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SUMMARY

Seeds are central to plant life cycle and to human nutrition, functioning as themajor supplier of human

population energy intake. To understand better the roles of enzymic writers and erasers of the epige-

netic marks, in particular, histone ubiquitylation and the corresponding histone modifiers, involved in

control of seed development, we identified the otubain-like cysteine protease OTU1 as a histone deu-

biquitinase involved in transcriptional repression of the DA1 and DA2 genes known to regulate seed

and organ size in Arabidopsis. Loss-of-function mutants ofOTU1 accumulate H2B monoubiquitylation

and such euchromaticmarks as H3 trimethylation and hyperacetylation in theDA1 andDA2 chromatin.

These data advance our knowledge about epigenetic regulation of the DA1 and DA2 genes by

recognizing OTU1 as a member of a putative repressor complex that negatively regulates their

transcription.

INTRODUCTION

Monoubiquitylation of histone 2 molecules has been implicated in epigenetic regulation of many impor-

tant aspects of plant life cycle. For example, H2Bmonoubiquitylation affects plant growth, seed dormancy,

root and leaf growth, circadian clock, timing of flowering, and photomorphogenesis (Bourbousse et al.,

2012; Fleury et al., 2007; Gu et al., 2009; Himanen et al., 2012; Keren and Citovsky, 2016, 2017; Liu et al.,

2007). H2 monoubiquitylation, in turn, affects methylation and acetylation states of histones 3 and 4, ulti-

mately resulting in transcriptional repression or activation of the corresponding genes (March and Farrona,

2018; Weake and Workman, 2008). This epigenetic pathway is regulated by histone deubiquitinase en-

zymes that erase the monoubiquityl marks from the histone molecules. The genome of the model plant

Arabidopsis encodes five families of deubiquitinases, i.e., ubiquitin-specific proteases/processing prote-

ases (USPs/UBPs), ubiquitin carboxy-terminal (UCH) proteases, Machado-Joseph disease protein domain

proteases (MJD), JAB1/MPNC/MOV34 (JAMMs) proteases, and otubain-like cysteine proteases (OTU),

that include approximately 60 members (Isono andNagel, 2014; Komander et al., 2009; March and Farrona,

2018). Among these, only four enzymes, UBP26, UBP12, and UBP22, belonging to the USP/UBP family (Der-

kacheva et al., 2016; Feng and Shen, 2014; Isono and Nagel, 2014; Nassrallah et al., 2018) and only one

enzyme, OTLD1, belonging to the OTU family (Keren and Citovsky, 2016, 2017; Krichevsky et al., 2011),

have been demonstrated to use histones as substrate. We continued to study the OTU family, focusing

on the OTU1 protein with no known phenotypic effects and functional roles. Using reverse genetics, we

showed that OTU1 is a nucleocytoplasmic protein that affects the size of seeds and leaves and is involved

in chromatin deubiquitylation and transcriptional repression of the DA1 and DA2 genes known to regulate

seed and organ size in Arabidopsis (Du et al., 2014; Li and Li, 2014, 2016; Xia et al., 2013).
1Department of Biochemistry
and Cell Biology, State
University of New York, Stony
Brook, NY 11794-5215, USA

2Graduate Program in
Genetics, State University of
New York, Stony Brook, NY
11794-5222, USA

3Lead Contact

*Correspondence:
ido.keren@stonybrook.edu

https://doi.org/10.1016/j.isci.
2020.100948
RESULTS

OTU1 Is a Nucleocytoplasmic Protein

OTU1 is an otubain-like histone deubiquitinase encoded by the Arabidopsis At1g28120 gene (Isono and

Nagel, 2014) (Figure 1A). OTU1 belongs to a 13-member family of Arabidopsis OTU deubiquitinases (Fig-

ure S1), most of which remain uncharacterized (Isono and Nagel, 2014; Komander et al., 2009). To deter-

mine its subcellular localization in plant cells, OTU1 was tagged with CFP and transiently expressed,

following biolistic delivery of its encoding DNA construct, in the Arabidopsis leaf epidermis together

with free monomeric red fluorescent protein (mRFP) reporter that partitions between the cell cytoplasm

and the nucleus, conveniently visualizing and identifying both these cellular compartments. As positive

control for nuclear localization, CFP-OTU1 was coexpressed with mRFP fused to a bipartite-type nuclear
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Figure 1. Loss-of-Function Alleles of OTU1 and Nucleocytoplasmic Localization of the OTU1 Protein

(A) Schematic structure of the OTU1 gene with the locations of the mutagenic transfer DNA insertions in the otu1-1 and

otu1-2 mutants. Exons are indicated by sequentially numbered boxes.

(B) Subcellular localization of OTU1 in Arabidopsis leaf epidermis. CFP signal is in blue, mRFP signal is in orange, and

overlapping CFP/mRFP signals are in pink. Chloroplast autofluorescence is in red. Green arrowhead points to a

cytoplasmic transvacuolar strand, and white arrowhead points to the cell nucleus. All images are single confocal sections.

All images are representative of multiple independent experiments (N = 20 images from five plants). Scale bars, 10 mm.

(C) Expression levels of the OTU1 gene in seeds and aerial tissues of the wild-type Arabidopsis plants at different ages.

DAS, days after seed stratification. Error bars represent SD; N = 2 independent biological replicates.

(D) Reduced expression of the OTU1 gene in the otu1-1 and otu1-2 plants. p = 0.05 for statistical significance of

differences between the mutant and wild-type plants.

(E) Expression of the reference gene UBQ10 for the analysis shown in (D). Differences between all tested plants are not

statistically significant (p > 0.05). Relative expression ofOTU1 in wild-type (black bars), otu1-1 (dark gray bars), and otu1-2

plants (light gray bars) was analyzed by RT-qPCR. The expression level in the wild-type plants is set to 1.0; error bars

represent SD; N = 3 independent biological replicates.
localization signal (NLS) derived from the Agrobacterium VirD2 protein (Howard et al., 1992). Figure 1B

shows that, similarly to free mRFP, CFP-OTU1 accumulated in the cytoplasm—displaying transvacuolar

strands (green arrowhead) and variations in cytosol thickness at the cell cortex (Cutler et al., 2000; Tian

et al., 2004)—and in the nucleus (white arrowhead), colocalizing with mRFP-VirD2 NLS. Indeed, the com-

bined images of CFP (blue color) and mRFP fluorescence (orange color) showed overlapping signal

(pink color) within both the cell cytoplasm and the cell nucleus (Figure 1B). We cannot rule out that at least
2 iScience 23, 100948, March 27, 2020



some of the cytoplasmic signal of CFP-OTU1 derives from degradation of this fusion protein; however, usu-

ally, degradation of GFP-tagged proteins results in the loss of fluorescence, representing the rationale for

degradation assays that utilize GFP fusions of the proteins of interest (Gray et al., 2001; Tzfira et al., 2004;

Wang et al., 2017). Furthermore, analysis of OTU1 using the Subcellular Localization Database for Arabi-

dopsis proteins (SUBA) (Hooper et al., 2017) also suggested, through prediction and experimental data,

nucleocytoplasmic localization with 65%/35% probability, respectively (http://suba.live/suba-app/

factsheet.html?id=AT1G28120).

In addition to the subcellular localization of OTU1, we examined the expression pattern of theOTU1 in the

wild-type Arabidopsis plants using quantitative RT-PCR (RT-qPCR) analysis. We focused on seeds and

aerial tissues of the wild-type plants of different ages, which corresponded to the organs most affected

by the loss of function ofOTU1 (see below). This analysis showed thatOTU1 was expressed at higher levels

in seedlings and younger rosette leaves and at lower levels in mature seeds and older rosettes (Figure 1C).

OTU1 Loss of Function Affects the Size of Seeds, Leaf Rosettes, and Stems

We examined two available Arabidopsis transfer DNA insertion mutants, otu1-1 and otu1-2, homozygous

for transfer DNA insertion into theOTU1 gene. In otu1-1, the mutagenic insert is located in the 50 UTR, and
in otu1-2, the mutagenic insert is located between the third and the fourth exons (Figure 1A). The RT-qPCR

analysis showed that the otu1-1 plants expressedOTU1 at significantly lower levels relative to the wild-type

plants (Figure 1D), whereas in the otu1-2 plants, the OTU1 transcripts were barely detected; in the internal

control, the UBQ10 reference gene displayed similar expression levels in all plant lines (Figure 1E).

Next, we assessed the overall phenotypic effects of the otu1-1 and otu1-2 loss-of-function mutations. Both

mutant lines exhibited two readily detectable alterations in theirmorphology: reduced seed size (Figure 2A)

and reduced leaf rosette diameter and stem length (Figures 3A–3C). Seeds produced by the otu1-1 and

otu1-2 plants were lighter and smaller than the wild-type seeds (Figures 2B and 2C). Time course studies

indicated slower rate of germination of seeds from both otu1-1 and otu1-2 plants when compared with

the wild-type plants; for example, the wild-type seeds reached 96% germination already after 36 h, at which

time only about 52% and 56% of the otu1-1 and otu1-2 seeds, respectively, germinated (Figure 2D). How-

ever, as time progressed, the otu1-1 and otu1-2 seeds continued to germinate, catching up with the wild-

type seeds after 6.5 days when seeds from all three plant lines reached ca. 98% germination (Figure 2D).

The otu1-1 and otu1-2 plants also developed smaller leaf rosettes (Figure 3A). Quantification of the rosette

diameter showed that leaf rosettes of both mutants were smaller than those of the wild-type plants, and

that this difference gradually diminished with plant age (Figure 3B). As expected, the size of the individual

leaves in the rosettes from both the otu1-1 and otu1-2 mutant plants was smaller than the size of the cor-

responding leaves from the wild-type plants (Figure 4). Also, we observed modest reduction in the length

of plant stems between the wild-type and the otu1-1 and otu1-2 mutants (Figure 3C). Similar to the seed

size observations, we did not detect differences in the rosette diameter and stem length between the

otu1-1 and otu1-2 plants (Figures 3B and 3C). Also, no differences in size of cotyledons were observed be-

tween both mutants and the wild-type plants (Figures 3D and 3E).

The reduced organ size of the otu1-1 and otu1-2 plants could result from a decrease in cell number, cell

size, or both. To assess such possible contributions of cell proliferation and/or expansion, we examined

the size and surface density of adaxial epidermal cells of fully expanded fifth rosette leaves known to repre-

sent faithfully the characteristic features of rosette leaf development in Arabidopsis (Tsuge et al., 1996).

Count of cells in the blade midrib sections of the leaf revealed that their surface density in both otu1-1

and otu1-2 lines was lower (Figure 5), by ca. 22%–30% of the wild-type leaves (Figure 5D). The size distri-

bution of epidermal cells in these areas was slightly enlarged when compared with the wild-type plants

(Figures 5A–5C), i.e., averaging 5,000 mm2 and 4,600 mm2 in the otu1-1 and otu1-2 plants versus

3,600 mm2 in the wild-type plants; we focused on cell size distribution because it is known to be highly

reproducible in Arabidopsis leaves, whereas the size of individual cells can vary (Kawade and Tsukaya,

2017). Thus, the loss of function of OTU1 likely reduces cell proliferation but promotes cell expansion.

OTU1 Is Involved in Transcriptional Repression of the DA1 and DA2 Genes

The major phenotypic hallmarks of the otu1-1 and otu1-2 plants, i.e., reduced size of seeds and of several aerial

organs such as leaves and stems, inform about the possible identity of the target genes of OTU1 and facilitate
iScience 23, 100948, March 27, 2020 3
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Figure 2. Reduced Seed Size in otu1-1 and otu1-2 Plants

(A) Seeds of the indicated plant lines. Scale bars, 0.5 mm.

(B) Seed weight (N = 500 seeds from each line).

(C) Seed surface area (N = 100 seeds from each line). WT (wild-type) plants, black bars; otu1-1, dark gray bars; otu1-2, light

gray bars. Error bars represent SD. p = 0.05 for statistical significance of differences in seed parameters between the

mutant and wild-type plants; differences between otu1-1 and otu1-2 plants are not statistically significant (p > 0.05).

(D) Time course for seed germination (N = 500 seeds from each line). The solid, dashed, and dotted lines represent WT,

otu1-1, and otu1-2 lines, respectively. DAS, days after seed stratification. Differences in germination at 1.5 DAS,

corresponding to the linear part of the otu1-1 and otu1-2 germination kinetics corresponded to p = 0.05.
their rational prediction by the inductive approach. Specifically, we focused on the three main molecular path-

ways, the ubiquitin-proteasome-based pathway, the transcription factor-based pathway, and the IKU pathway,

that regulate seed size through three distinct processes, cell proliferation, cell expansion, and precocious endo-

sperm cellularization, respectively (Li and Li, 2016). We then selected six genes that represent some of themajor

participants of each of these pathways (Table S1) and testedwhether any of themexhibited altered expression in

the mutant lines. To this end, transcript levels of each of these genes were analyzed by RT-qPCR in the rosette

leavesof theotu1-1andotu1-2plants andcomparedwith thewild-typeplants (Figure6).Mostof the testedgenes

showednosignificantchanges in their expression levels inanyof theplant lines; thisgroupofgenes isexemplified

byBIGBROTHER (BB), a negative regulator of seed size (Vanhaeren et al., 2017), the transcripts ofwhich accumu-

lated to comparable amounts in the otu1-1, otu1-2, and wild-type plants (Figure 6B). However, two genes, DA1

andDA2, displayed substantial increase in expression in both loss-of-function lines (Figure 6A). Specifically,DA1

transcript amounts in the rosette leaves were elevated ca. 3- to 4-fold inotu1-1 and otu1-2, respectively, whereas

the levels of theDA2 transcript increased ca. 3- to 5-fold in the same plants (Figure 6A). The expression of the in-

ternal reference gene UBQ10 was not altered in any of the plant lines (Figure 6C). We then examined DA1 and

DA2 expression in the seedlings and in mature seeds of both mutant lines. We observed ca. 1.5- to 2-fold

enhanced levels of DA1 and DA2 transcripts in otu1-1 and otu1-2 seedlings, respectively, when compared with

the wild-type seedlings (Figure 6D). In mature otu1-1 and otu1-2 seeds, expression of bothDA1 andDA2 genes

was elevated by ca. 1.5- and 2.5-3 fold, respectively (Figure 6E). These data suggest that OTU1 negatively regu-

lates expression of DA1 and DA2 and that its loss of function results in transcriptional activation of these target

genes.
4 iScience 23, 100948, March 27, 2020
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Figure 3. Reduced Leaf Rosette and Stem Size in otu1-1 and otu1-2 Plants

(A) Representative rosettes at 21 DAS. Scale bar = 10 mm.

(B) Rosette diameter at the indicated DAS (N = 50 plants).

(C) Stem length (N = 35 plants). p = 0.05 for statistical significance of differences in seed parameters between the mutant

and wild-type plants; differences between otu1-1 and otu1-2 plants are not statistically significant (p > 0.05).

(D) Cotyledon length (N = 10 plants). WT (wild-type) plants, black bars; otu1-1, dark gray bars; otu1-2, light gray bars. Error

bars represent SD. Differences between the mutant and wild-type plants are not statistically significant (p > 0.05).

(E) Cotyledons at 7 DAS. Scale bar, 1 mm. DAS, days after seed stratification.
DA1, a ubiquitin-binding protein, and DA2, a RING-type E3 ubiquitin ligase, are known to interact with each

other and negatively regulate the seed and organ size in Arabidopsis (Du et al., 2014; Li and Li, 2014, 2016;

Xia et al., 2013). Thus, elevated expression of DA1 and DA2 in the otu1-1 and otu1-2 mutants is

expected to decrease the seed and organ size, consistent with the phenotypes observed in these plants

(see Figures 2 and 3).
iScience 23, 100948, March 27, 2020 5



WT 

otu1-1 

otu1-2 

Figure 4. Leaf Size Distribution in Rosettes of otu1-1 and otu1-2

Plants

Each of the seven sequential leaves from a rosette of the indicated

plant lines was removed and arranged right to left sequentially for

size comparison. Images are representative of multiple independent

experiments (N = 10 images from three plants of each line). Scale bar,

5.0 mm.
OTU1 Is Involved in Deubiquitylation of the DA1 and DA2 Chromatin

Increased H2B monoubiquitylation often induces gene expression (Batta et al., 2011; Shukla and Bhaumik,

2007; Tanny et al., 2007; Weake and Workman, 2008). It makes biological sense, therefore, that OTU1 acts

to deubiquitylate H2B in the target genes’ chromatin; in this scenario, H2B monoubiquitylation in the DA1

and DA2 chromatin should increase in the OTU1 loss-of-function mutants. We examined this notion using

quantitative chromatin immunoprecipitation (qChIP). Our qChIP analysis showed substantial levels of hy-

perubiquitylation of H2B in the DA1 and DA2 chromatin (Figure 7). Specifically, we detected two regions

in the DA1 chromatin and four regions in the DA2 chromatin of otu1-1 and/or otu1-2, which were located

upstream of and flanked the translation initiation codon, with monoubiquitylation amounts ranging be-

tween ca. 1.5- and 8-fold higher than the wild-typeDA1 andDA2 chromatin (Figures 7A and 7B). Consistent

with the effect of the OTU1 loss-of-function mutations on the DA1 and DA2 transcription (see Figure 6),

their effect on DA2monoubiquitylation was more pronounced than that on DA1monoubiquitylation. Con-

firming the specificity of these observations, no significant changes in the degree of H2B monoubiquityla-

tion were detected in the chromatin of BB, the expression of which was not altered by loss of function of

OTU1 (see Figure 6B), or in the chromatin of the UBQ10 reference gene (Figures 7C and 7D). Thus,

OTU1 most likely specifically deubiquitylates chromatin of its target genes, rather than acting as a general

modifier of chromatin.

OTU1 Loss of Function Promotes Increase in Euchromatic Histone Methylation and

Acetylation Marks

H2Bdeubiquitylationhas been shown to facilitate removal of euchromatic histonemodificationmarks (Caoet al.,

2008;Guet al., 2009; Sridhar et al., 2007), ofwhich someof themajor ones areH3K4me3andH3Ac. Thus, increase

inH2Bmonoubiquitylation is expected to elicit a reverse effect on thesemarks.We usedqChIP to analyze, in the

otu1-1 and otu1-2 plants, the chromatin of the DA1 andDA2 genes for possible changes in their H3K4me3 and

H3Ac contents. The chromatin of the DA1 andDA2 genes contained higher levels of H3K4me3 (Figures 8A and

8B). Specifically, the H3K4me3 content of the DA1 chromatin of both the otu1-1 and otu1-2 lines was ca. 2- to

3.5-fold higher, depending on the tested chromatin region, than that of the wild-type plants (Figure 8A), in the

same chromatin regions found to be hyperubiquitylated (see Figure 7A). Similarly, in the same plants, the trime-

thylation of H3K4 of the DA2 chromatin was elevated by ca. 2- to 2.5-fold (Figure 8B, regions A and G). As ex-

pected, changes in theextentofH3K4 trimethylationof thechromatinof theBBgeneandof the internal reference

UBQ10 gene were insignificant (Figures 8C and 8D).

We also observed histone hyperacetylation in the DA1 and DA2 chromatin in the otu1-1 and otu1-2

mutants (Figures 9A and 9B). In several regions of the DA1 chromatin tested, the H3 acetylation increased
6 iScience 23, 100948, March 27, 2020
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Figure 5. Increased Expansion and Reduced Proliferation of Leaf Epidermal Cells in otu1-1 and otu1-2 Plants

(A–C) DIC images of epidermal cells in fully-expanded fifth leaves of the otu1-1 (A), otu1-2 (B), and wild-type (WT)

plants (C), respectively, at 21 DAS. Cells of both mutants are clearly larger and fewer per microscope field than the cells of

the wild-type plant. DAS, days after seed stratification. Scale bars, 10 mm.

(D) Cell density at leaf epidermal midrib. WT, black bars; otu1-1, dark gray bars; otu1-2, light gray bars. Error bars

represent SD, N = 9 images from three independent plants per line.
by ca. 2- to 6-fold (Figure 9A). In the DA2 chromatin, the acetylation levels increased by ca. 2- to 10-fold

(Figure 9B). These changes were specific because, in negative control experiments, no significant changes

in H3 acetylation were observed in the chromatin of BB (Figure 9C), the expression of which was not

affected in the otu1-1 and otu1-2 lines (see Figure 6B) or in the chromatin of the UBQ10 reference gene

(Figure 9D). Collectively, our data suggest that OTU1 may act as transcriptional repressor of the DA1

and D2 genes, known repressors of the seed and organ size in Arabidopsis.

DISCUSSION

Seeds are central to plant reproduction and human nutrition, accounting for approximately 70%of energy intake

of human population (Sreenivasulu andWobus, 2013). Thus, seed development has been a subject of numerous

studies, for many decades, uncoveringmultiple and diverse pathways for its control. For example, the ubiquitin/

proteasome system (UPS) and G protein, mitogen-activated protein kinase, and brassinosteroid signaling path-

ways regulate seed size by affecting cell proliferation and expansion (Li and Li, 2016). Transcriptional control also

plays an important role in seed development, involving different transcription factors and chromatin-modifying

enzymes (Khan et al., 2014; Li and Li, 2016; Sun et al., 2010; Wang and Köhler, 2017). Yet, our knowledge of his-

tone post-translational modifications and enzymic writers and erasers of epigenetic marks controlling seed

development is largely lacking, so far limited to several polycomb (PcG) proteins and other histone methyltrans-

ferases and histone acetyltransferases (Li and Li, 2016; Sun et al., 2010). In particular, it remains unknownwhether

histoneubiquitylation and the correspondinghistonemodifiers have any role in controlling seed size. This knowl-

edge gap contrasts our detailed understanding of ubiquitin-mediated control of seed size, whichmainly focuses

on UPS components (Li and Li, 2014). Here, we provide evidence for the involvement of H2B deubiquitylation

and the specific histone deubiquitinaseOTU1 in control of seed and organ size.OTU1 belongs to theArabidop-

sisOTU family of deubiquitinases, which contains 13 proteins (Isono andNagel, 2014; Komander et al., 2009). So

far, only twomembers of this enzyme family have been functionally characterized, OTU5 shown to be involved in

root responses to phosphate starvation (Suen and Schmidt, 2018; Suen et al., 2018; Yen et al., 2017) and OTLD1

shown to be involved in plant growth (Keren and Citovsky, 2016, 2017; Krichevsky et al., 2011). Furthermore, of

these two enzymes, onlyOTLD1 has been demonstrated to function as a histone deubiquitinase and epigenetic

regulator of a series of target genes involved in organ growth and development (Keren andCitovsky, 2016, 2017;

Krichevsky et al., 2011). Our data suggest that OTU1 is also a histone deubiquitinase, the target genes of which

includeDA1 andDA2, the major regulators of seed and organ size (Du et al., 2014; Li and Li, 2014; Li et al., 2008;

Vanhaeren et al., 2017; Xia et al., 2013).
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Figure 6. Transcriptional Activation of DA1 and DA2 Genes in otu1-1 and otu1-2 Plants

(A) Elevated expression of the DA1 and DA2 genes in the otu1-1 and otu1-2 rosette-leaves at 25 DAS. p = 0.05 for

statistical significance of differences between the mutant and wild-type plants.

(B) Expression of the gene BB for the analysis shown in (A).

(C) Expression of the reference gene UBQ10 for the analysis shown in (A). Differences between all tested plants are not

statistically significant (p > 0.05).

(D) Elevated expression of the DA1 and DA2 genes in the otu1-1 and otu1-2 seedlings at 7 DAS. DAS, days after seed

stratification.

(E) Elevated expression of the DA1 and DA2 genes in the otu1-1 and otu1-2 mature seeds. p = 0.05 for statistical

significance of differences between the mutant and wild-type plants. Relative expression of OTU1 in wild-type

(black bars), otu1-1 (dark gray bars), and otu1-2 tissues (light gray bars) was analyzed by RT-qPCR. The expression level in

the wild-type plants is set to 1.0; error bars represent SD; N = 3 independent biological replicates.
DA1 is a ubiquitin receptor that interacts with DA2, a RING-type E3 ubiquitin ligase, targeting specific sub-

strates for degradation. Although most of these substrates remain unidentified, DA1 has been shown to

recognize UBIQUITIN–SPECIFIC PROTEASE 15 (UBP15) and modulate its stability (Li and Li, 2014, 2016).

Overexpression of DA1 or DA2 results in reduced seed and organ growth (Vanhaeren et al., 2017; Xia

et al., 2013), and their loss-of-function mutants produce larger seeds (Xia et al., 2013). Thus, increased

expression of DA1 and DA2 in the otu1-1 and otu1-2 mutants most likely underlies the reduced seed,

rosette, and stem size observed in these plants. Interestingly, DA1 regulates the seed and organ size syn-

ergistically with another RING-type E3 ubiquitin ligase, BB (Li and Li, 2014, 2016; Li et al., 2008; Vanhaeren

et al., 2017). However, whereas, consistent with their physical interaction, DA1 and DA2 may control seed

size via the same pathway, genetic analyses suggested that DA2 and BB act in different pathways (Li and Li,

2016; Xia et al., 2013). The fact that the loss of OTU1 function did not affect expression of BB in the otu1-1

and otu1-2 plants indicates that these two ubiquitin-mediated pathways are transcriptionally regulated by

different chromatin modifiers. For DA1 and DA2, their transcription is most likely regulated by OTU1 that
8 iScience 23, 100948, March 27, 2020
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Figure 7. H2B hyperubiquitylation in DA1 and DA2 Gene Chromatin in otu1-1 and otu1-2 Plants

(A–D) qChIP analyses of relative levels of H2B monoubiquitylation in the mutant relative to the wild-type plants are shown

for (A)DA1, (B)DA2, (C) BB, and (D) UBQ10. Locations of sequences relative to the translation initiation site (ATG) used for

qChIP analyses are indicated for each gene and detailed in Table S1. otu1-1, dark gray bars; otu1-2, light gray bars. Error

bars represent SD; N = 3 independent biological replicates; p = 0.05 for statistical significance of differences between the

mutant and wild-type plants, except where indicated by asterisks, which denote differences that are not statistically

significant (p > 0.05) as determined by Wilcoxon signed-rank tests. Differences between the otu1-1 and otu1-2 plants

were statistically insignificant (p = 0.2–1.0).
acts as a transcriptional corepressor, deubiquitylating the DA1 and DA2 chromatin. In the absence of

OTU1, the DA1 and DA2 chromatin accumulates H2B monoubiquitylation and such euchromatic marks

as H3 trimethylation and hyperacetylation.

Although the molecular pathways by which DA1 and DA2 regulate the seed and organ size have been stud-

ied (Li and Li, 2014, 2016), regulation of expression of the DA1 and DA2 genes themselves has not been

examined. Our data began filling this gap by identifying OTU1 as a member of a putative repressor com-

plex that negatively regulates DA1 and DA2 transcription. Interestingly, OTU1 exhibits nucleocytoplasmic

distribution in the cell. Obviously, nuclear localization of OTU1 is consistent with its biological function as

histone deubiquitinase. On the other hand, the cytoplasmic location suggests an additional, non-nuclear,
iScience 23, 100948, March 27, 2020 9
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Figure 8. Increase in Trimethylation of H3K4 in DA1 and DA2 Gene Chromatin in otu1-1 and otu1-2 Plants

(A–D) qChIP analyses of relative levels of H3K4me3 in the mutant relative to the wild-type plants are shown for (A)DA1, (B)

DA2, (C) BB, and (D) UBQ10. Locations of sequences relative to the translation initiation site (ATG) used for qChIP

analyses are diagrammed in Figure 7 and detailed in Table S1. otu1-1, dark gray bars; otu1-2, light gray bars. Error bars

represent SD; N = 3 independent biological replicates; p = 0.05 for statistical significance of differences between the

mutant and wild-type plants, except where indicated by asterisks, which denote differences that are not statistically

significant (p > 0.05) as determined by Wilcoxon signed-rank tests. Differences between the otu1-1 and otu1-2 plants

were statistically insignificant (p = 0.4–1.0).
function for OTU1 in other cellular processes, potentially unrelated to chromatin remodeling and with

non-histone substrates. Indeed, a recent study reported that OTU1 functions in the endoplasmic reticulum

(ER)-associated degradation (ERAD) (Zang et al., 2020). Although this study did not examine the OTU1 sub-

cellular localization directly, the ER-based function suggests that the cytoplasmic OTU1, at least in part,

associates with the ER. Because our data detected OTU1 in the cell cytoplasm as mostly cytosolic, e.g.,

in the transvacuolar strands, the putative ER-associated population of OTU1 most likely is masked by its

cytosolic pool. Taken together our data and the study by Zang et al. (2020) suggest a dual function for

OTU1 in the plant cell: a histone deubiquitinase involved in transcriptional repression of its target genes

and a protein deubiquitinase involved in processing of ERAD substrates. These findings underscore one

apparent difference between the plant, animal, and yeast OTU-type deubiquitinases. At least two plant

OTU families members, OTLD1 (Keren and Citovsky, 2016, 2017; Keren et al., 2019; Krichevsky et al.,

2011) and OTU1, are involved in epigenetic regulation of transcription by histone deubiquitylation, with

one of them, OTU1, also deubiquitylating other substrates and involved in a transcription-unrelated pro-

cess of ERAD (Zang et al., 2020). In contrast, to our knowledge, animal and yeast OTU family members
10 iScience 23, 100948, March 27, 2020
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Figure 9. Hyperacetylation of H3 in DA1 and DA2 Gene Chromatin in otu1-1 and otu1-2 Plants

(A–D) qChIP analyses of relative levels of H3 acetylation in the mutant relative to the wild-type plants are shown for (A)

DA1, (B)DA2, (C) BB, and (D)UBQ10. Locations of sequences relative to the translation initiation site (ATG) used for qChIP

analyses are diagrammed in Figure 7 and in Table S1. otu1-1, dark gray bars; otu1-2, light gray bars. Error bars represent

SD; N = 3 independent biological replicates; p = 0.05 for statistical significance of differences between the mutant

and wild-type plants, except where indicated by asterisks, which denote differences that are not statistically significant

(p > 0.05) as determined by Wilcoxon signed-rank tests. Differences between the otu1-1 and otu1-2 plants were

statistically insignificant (p = 0.4–0.7).
have not been shown to deubiquitylate histones, and they are involved in diverse cellular processes that do

not include direct epigenetic transcriptional control, acting, for example, to stabilize their targets, such as

the non-canonical nuclear factor-kB pathway component TRAF3 for human OTUD7B (Hu et al., 2013), by

removal of ubiquitin residues thereby protecting them from proteasomal degradation, or by regulating

the activity of their targets, such as the E3 ligase RNF168 and E2 ligase UBE2E1 for human OTUB1 (Nakada

et al., 2010; Pasupala et al., 2018), in a proteasome-independent or even non-catalytic manner.
Limitations of the Study

Our study demonstrates involvement of histone ubiquitylation chromatin marks and their erasure by his-

tone deubiquitinase OTU1 in control of two genes, DA1 and DA2, that are central to controlling seed

and organ size in Arabidopsis. It remains to be investigated whether OTU1 itself is physically associated
iScience 23, 100948, March 27, 2020 11



with the target chromatin, e.g., the promoter regions of DA1 and DA2; furthermore, a global gene chro-

matin association study is required for exhaustive identification of Arabidopsis genes directly regulated

by OTU1. Because OTU1 does not have DNA-binding domains, it presumably acts as a corepressor,

requiring a DNA-binding transcription factor for specific recruitment to the target chromatin; identification

of such putative transcription factor(s) also awaits further studies. Finally, OTU1 appears to participate in

two different regulatory pathways that take place in different cellular locations: epigenetic regulation of

gene expression in the nucleus and proteasomal degradation of misfolded proteins of the ER. It would

be useful to define the cellular cues that determine which population of OTU1 molecules is targeted to

the cell nucleus for histone deubiquitylation and which remains in the cell cytoplasm for participation in

the ERAD. In this respect, it also remains unknown whether the OTU1 population involved in the ERAD

directly associates with the ER.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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SUPPLEMENTARY INFORMATION 

TRANSPARENT METHODS  

Plants 

Seeds of the wild-type Arabidopsis thaliana (ecotype Col-0) plants and of the 

SALK_010551 and SALK_058652 lines, representing the otu1-1 and otu1-2 T-DNA insertional 

mutants, respectively, were obtained from the Arabidopsis Biological Resource Center 

(abrc.osu.edu). Seeds were surface-sterilized with 0.6% sodium hypochlorite and 70% ethanol, 

plated on MS medium (Murashige and Skoog, 1962) with 0.8% (w/v) agar, containing 3% (w/v) 

sucrose, stratified for 3 days at 4°C in the dark, transferred to a controlled environment growth 

chamber, grown at 22°C under long-day conditions (16-h light/8-h dark cycle at 100 E
 
sec

-1
m

-2
 

light intensity), transferred to soil, and maintained under the same growth conditions. 

Seed Weight, Size and Germination Time Course 

For measuring weight, seeds were harvested from mature plants, dried at 24°C for 7 days 

and weighed. Ten batches of 50 seeds (N=500) from each line was weighed using Orion Cahn C-

33 Microbalance (Thermo Scientific Inc.). For measuring surface area, dried seeds were recorded 

using a Leica MZ FLIII stereoscope and the area of each photographed seed was determined by 

ImageJ software (Fiji Life-Line version, 2014). For quantification of germination, the stratified 

seeds were grown at 22°C under long-day conditions, and the number of germinated seeds was 

recorded after 12 h, 24 h, 36 h, 2 days, 3 days, 4.5 days, and 6.5 days. The germination rate was 

expressed as percent of germinated seeds out of 500 total planted seeds (N=500). 

Plant Organ Measurements 

A metric ruler was used for all plant organ measurements. For stem length, 35 plant 

stems from each line were measured from the rosette area to the end of the stem at 35 days after 



seed stratification (DAS) (N=35). For cotyledon length, 10 cotyledons from each line were 

measured at 7 DAS (N=10). For leaf rosette diameter, the distance between the ends of the two 

oldest leaves was measured in 50 plant leaf rosettes from each line at 21 DAS (N=50). 

For imaging individual rosette leaves, a Sony A6000 camera equipped with a zoom Sony 

Kit lens (SELP 16 mm-50 mm f3.5-6.3) used to capture images. Each of the seven sequential 

leaves from a rosette of each line was removed and placed right-to-left sequentially for size 

comparison. Images are representative of multiple independent experiments (N=10 images from 

3 plants of each line). 

Microbombardment and Subcellular Localization 

OTU1 was fused to CFP by inserting its coding sequence into the BglII/BamHI sites of 

pSAT6-ECFP-C1 (GenBank accession number AY818374) (Tzfira et al., 2005). Free mRFP was 

expressed from pSAT6-mRFP-C1 (Stock number CD3-1107, The Arabidopsis Information 

Resource, TAIR). The construct expressing Agrobacterium VirD2 NLS fused to mRFP has been 

described (Citovsky et al., 2006). Tested constructs were mixed in a molar ratio of 1:1, adsorbed 

onto 10 mg of 1-μm gold particles (Bio-Rad, CA) and bombarded at 100-120 psi into the leaf 

epidermis of greenhouse-grown A. thaliana using a Helios gene gun (PDS-1000/He, Bio-Rad) 

(Ueki et al., 2009). After incubation for 24-48 h at 22-24°C, the bombarded tissues were viewed 

under a Zeiss LSM 5 Pascal confocal laser scanning microscope.  

Light Microscopy and Cell Size Measurements 

Differential interference contrast (DIC) images were acquired using a CCD digital 

camera (Axiocam MRm, Carl Zeiss, Oberkochen, Germany) mounted on a microscope 

(Axioimager, Carl Zeiss) with a Plan-NeoFluar 20X/0.8 differential interference contrast 

objective controlled by Zen 2012 (Carl Zeiss) (Keren and Citovsky, 2016). The acquired images 



were analyzed using ImageJ (Fiji Life-Line version, 2014) and Paint.NET software (version 

4.0.6, dotPDN LLC). Cell size and surface density were measured in six different images, 

recorded with identical magnification, of the middle region of the fifth leaf blade at ca. 1.0 mm 

from the middle vein. Each measurement was performed in three biological replicates, each 

consisting of three technical replicates. 

Quantitative RT-PCR (RT-qPCR) 

For RT-qPCR analyses (Keren and Citovsky, 2016, 2017), total RNA was extracted 

either from aerial parts of 21-days-old plants or from the indicated plant tissues at the indicated 

ages using NucleoSpin RNA plant kit (MACHEREY-NAGEL GmbH & Co.). This RNA 

preparation (1 µg) was reverse transcribed, and the resulting cDNA preparation (2 µl for each 

sample) was amplified using Power SYBR Green PCR Master Mix (Thermo Fisher Scientific 

Inc.) and specific primers described in Table S1 in a StepOnePlus real-time PCR system 

(Applied Biosystems) for 1 cycle at 95°C for 5 min and 40 cycles each at 95°C for 10 s, 57°C for 

10 s, and 72°C for 15 s. Unless indicated otherwise, each sample was analyzed in three 

biological replicates, each consisting of three technical replicates, using validated constitutive 

reference gene UBQ10 (At4g05320) (Keren and Citovsky, 2016, 2017) to normalize RT-qPCR 

data by the comparative Ct method, with ΔCt calculated by subtracting the Ct value of the tested 

transcript from the Ct value of UBQ10 transcripts in each sample; the relative transcript levels 

were calculated by the cycle threshold (CT) 2
−ΔΔC

t method (Livak and Schmittgen, 2001).  

Quantitative Chromatin Immunoprecipitation (qChIP) 

For ChIP analyses (Keren and Citovsky, 2016, 2017), cell nuclei were isolated from areal 

parts (~3 g) of 21-days-old plants, cross‐linked by 1% formaldehyde (v/v), and sonicated to 

achieve chromatin shearing to an average size of 0.4-1.0 kb fragments. The resulting 



preparations were incubated at 4°C for 1 h with protein A agarose beads (40 μl; 16-157, 

Millipore), centrifuged, and the supernatant was incubated at 4°C for overnight with the 

appropriate antibody [anti-acetyl-histone H3 (06-599, Millipore), anti-monoubiquityl-histone 

H2B (Lys-120) (5546S, Cell Signaling Technology, Inc.), or anti-trimethyl H3K4 (8580, 

Abcam)], combined with protein A agarose beads (60 µl), followed by additional 2-h incubation 

at 4°C. Then, the beads were washed sequentially with low and high salt buffers [20 mM Tris-

HCl pH 8.0, 2 mM EDTA, 0.1% SDS, 1.0% Triton X-100 supplemented with 0.15 M NaCl (low 

salt) or 0.5 M NaCl (high salt)], LiCl buffer (250 mM LiCl, 10 mM Tris-HCl pH 8.0, 1.0 mM 

EDTA, 1% NP-40, 1.0% deoxycholate), and twice with TE (10 mM Tris-HCl pH 8.0, 1.0 mM 

EDTA), and eluted at room temperature for 15 min in the elution buffer (0.1 M NaHCO3, 0.5% 

SDS). The cross-linking was reversed by incubation in 0.2 M NaCl at 65°C for overnight 

followed by digestion for 90 min at 45°C with Proteinase K (20 mg/ml). The recovered DNA (10 

ng) was analyzed by qPCR using the appropriate primers (Table S1) as described above. The 

absence of non-specific, background signal was verified using protein A agarose incubated with 

chromatin samples in the absence of antibody. 

Statistical Analyses 

For RT-qPCR and qChIP experiments and for comparisons of seed weight and surface 

area, i.e., when the values in the wild-type plants are set to 1.0 or 100%, respectively, the 

corresponding quantitative data were analyzed by Wilcoxon signed-rank tests using Minitab 19 

and the online tool at https://ccb-compute2.cs.uni-saarland.de/wtest/ (Marx et al., 2016). For 

organ/cell size measurements, the quantitative data were analyzed by Wilcoxon rank-sum tests. 

For seed germination, the quantitative data at the linear portion of the otu1-1 and otu1-2 

gemination time course were analyzed by a Fisher’s exact test. p-values = 0.05, corresponding to 



the statistical probability of 95%, were considered statistically significant. Standard deviation 

(SD) calculations were performed using Excel 2016 (Microsoft Inc.). 
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Table S1. List of primers used in this study 

 

Gene name and description 

 

Primer name a 

 

AGI locus identifier 

 

Primer sequence (5' to 3') 

 

Application 

OTU1 - ubiquitin thioesterase 

otubain-like protein 

SALK_010551-F At1g28120 mutant 

(otu1-1) 

AAGGTTACATTTAAAATGTACTTCCC PCR 

SALK_010551-R ACAATTTCCCCATTCTTCACC 

SALK_058652-F At1g28120 mutant 

(otu1-2) 

 

TGCTTAGTGTTGGTTCCCAAG PCR 

SALK_058652-R AAAAAGGTGGTCGATTTACCG 

AtOTU1-F At1g28120 

 

TTTGCAAGTCCTCGGTCGAA RT-qPCR 

AtOTU1-R ATTGCAACACCAAGTGCGTC 

SALK T-DNA - left border of 

the T-DNA insertion 

SALK_LBb1.3 pROK2 T-DNA ATTTTGCCGATTTCGGAAC PCR 

DA1 - ubiquitin-activated 

peptidase 

DA1-F At1g19270 GACACCATGCAATGCCAACC RT-qPCR 

DA1-R CTTTGAGCCTCATCCACGCA 

DA2 - RING-type E3 ubiquitin 

ligase 

DA2-F At1g78420 

 

CATCATCATCGTCATCAT RT-qPCR 

DA2-R CATCATCATCTGTTCCTC 

BIG BROTHER (BB) - E3 

ubiquitin ligase 

BB-F At3g63530 GGTGTGTGATATGCCAGCTC RT-qPCR 

BB-R CCATTTGGAAATGCATTCAG 

KLU - cytochrome P450 

CYP78A5 monooxygenase 

KLU-F At1g13710 TGATTCTGACATGATTGCTGTTCT RT-qPCR 

KLU-R TCGCAACTGTATCTGTCCCTCTA 

GA20OX2 - gibberellin 20 

oxidase 2 

GA20ox2-F At5g51810 ATGGCGTTTTTCTTGTGTCC RT-qPCR 

GA20ox2-R CCAATTCGAAAAGGAATCGA 

SHB1 - short hypocotyl under 

blue 1 

SHB1-R At4g25350 CATCCAAGCTTCCCGGAATAGGTCA RT-qPCR 

SHB1-F CCGCCGTCTCGAGCCCTTCT 

UBQ10 - ubiquitin 10 UBQ10-F At4g05320 CGGAAAGCAGTTGGAGGATGG RT-qPCR 

UBQ10-R CGGAGCCTGAGAACAAGATGAAG 

DA1 - ubiquitin-activated 

peptidase 

DA1-A-F upstream of 

At1g19270 

AGGCTGCATTGCCGTATGA qChIP 

DA1-A-R TATTCCCAACCCGGAGCCTT 

DA1-B-F TCCGTTTGGAACTCGTTTGCT 

DA1-B-R CAGCCTGCAAAATCGTCGAA 

DA1-D-F AGCACATTCTGGGTTTATTCGT 

DA1-D-R TCAAGCAAGGGAAGCAGCAA 

DA2 - RING-type E3 ubiquitin 

ligase 

DA2-A-F upstream of 

At1g78420 

CGCAGGTTATGTGGTGGAGG qChIP 

DA2-A-R ACCACTTGCCTCTTCCTTCC 

DA2-B-F TGTAACCAGCCCCGAATTGA 

DA2-B-R ACCTCCACCACATAACCTGC 



DA2-C-F CGTCTCTTGTTTTCTTCTGCCC 

DA2-C-R ACACAATTGGGGCAAAACCC 

DA2-G-F GCGTAAATGGCTGAGGCAAA 

DA2-G-R CGTGAGTGTGTTTTGGGTTGA 

BIG BROTHER (BB) - E3 

ubiquitin ligase 

BB-B-F upstream of 

At3g63530 

ACTTTCCCGGCATCCATACG qChIP 

BB-B-R TGGAGAAACTCTTGGGCGTG 

(a) F, forward primer; R, reverse primer; A-C and F-G, the corresponding promoter regions tested in qChIP analyses. 



SUPPLEMENTARY FIGURE AND TABLE 

Fig. S1. Phylogenetic Tree of the Arabidopsis OTU Family of Deubiquitinases, Related 

to Figure 1. For comparison, the type-member of the human OTU enzymes, otubain-1 (OTUB1) 

and another human OTU enzyme, OTU5, were used. OTU1 (At1g28120) is highlighted by a 

shaded box. The evolutionary history was inferred using the Neighbor-Joining method (Saitou 

and Nei, 1987). The optimal tree with the sum of branch length = 13.22000264 is shown. The 

tree is drawn to scale, with branch lengths in the same units as those of the evolutionary 

distances used to infer the phylogenetic tree. The evolutionary distances were computed using 

the Poisson correction method (Zuckerkandl and Pauling, 1965) and are in the units of the 

number of amino acid substitutions per site. The analysis involved 15 amino acid sequences. All 

positions containing gaps and missing data were eliminated. There were a total of 161 positions 

in the final dataset. Evolutionary analyses were conducted in MEGA7 in Molecular Evolutionary 

Genetics Analysis tool (MEGA, version 7 for Mac OS X) (http://www.megasoftware.net) 

(Kumar et al., 2016). Scale bar, 0.20 amino acid substitutions per site. 

 

Table S1. List of Tested Genes and Corresponding PCR Primers, Related to Figures 1 

and 6-9 and Transparent Methods. 
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