

0.
50

0.
75

0.2

0.4
0.6
0.8

0.
2

0.
4

0.
6

Editing proportions
ect2-1 ECT2-FLAG-ADAR

Editing proportions
ect3-1  ECT3-FLAG-ADAR

Ed
iti

ng
 p

ro
po

rti
on

s 
  t

e2
34

  E
C

T2
-F

LA
G

-A
DA

R

Ed
iti

ng
 p

ro
po

rti
on

s 
  t

e2
34

  E
C

T3
-F

LA
G

-A
DA

R

ECT2 ECT3

Ro
ot

s
Ae

ria
l t

is
su

e

0.2

0.4
0.6
0.8

0.
2

0.
4

0.
6

A B

C

D E

lo
g 2(F

C
 (E

.P
. [

tri
pl

e 
/ s

in
gl

e]
)

ECT2
ECT3

ECT2
ECT3

Aerial Root

0

1

2

3

0

500

1,000

1,500

2,000

Si
gn

ifi
ca

nt
ly

 m
or

e 
ed

ite
d 

si
te

s
in

 tr
ip

le
 v

s.
 s

in
gl

e 
m

ut
an

t b
ck

gd

885

226

2,055

57

ECT2-HT targets (ect2-1 background) (4,864)

Preferential editing in te234 vs. ect2-1 by ECT2-FLAG-ADAR (52)
Preferential editing in te234 vs. ect3-1 by ECT3-FLAG-ADAR (1,049)

ECT3-HT targets (ect3-1 background) (2,448)

3
34

ECT2 targets
(ect2-1 bckgd)

3,8409
97540Pref. ECT2

in te234
Pref. ECT3

in te234

31
128

1,519

9 88139

ECT3 targets
(ect3-1 bckgd)

Pref. ECT2
in te234

Pref. ECT3 in te234

0

1000

2000
In

te
rs

ec
tio

n 
Si

ze

ECT2 targets (in ect2-1)
ECT3 targets (in ect3-1)

Pref. ECT3 in te234
Pref. ECT2 in te23452

1,049

2,448

01,0003,0005,000
Set Size

31

2,414

1,426

865

110 9339 18169

4,864

ECT2/ECT3
common targets

EC
T4

-s
pe

ci
fic

?

EC
T2

-s
pe

ci
fic

EC
T3

-s
pe

ci
fic

EC
T2

-s
pe

ci
fic

EC
T4

-s
pe

ci
fic

?

ectopic binding (in te234) by: ECT3 ECT2

ECT2
ECT3

ECT2
ECT3

Aerial Root

.CC-BY 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 August 3, 2021. ; https://doi.org/10.1101/2021.08.01.454660doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.01.454660
http://creativecommons.org/licenses/by/4.0/


Figure 4. ECT2 and ECT3 targets are co-expressed with ECT2 and 3 in proliferating cells and enriched in biosynthetic processes. (A) Overlap 
between ECT2-iCLIP target genes with ECT2-HT and ECT3-HT target gene sets. Regions outlined in bold orange and red indicate the defined permis-
sive and stringent ECT2/3 target sets in whole seedlings, respectively (aerial and root-specific target sets are shown in the figure supplement 1). 
Non-targets are all expressed genes (with detectable transcript levels in the corresponding HyperTRIBE RNA-Seq datasets) that are not in the permis-
sive target set. (B) Left: t-SNE plot for scRNA-seq data in roots from Denyer et al. (2019), with cells colored according to their cell-type cluster 
definitions (see figure supplement 2 for details). Center: ECT2 and ECT3 single cell expression levels overlayed on to the t-SNE plot (Ma et al., 2020). 
Right: t-SNE plot with cell-type clusters shaded according to the proportion of marker genes from Denyer et al. (2019) that are targets of ECT2 or ECT3 
in roots. Dashed enclosed region indicates clusters that contain meristematic cells. (C) The 10 most significantly enriched GO terms among ECT2/3 
targets (permissive set).
Figure supplement 1. ECT2 and ECT3 target sets in aerial and root tissues. 
Figure supplement 2. ECT2/ECT3 targets are co-expressed with ECT2/3 in highly dividing root cells 
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Figure supplement 1. FACS-sorting of root protoplasts expressing ECT2-mCherry. 
Figure supplement 2. Poly(A) sites do not change in ECT2/3 targets upon loss of ECT2/3/4 function (extended 
data).
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Figure supplement 1. Super-resolution confocal microscopy of cells co-expressing ECT2-mCherry and the nuclear 
envelope marker GFP-WIP1.
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differentially expressed between the genotypes described in A. (C) Boxplots of log2 fold change expression values between te234/ECT2W464A-mCherry 
and ect2-1/ECT2-mCh samples. (D,E) Bar plots showing the amount of significantly up- and downregulated genes in ECT2/3 targets and non-targets. 
(F,G) List with the 10 most significantly enriched GO terms among significantly upregulated ECT2/3 targets (permissive set) (F), or downregulated 
non-targets (G) upon loss of ECT2/3/4 function. 
Figure supplement 1. ECT2/3 targets are generally less abundant in root tips of ect2/ect3/ect4 knockout plants.
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A

Figure 8. miRNA profile in root tips of ect2/ect3/ect4 knockout plants. (A) Differential expression analysis of 
te234 vs. Col-0 WT in 4-day-old root tips shows that expression of several stress-related NF-YA transcription factors 
(miR169defg targets) is induced in te234 plants. FC, Fold Change [te234/WT]. (B) Volcano plot showing miRNAs 
differentially expressed in te234 vs. Col-0 WT in 4-day-old root tips.   
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Figure 1—figure supplement 1. Identification of ECT3 targets using HyperTRIBE (extended data).  (A) Expression levels of ECT3-FLAG-ADAR 
or FLAG-ADAR in apices (aerial tissues) or root tips of 10-day-old seedlings of the 5+5 independent transgenic lines (L1-L5) used for the experiment. 
(B) Consensus motif identified at significant editing sites of ect3-1/ ECT3-FLAG-ADAR lines.  (C) Scatterplot of the editing proportions (E.P. = G/(A+G)) 
of potential and significant editing sites (E.S.) of ect3-1/ECT3-FLAG-ADAR lines compared to the FLAG-ADAR controls. N.S., not significant. (D) 
Principal component analysis of editing proportions at significant editing sites in ECT3-HT. (E) Distribution of the correlations between editing propor-
tions and ADAR expression (TPM) for significant editing sites in ect3-1/ECT3-FLAG-ADAR lines. Background correlations are based on randomly 
shuffling ADAR expression for each site.
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Figure 1—figure supplement 2. Characteristics of ECT3-HyperTRIBE editing sites relative to target 
expression levels. (A-C) Number of significant editing sites (A), maximum or average editing proportions (B), and 
significance of editing sites according to either minimum or average -log10(adjusted p-value) per gene (C) in 
ECT3-HT targets split according to their expression levels (mean log2(TPM+1) over the five ECT3-HT control 
samples) ), in both aerial and root rissues. 
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Figure 2—figure supplement 1. Sequencing depth of ECT2 and ECT3 HyperTRIBE RNA-seq data. (A,B) Number of input reads (A) and uniquely 
mapped reads (B) for ECT2-HT and ECT3-HT RNA-seq samples.
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Figure 2—figure supplement 2. ECT2 and ECT3 target each other and themselves. Distribution of ECT2/3-HT editing sites and ECT2-iCLIP peaks 
along ECT2/3/4-encoding transcripts. ECT2 is a target of ECT3, particularly clearly in roots, and ECT3 is a target of ECT2 according to ECT2-HT in 
aerial tissues (not confirmed by ECT2-iCLIP). Although self-targeting of ECT2 and ECT3 may also be taken into consideration, it is important to notice 
that these targeted transcripts originate from transgenes. ECT4 (right panel) does not appear as ECT2/3 target, but its low expression levels might 
account for a false negative. FA-CLIP peaks***, and m6A sites*,** are shown as a reference. * Parker et al. (2020); ** Shen et al. (2016); *** Wei et al. 
(2018) 
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Figure 3—figure supplement 1. Expression levels (TPM) of the FLAG-ADAR-containing transgenes in all 
HyperTRIBE lines. TPMs for the five lines of every type have are averaged for simplicity. Notice that expression of 
ECT2/3-FLAG-ADAR transgenes is highly comparable in triple and single mutant backgrounds, ruling out the 
possibility of higher editing proportions in the triple mutant background due to higher abundance of the transgene. 
The expression of ECT3-FLAG-ADAR is generally lower than that of ECT2-FLAG-ADAR, as expected from the 
relative abundance of the endogenous transcrips (Arribas-Hernández et al., 2018).
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Figure 3—figure supplement 2. Overlap between ECT2/3-HT targets in single and triple mutant background in roots. Venn diagrams (left) and 
Upset plot (right) showing the overlap between the ECT2 and ECT3-HT target sets (in single mutant backgrounds) with the groups of genes with more 
highly edited positions in the triple mutant background in roots (the equivalent for aerial tissues is shown in Figure 3D,E).
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Figure 4—figure supplement 1. ECT2 and ECT3 target sets in aerial and root tissues. (A,B) Overlap between 
HyperTRIBE target sets of ECT2 and ECT3 in aerial tissue (A) or roots (B), and ECT2-iCLIP (whole seedlings). 
Genes contained within the outlined sets in roots constitute the permissive (orange outline) and stringent (dark red 
outline) ECT2/3 target sets (Supplementary File 4) for the subsequent transcriptome analyses of sorted root 
protoplasts. Non-targets are all genes with detectable transcript levels in the ECT2 or ECT3 (aerial or root) HT 
RNA-Seq datasets that are not in the permissive target set.
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(C) Violin plot showing ECT2 and ECT3 single cell expression levels in the different clusters defined in A. These plots and their corresponding grey-red 
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Figure 5—figure supplement 1. FACS-sorting of root protoplasts expressing ECT2-mCherry. Fluorescence profile (mCherry vs. GFP 
fluorescence) of root cells (protoplasts) from the transgenic lines used as replicates for transcriptomic analyses (Figures 5, 7). Non-transgenic Col-0 
WT is shown as control for background autofluorescence. Cells with a fluorescence profile within the outlined areas were selected for RNA extraction, 
Smart-seq2 library construction and sequencing.
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A B

C

Figure 5—figure supplement 2. Poly(A) sites do not change in ECT2/3 targets upon loss of ECT2/3/4 function (extended data). (A) Summary 
of poly(A)-containing reads (i.e. reads with at least 9 untemplated As) after removal of reads mapping upstream of purine-rich sites. These reads were 
used for cluster identification, yielding 17,028 putative poly(A) site clusters (PACs), from which 14,667 were retained after further filtering of potential 
false positives (see Methods). (B) Features of PACs. (Upper panel) Genomic distance between most upstream and most downstream poly(A) site 
within each cluster (median length of 105 bp). (Lower panel) Total number of genomic positions within the cluster where at least 1 read with an 
untemplated poly(A) tail was detected (median of 12 poly(A) sites per cluster). (C) PACs sorted by ECT2/3 target status. Percentages of genes with 
more than 1 PAC refer to the number of genes with PACs. Percentages of genes with a dominant PAC (defined as the cluster with the most reads) 
that is different between te234 ECT2W464A-mCherry and ect2-1 ECT2-mCh samples refer to the number of genes with more than 1 PAC. (D) Variation 
in dominant polyadenylation sites for the non-ECT2/3-targeted transcript LAX3, an example of gene with different dominant PAC. Independently of 
the fact that the total amount of poly(A) reads is generally higher in te234 ECT2W464A-mCherry compared to ect2-1 ECT2-mCh samples (notice that 
the scales have been adjusted for optimal comparison of PAC usage within samples), the ratio between the number of reads in the upstream and the 
downstream clusters is different in the 2 genotypes. Transcript annotation is based on TAIR10. (E) Mean TPMs (Smart-seq2 data of sorted 
protoplasts, combining all 6 samples) of genes in the different ECT2/3 targets groups (upper panel). The significantly lower likelihood for ECT2/3 
targets to have a different dominant PAC upon loss of ECT2/3/4 function depletion compared to non targets (Figure 5E) could be due to differences 
in transcript abundance between the target and non-target groups. Looking at only the 2200 most highly expressed non-target genes, only 5.5% of 
these genes have a different dominant PAC in te234 ECT2W464A-mCherry than ect2-1 ECT2-mCh samples (lower panel, dark shading refers to genes 
with different dominant PAC as in Figure 5E), significantly smaller than the percentage for all non-target genes (20.8%, Figure 5E) (p=3.2e-9, Fisher’s 
exact test).
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Figure 6—figure supplement 1. Super-resolution confocal microscopy of cells co-expressing ECT2-mCherry and the nuclear envelope 
marker GFP-WIP1. (A) Standard confocal microscopy of root cells co-expressing ECT2-mCherry and GFP-WIP1 as in Figure 6A. (B-D) Airyscan 
super-resolution confocal microscopy of root cells as in A. White dashed outlines in (B) are magnified in (C) (crop 2 and 3), and mCherry/GFP 
fluorescence along the yellow lines (L2-4) is plotted in (D). Yellow arrows indicate the direction of the fluorescence plots from left to right. Magnification 
of crop 1 and fluorescence intensity along L1 is shown in Figure 6B .
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Figure 7—figure supplement 1. ECT2/3 targets are generally less abundant in root tips of ect2/ect3/ect4 knockout plants. (A) Principal compo-
nent analysis of transcriptome expression values (TPM) in Smart-seq2 libraries from FACS-sorted root protoplasts expressing ECT2-mCherry in 
te234/ECT2W464A-mCherry and ect2-1/ECT2-mCh 5-day-old seedlings (left panel), or in RNA-seq libraries obtained from root tips of te234 and wild type 
4-day-old seedlings (right panel). (B) Boxplots of log2 fold change expression values between the genotype-pairs described in A. (C) Volcano plots 
showing genes differentially expressed between the genotype-pairs described in A. Upregulated non-ECT2/3 targeted transcription factors and 
stress-responsive genes are marked. (D,E) List with the 10 most significantly enriched GO terms among significantly upregulated ECT2/3 targets 
(permissive set) (D), or downregulated non-targets (E) in root tips of ect2/3/4 knockout plants (te234) compared to wild type.   
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