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Abstract

In plants, posttranscriptional gene silencing (PTGS) is induced by small RNAs (sRNAs) generated
from various dsRNA precursors. To assess the impact of dSRNA origin, we compared downregulation
of GFP expression triggered by inverted repeat (IR), antisense (AS) and unterminated sense (UT)
transcripts transiently expressed from the estradiol-inducible promoter. The use of homogeneously
responding tobacco BY-2 cell lines allowed monitoring the onset of silencing and its reversibility. In
this system, IR induced the strongest and fastest silencing accompanied by dense DNA methylation.
At low induction, silencing in individual cells was binary (either strong or missing), suggesting that
a certain threshold sSRNA level had to be exceeded. The AS variant specifically showed a deviated
sRNA-strand ratio shifted in favor of antisense orientation. In AS lines and weakly induced IR lines,
only the silencer DNA was methylated, but the same target GFP sequence was not, showing that DNA
methylation accompanying PTGS was influenced both by the level and origin of sSRNAs, and possibly
also by the epigenetic state of the locus. UT silencing appeared to be the least effective and resembled
classical sense PTGS. The best responding UT lines behaved relatively heterogeneously possibly due
to complexly arranged T-DNA insertions. Unlike IR and AS variants that fully restored GFP
expression upon removal of the inducer, only partial reactivation was observed in some UT lines. Our
results pointed out several not yet described phenomena and differences between the long-known
silencer variants that may direct further research and affect selection of proper silencer variants for

specific applications.
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Highlights
* dsRNA formation affects speed, reversibility and transitivity of silencing
* Silencing is binary in weakly induced cells, either strong or missing
* DNA methylation accompanying PTGS is influenced by sRNA level and origin
* Methylation induced by sRNAs can differ even in loci with identical DNA sequence

« Silencing by unterminated sense transgenes likely do not differ from classical S-PTGS

Keywords

DNA methylation, dssSRNA, PTGS, RNAIi, siRNA, tobacco BY-2 cell line

1 Introduction

RNA interference (RNAi) is an important mechanism involved in the regulation of gene expression
in eukaryotic cells. It is often used in research as a tool to downregulate expression of a selected gene.
The key players in RNAi are small RNAs (sRNAs), which can be formed via several different
pathways in plants, making plant RNAi a very complex phenomenon [1]. Generally, a double
stranded RNA (dsRNA) is needed to induce the production of SRNAs in plants. These dSRNAs are
recognized by DICER-LIKE (DCL) proteins, which process them into SRNA duplexes. One strand
of the SRNA duplex (guide strand) is then selected to associate with ARGONAUTE (AGO) proteins,
while the other strand, so-called passenger strand, is degraded. AGO with a loaded guide strand
recognizes various target RNA molecules by sequence complementarity. Four DCL genes and ten
AGO genes are encoded in the Arabidopsis thaliana genome. The DCLs differ according to what
type of dsRNA they prefer to dice and the length of the SRNAs they produce [2—5]. The AGO proteins
bind sRNAs based on their length and the identity of their 5’ nt and select the guide strand by a
thermodynamic mechanism in cooperation with DRB proteins [6—10]. AGO proteins can slice the

RNA target or cooperate with other proteins to direct various processes like blocking translation or

Attachments — 10.3. Publication 2 11



directing DNA methylation (which involves a wide range of proteins e.g. SUO or DRM2,
respectively) [11,12]. When the target is an mRNA molecule, then these processes lead to
posttranscriptional gene silencing (PTGS). However, the same pool of sRNAs can also induce
chromatin modifications (primarily DNA methylation), which can accompany the PTGS [13]. Such
methylation does not significantly affect gene transcription, because it is usually limited to the
transcribed region [14]. When this methylation spreads to the promoter region, then the PTGS can
change to silencing at the transcriptional level (TGS; [15]).

In plants, DNA can be methylated at cytosines in both symmetrical (CG and CHG) and
asymmetrical (CHH) contexts, which principally differ in the mechanism of their maintenance in
newly synthesized strands after replication [16,17]. Hemimethylated CG sites can be easily
recognized and maintained by METHYLTRANSFERASE 1 (MET1) in cooperation with VIM
proteins [18]. However, additional signals from histones are needed for non-CG (CHG and CHH)
methylation maintenance. DNA methylation is mutually linked to histone modifications through
chromatin modifying enzymes, whose activity is either directly or indirectly controlled by the other
type of the chromatin mark. Thus, CHG and CHH methylation is maintained in heterochromatin by
CHROMOMETHYLASE 2 (CMT2) and CHROMOMETHYLASE 3 (CMT3) attracted by histone
modification (H3K9me2) recognized directly by chromodomains of these enzymes [19,20]. Vice
versa, SRA domains of H3K9 histone methyltransferases such as KRYPTONITE (KYP, SUVH4)
and SUVHS5/6 recognize DNA methylation [21-23]. The other signal for maintenance methylation is
presence of hc-siRNAs that are involved in the canonical RNA-directed DNA methylation (RdDM)
pathway. These hc-siRNAs are generated from products of RNA polymerase IV that transcribes
chromatin with specifically modified histone H3 (H3K4me0O, H3K9me?2) which is recognized by
SHH1 [24]. DNA methylation in RdDM is introduced by DOMAINS REARRANGED
METHYLASE 1/2 (DRM1/2) when specific AGO protein carrying SRNA binds to complementary

nascent scaffold transcripts generated by plant-specific RNA polymerase V (Pol V) specifically

Attachments — 10.3. Publication 2 v



attracted to methylated DNA by SUVH2/9 [12,25]. In addition to this maintenance methylation,
RdDM also establishes de novo DNA methylation utilizing SRNAs of various origin including those
arising during PTGS [13,26].

There are three basic ways how dsRNA can be formed. First, separate transcription of

complementary (sense and antisense) RNA strands leads to their intermolecular pairing, generating
dsRNA. This occurs naturally in the pathway generating natural-antisense siRNA (nat-siRNAs) [27].
The second way is based on the transcription of an inverted repeat; such a transcript creates a hairpin
dsRNA through intermolecular pairing. Naturally, miRNAs and some other types of hairpin siRNAs
are generated in this way [4,28]. The third way uses RNA-DEPENDENT RNA POLYMERASE
(RDR) to convert certain ssRNAs into dsSRNAs. This mechanism is naturally involved in the
production of hc-siRNAs, ta-siRNAs and most of the secondary siRNAs [2,29,30]. It is also involved
in the sense transgene silencing (S-PTGS) and can be connected with the phenomenon known as
cosuppression [31] that is believed to result from high production of aberrant RNAs. These RNAs
can saturate the RNA degradation pathway leading to their accumulation in the cell, which makes
them available as a substrate for RDRs [32].
Many types of silencer constructs have been designed based on this knowledge and have been
meticulously compared in an attempt to reach the highest level of silencing and the maximum
percentage of silenced transformants (e.g. [13,33-35]). We hypothesized that the use of constructs
based on different ways dsSRNA forms would lead to the activation of different RNAi pathways and
thus results in a different course of silencing, even if lines with similar decrease in expression are
selected. The understanding of all the effects dsSRNA formation has on the silencing outcomes is not
only important for understanding the RNAI itself, but it is also important for the use of appropriate
silencing constructs in applied research.

In our study, we chose the three most distinct ways dsRNA forms and prepared the following

silencer constructs: antisense (AS), unterminated (UT; expected to produce aberrant RNAs; [32]) and
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inverted repeat (IR); all of them based on (and targeting) the full-length coding sequence of GREEN
FLUORESCENT PROTEIN (GFP) gene. We used an inducible promoter for these constructs to
eliminate spontaneously silenced lines and to be able to observe the silencing from the very beginning
to the steady state and during its termination (recovery of GFP expression). We supertransformed
each of these constructs to the highly homogeneous tobacco BY-2 cell line [36] where they targeted
GFP transcripts stably expressed from the identical locus in all the variants [37-39]. This allowed us
to make direct comparisons of the effects of the three silencer variants. Although the model system
based on cell lines and silencing of the GFP transgene was quite artificial, it allowed to control most
of the variables so the observed differences could be attributed directly to the way dsRNA formed.
With a similar system, we recently described the dynamics of the initial phases of de novo RADM
[39]. In this current work, we first compared dynamics of PTGS onset at the fluorescence level in
populations of hundreds of independently transformed lines (calli). Thereafter, the silencing dynamics
and recovery at mRNA, sRNA and DNA methylation levels and by flow cytometry at the single cell

fluorescence level were analyzed in detail in selected lines with the highest silencing rate.

2 Results

2.1 Establishment of lines for inducible silencing and their comparisons at the population level

Three different silencer constructs were prepared to induce GFP silencing (Fig. 1). All were based on
the full-length coding sequence of GFP gene and their transcription was controlled by B-estradiol
inducible promoter (XVE system; [40]). The constructs were as follows: antisense GFP (AS),
inverted-repeat GFP (IR) and unterminated GFP (UT) where the sense transcripts were expected to
be aberrantly terminated and recognized by RDR (RNA-dependent RNA polymerase) to produce
dsRNA. As a control in some experiments, we also used a sense GFP gene with a terminator (GF)
that can under certain occasions undergo sense transgene posttranscriptional silencing (S-PTGS)

connected with cosuppression of the target GFP. In cases where the GFP sequence was in the sense
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orientation (UT and GF variant), it was without the start codon (unless otherwise stated) to prevent

potential unwanted translation of the GFP from the silencer RNA.

target:

RBPyog NPTH Tnos Pass GFP Thos lacZ
PCPBU-GFP - > > {
Faf R1 EE1 AR
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Fig 1. Scheme of the silencer and target 7-DNAs.

Functional elements and positions of primers used for reverse transcription, qPCR and McrBC assay are shown
at the appropriate sequences (primers itself are listed in Table S1). Target 7-DNA of pCP60-GFP
(https://www.addgene.org/122173) confers constitutive GFP expression. pERS: a set of T-DNAs used for the
inducible expression: pERS-AS: GFP gene in antisense orientation; pERS-UT: sense GFP gene without
terminator and without start codon; pERS-IR: sequence of GFP arranged as an inverted repeat; pERS-GF": sense
GFP without start codon and with terminator as a control. RB: right border, LB: left border, Pyos: nopaline
synthase promoter, Psss: 35S promoter, Pg-90: synthetic constitutive promoter; Pp: inducible promoter
activated by B-estradiol; Tnos: nopaline synthase terminator; Tgo: rbcS E9 terminator; T34: rbes S 34 terminator;
XVE: estrogen receptor and transcriptional activator; NPTII: kanamycin resistance gene; HPT: hygromycin
resistance gene; GFP: green fluorescent protein coding sequence; intron: intron from Solanum tuberosum PsbO
gene; LacZ: fragment of bacterial f—galactosidase gene. All 7-DNAs are at the same scale as indicated with
1kbp scale bar.

We transformed these constructs into the BY-2 cell line with stable expression of GFP [37].
The transformants of IR showed high spontaneous silencing, which was an effect of the peculiar read-
through transcription from adjacent genomic DNA (and possibly also upstream parts of the T-DNA),
as shown in our previous study [38].

From the set of independently transformed lines, we chose those that showed sufficiently
homogeneous and high GFP fluorescence (about one hundred for each variant) and planted one half
of the callus on control medium (D) and the other half on induction medium with estradiol (E) and

measured the fluorescence of those calli during 14 day period (Table 1; Fig. S1A,B; Table S2). From
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these data, we analyzed the efficiency (percentage of lines able to induce silencing), strength (the
maximum level of decreased expression) and speed of silencing. The IR was fastest in silencing
induction and was able to induce the strongest silencing in a larger number of lines than any other
variant. The ability of AS to induce silencing was somewhat lower and the UT was the least effective.
The UT silencing did not significantly differ from the cosuppression caused by the control GF (Table
1), both variants contained only very few effectively silenced lines. Although the construct without
terminator should produce aberrant RNAs, it was not always the case. Surprisingly, about 50% of
lines, where an UT silencer construct with the start codon was transformed into the wild type BY -2
cells, were able to produce some GFP fluorescence (Fig. S1C). This indicates that in these lines the
RNA was at least partially polyadenylated possibly due to T-DNA insertion in front of an endogenous
terminator or due to a specific T-DNA arrangement. Otherwise, the mRNA could not be exported

from the nucleus and translated [41].

_ % of silenced lines # of analyzed
variant li
0 days 3 days 10 days 1nes
AS 0.0 0.9 11.6 112
uUT 0.0 2.0 9.0 100
GF 1.0 1.0 9.1 99
IR 1.6 30.6 45.2 62

Table 1. Efficiency of GFP silencing in BY-2 calli.

Percentage of lines with inducible silencer constructs or with the control sense GFP (GF) that were able to
induce strong silencing of GFP expression (reduction of GFP fluorescence below 50% of mock-induced control)
at different time points after the transfer to f—estradiol containing medium (lower number of available IR calli
was caused by the high frequency of spontaneous silencing). Statistics for this data are in Table S2.
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2.2 Detailed analyses of the time course of silencing

For further experiments, we selected three lines of each variant (named IR1-3, AS1-3 and UT1-3)
with highly homogeneous GFP fluorescence (determined by flow cytometry at the single cell level)
and with the highest silencing rate, as such lines are preferentially used in reverse genetics.
Comparing lines with the potential to fully induce silencing also allowed us to look for specific
differences between the silencer variants that were not directly dependent on the differences in
silencing strength between the variants.

The estradiol inducible system enables to adjust the strength of silencer transcription by
changing the concentration of estradiol in the medium. We first tested the GFP silencing in calli of
the selected lines on 2uM concentration (commonly used in the XVE system) and a series of dilutions
(Fig. 2). The IR showed the fastest and strongest response, even on 16nM concentration of estradiol.
For the IR variant, the effect of the estradiol concentration was most prominent at the final state of
silencing, rather than at the speed of silencing. Interestingly, the UT silencer was also able to induce
silencing even on 16nM estradiol when given enough time, and the differences in the strength of
silencing were the least dependent on the estradiol concentration in this variant. In contrast, the AS
variant showed a strong dependence on the estradiol concentration, with 16nM concentration being

too low to induce any significant silencing (Fig. 2).
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Fig 2. Effects of estradiol concentration on the induction of silencing.

The ratio of relative GFP fluorescence between calli cultured on medium with indicated estradiol concentrations
and without estradiol (E/D) for 5 and 14 days. Data were normalized for day 0 to be 100%. For each silencer
(AS, UT, IR) three lines were tested and for each line three calli were measured. The error bars represent
standard deviation.

The previous experiments suggested that the standard estradiol concentration (2uM) was
saturating for most lines, so it was used in the subsequent experiments. The three selected lines for each
variant were transferred to suspension cultures and exposed for 14 days to estradiol and then the

estradiol was washed out and the cells were kept for additional 21 days on the standard medium. Control

cells for each line were handled in the same way, but without exposure to estradiol.
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Fig 3. Dynamics of GFP silencing and recovery in suspension cultures.

Three best responding lines for each silencer variant were treated with f—estradiol for 14 days, then B—estradiol
was washed out and the cells were monitored for an additional 21 days. (A) Time course of GFP fluorescence
as measured by flow cytometer. The relative fluorescence is shown as the ratio of fluorescence between induced
and mock-induced cells (E/D). Data were normalized for time 0 to be 100%. Data for AS2 on the 35th day are
not available. (B) Time course of GFP transcript levels as measured by RT-qPCR. The relative GFP transcript
levels were normalized to the internal standard EF/a and related to time 0 that was set to 100%. (C) Time
course of silencer transcript levels as measured by RT-qPCR. The relative silencer transcript levels were
normalized to EF/a. Error bars in all plots represent standard deviation. Data for each line individually are
shown in Fig. S2.

Based on the fluorescence measurements using a flow cytometer (Fig. 3A; Fig. S2A,D)
silencing in the IR lines was already obvious on the first day and by the 14th day, the fluorescence
decreased to 1-11% of the original fluorescence level, reacting almost completely homogeneously.
After removal of estradiol, the fluorescence mostly returned to the original level. The AS lines showed
the first signs of a reaction later, on the second day, and by the 14th day decreased to 6-20% of the
original level. This reaction was mostly homogeneous, and fluorescence returned almost to the
original levels after removal of the inducer. The reaction of UT lines was more heterogeneous
compared to other variants with the UT1 line resembling IR lines (Fig. S2A). On the 14th day, the
fluorescence decreased to 6-30% of the original level. After removal of the inducer, many cells of
UT3 and UT?2 line were able to maintain the GFP silencing (Fig. S2D).

Changes in RNA transcript levels were faster than changes in fluorescence (Fig. 3B; Fig.
S2B), probably due to the long lifetime of the GFP protein [39]. At the transcript level, all IR lines
reacted within the first six hours after the exposure to estradiol (p < 0.05, paired t-test), reaching 20-
74% of the original transcript level (Fig. S2B). The silencing reached its maximum as early as in 1-2
days (2-11%). Only one AS line and one UT reacted so rapidly within six hours. The responses of the
other lines were delayed; the first decreases were detected after one day. Silencing in AS and UT
lines progressively grew during the whole treatment and reached 12-36% and 17-34% after 14 days

for the AS and UT lines, respectively.
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Surprisingly, transcript levels of the silencer were highest between 6 and 24 h for AS and UT but
peaked between 24 and 48 h for IR (Fig. 3C; Fig. S2C). Moreover, the IR silencer transcript levels

were about 10-fold lower than those for AS and UT (apart from the UT]1 line).

2.3 IR silencing under weak induction.

The IR variant showed stronger response than the other variants, so we analyzed its course of
silencing in more detail on estradiol concentrations near the expected threshold for silencing
induction: 0, 4, 16 and 64nM. Flow cytometry data of the average fluorescence and RNA expression
data showed that two IR lines were sensitive enough to induce silencing, even on 4nM estradiol,
whereas the IR3 line began to react on 16nM estradiol (Fig. S3A, B). This indicates that these
concentrations were really at the lowest edge for silencing induction. At these concentrations, the
silencing in individual cells (seen on flow cytometry data in Fig. 4, Fig. S3C) was not homogeneous

(continuous in the strength of response) but was present in two distinct states — active and silenced.
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Fig 4. Effects of estradiol concentration on the induction of silencing after 3 days.

Histograms of cell GFP fluorescence levels (flow cytometer data normalized to mode) showing binary silencing
at different estradiol concentrations in three different IR lines. The second line of graphs shows data for fully
induced lines (2uM estradiol) from the experiment documented in Fig. 3.
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2.4 Molecular characterization of the best responding UT lines

The behavior of the UT1 line compared to the UT2 and UT3 was abnormal and resembled silencing
induced by IR (stronger and faster onset, almost complete reversion of silencing after removal of
estradiol, and very low silencer transcript levels). It led us to examine the arrangement and copy
number of 7-DNAs in the three UT lines, because UT 7-DNAs, when inserted as tail-to-tail inverted
repeats (LB to LB), might produce a hairpin RNA. The number and size of hybridizing restriction
fragments on Southern blot (a higher number of fragments detected by GFP probe after Kpnl digestion;
Fig. S4) indeed suggest the presence of such an inverted repeat in the UT1 line, though we were unable
to confirm its presence by PCR (data not shown). But it is known that PCR over inverted repeats is
problematic [42]. Southern blot analysis did not indicate the presence of inverted repeats in UT2 and
UT3 lines, but it suggested the presence of direct-tandem repeat in the UT3 line and indeed we were

able to confirm it by PCR (Fig. S4E) and sequence the 7-DNA junction (Fig. S4F).

The larger number of detected 7-DNA insertions raised a question of the possibility of read-through
transcripts at the 7-DNAs, either from other 7-DNAs in case where they would be in the repeat arrangement
or from genomic DNA, resembling results from our previous study [38]. Indeed, we were able to detect
low levels of both sense and antisense RNAs over different regions of the silencer in all three UT lines
(Fig. S4G, H). Some of these RNAs were present already before induction, while others appeared in the
response to estradiol induction. This behavior could be explained by the T-DNA arrangement as a result
of readthrough transcripts from neighboring T-DNAs (in UT1 and UT3 lines) or by the activity of RDRs,
as antisense RNA levels from genic regions behaved differently compared to intergenic regions. From highly
expressed genic regions targeted by sRNAs, RDRs were shown to synthesize detectable amounts of

complementary RNAs [30].
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2.5 Analyses of small RNAs

The key determinant of PTGS are sRNAs, so we sequenced their populations in lines with a typical
course of silencing for IR and AS variants (IR1 and AS3). Due to heterogeneity in UT lines, we could
not select a really typical line, so we decided to analyze the line UT3, which was interesting in that it
remained strongly silenced even after estradiol removal. Samples for this analysis were collected during
the experiment analyzing the time course of silencing. Sequenced sSRNAs were mapped on the target
and the silencer 7-DNAs. Some low levels of SRNAs aligning to the target sequence were detected even
before induction (especially in the case of IR; Fig. SA) which might have originated from a weak
spontaneous transcription of the silencer [38], although it seemed that they had no effect on silencing.
Estradiol induction led to the accumulation of target-specific SRNAs in all variants in quantities
reaching 10 to 100 times the original level. The target T-DNA-specific SRNAs accounted for 0.5 to
1.9% of all sSRNAs sequenced from the cells (Fig. 5A; Fig. SSA, B; Table S3A). After removal of
estradiol, the high levels of sSRNAs detected in IR declined, even beyond the initial levels. In contrast,
target-specific SRNAs did not decrease in the UT3 line, but even increased further (Fig. 5A), which
could explain the maintenance of silencing observed in UT lines after estradiol removal (Fig. 3A, B;

Fig. S2A, B; data for AS at day 35 are not available).
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Fig 5. Characterization of SRNAs matching with the target 7-DNA

(A) Average coverage of the target GFP and its 3’ untranslated region (3 ’UTR) with sRNAs. (B) Distribution
of sRNAs of all size categories along the target GFP and its 3’ untranslated region at day 14 (more detailed
analyses are presented in Fig. S5G.). (C) Length distribution of SRNAs matching to the target 7-DNA at day
14. (D) Strand distribution of SRNAs matching to the target 7-DNA at day 14 (Fw = forward, Rv = reverse).
(E) Distribution of sSRNAs of all size categories along the target GFP and its 3” untranslated region at day 14
based on their strand orientation (Fw are above X axis, Rv are below X axis). Each line is on a different scale
for easier comparison of the position of individual peaks (more detailed analyses are presented in Fig. SSE).

Target T-DNA-specific sSRNAs: At the target T-DNA, almost all SRNAs matched with the GFP
transcription unit (more than 91.4%; Fig. S5A). In the case of IR, the SRNAs almost exclusively
matched with only the GFP coding sequence, whereas in the case of AS and UT, there was strong 3'
transitivity to the terminator 3'UTR region (Fig. 5A, B). No obvious 5' transitivity at the target 7-DNA
was seen in any of the samples (Fig. S5C).

The silencer variants also differed in the representation of SRNAs of different lengths, more
specifically, in the ratios of 21/22 nt sSRNAs (Fig. 5C; Fig. S5E). The AS and UT had a dominant
fraction of 21 nt SRNAs (49 and 40% respectively), while 22 nt sSRNAs dominated in the IR (49%).

The levels of 24 nt sSRNAs were similar among the variants (around 20%) and the other sSRNA sizes
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made up only a small fraction (less than 8% altogether).

The ratio of sRNAs aligning to the forward and reverse strand of the target GFP gene was
around 50% for IR and UT variants, but the AS variant deviated, with levels of the reverse strand
sRNAs twice as high compared to forward strand sSRNAs (Fig. 5D; 5: Fig. S5E). The variants did not
show any larger differences in the representation of the 5° nucleotide of the target specific SRNAs
(Fig. S5F).

sRNAs mapping to the target GFP transcription unit were not distributed equally (Fig. 5B,
E; Fig. S5G), but they formed distinct peaks on either the reverse or forward strand. These peaks had
highly similar positions between different SRNA size classes. Positions of peaks in the same region
were also similar between different variants, but the variants differed in the heights of individual
peaks and their representation along the sequence. In the IR variant, most of the SRNAs came from
the 5' part of the GFP gene; in the AS, the distribution of peaks was more or less homogeneous along
the whole transcription unit (including 3'UTR); and in the UT, most of the SRNAs came from the 3'
end — actually 41% of sRNAs in UT at the GFP transcription unit come from the 3'UTR, which was
not primarily targeted by the silencer. In the AS line, high production of secondary sSRNAs can also
be inferred thanks to a point mutation in the silencer GFP sequence introduced during cloning (A to
T at 404. nucleotide from the start of GFP cds, see Fig. SSH for the resulting AS silencer sequence).
This single point mutation was expected to have no influence on the silencing, but it could be used to
partially distinguish between primary and secondary sSRNAs; sSRNAs where the antisense strand lacks
the mutation or where the sense strand has the mutation cannot be primary sRNAs. Considering this
criterion, at least 60% of sSRNAs overlapping this nucleotide position had to be secondary (Table

S3B).

SRNAs specific to the silencer T-DNASs: In the case of the silencers, there were more regions outside

the primary sSRNA source sequence that showed accumulation of sSRNAs after the estradiol induction
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(Fig. S5B). As with the target GFP, the AS and UT silencers showed 3' transitivity (although weaker),
but no obvious 5' transitivity (Fig. S5C). Interestingly in the UT silencer, which has no terminator,
the levels of sSRNAs sharply decreased at the end of the GFP sequence and showed smaller
accumulation of SRNAs at the region downstream of the GFP coding sequence than in the terminated
AS silencer (Fig. S5B, C).

Beside sRNAs matching the silencer transcripts, there were also sSRNAs from the HPT
(hygromycin phosphotransferase) transcripts in the AS and UT variants (Fig. S5B, C, D). The HPT
gene shares 3'UTR with the target GF'P gene. So, the 3' transitive SRNAs from the target 7-DNA could
also target the HPT gene and cause 5' transitivity into the HPT coding sequence (this was the only
clear case of 5' transitivity in our experimental system). This was also supported by the decrease in
HPT mRNA levels in AS and UT lines after the induction of silencing (Fig. S5I). The NPTII
(kanamycin phosphotransferase) gene in the target 7-DNA also shares the same 3'UTR as the target
GFP gene and the HPT gene, nevertheless, there were no secondary sSRNAs spreading into the NPT
gene (Fig. S5A, C). However, like with the HPT gene, mRNA levels of the NPTII gene also decreased
when the lines were exposed to estradiol (Fig. S5I). In the UT3 line, there were also high levels of
sRNAs matching to the 3' part of the XVE gene encoding the estradiol receptor (Fig. S5B). Most of
these SRNAs appeared only after induction and they behaved the same as the GFP sRNAs. These
sRNAs were probably related to the presence of the direct tandem repeat in this line, as described
above (Fig. S4).

In the IR variant, the amounts of SRNAs that matched regions outside the GFP sRNA source
sequence were extremely low (Fig. S5C). One of the regions with low levels of SRNAs was the linker
between the inverted GFP sequences. When analyzing the sSRNA data, we uncovered that the line IR1
has a rearrangement in the linker between GFP sequences, which is much larger than it should be (Fig.
S5J). Sequencing of the linker showed that the sequence between the exact end of the first GFP in the

repeat to the donor splice site was replaced with 839 bp from the central part of the XVE gene and 1514
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bp from the backbone of pERS plasmid, starting with the end of the left border region (Fig. S5J). Though
unintended, the fact that the linker contained part of the sequence that was not transcribed from any
other locus and part of a sequence that was transcribed within the XVE transcription unit, gave us an
opportunity to analyze the sSRNAs from this region in more detail (Fig. S5K, L). The sSRNAs from the
region homologous to the XVE reached higher levels (3-fold) than those in the surrounding regions.
They also differed in the representation of SRNAs of different lengths (32% of 22 nt from region
matching XVE, compared to 45% of those from the surroundings; Fig. S5L). Even though the levels
of sSRNAs from the linker reached only low levels, they were able to induce weak 3' transitivity on

the XVE transcript (Fig. S5C).

2.6 DNA methylation accompanying the PTGS

Presence of sSRNAs is known to induce DNA methylation. To see whether our silencers differed in
this aspect we performed bisulfite sequencing of two regions encompassing approximately 600 bp
from the 35S promoter and 600bp from the GFP coding sequence (Fig. 6A, B; Fig. S6A, B) at three
key time points in the experiment (0, 14 and 35 days). There was no DNA methylation during the
whole experiment in the AS variant. In contrast, the IR was able to induce high levels of DNA
methylation in all sequence contexts along the whole analyzed target GFP. Specifically, the
methylation in the CHG context reached 96% and when looking at the CWG context alone the
methylation was 100% (there were 14 CWG cytosines in that region). There was also a weak spill-
over of methylated cytosines outside of the target GFP at the 5' end, that reached about 40 nt upstream
(we have no data from the 3' end of the target GFP). After removal of estradiol, the methylation in
the CG context remained at the same level, but the methylation in CHG and CHH context almost
fully disappeared (Fig. 6A; Fig. S6B).

In the UT3 line we chose for detailed analyses, DNA was methylated in the CG context
already at time 0, which may reflect some transient silencing that might have occurred in this

particular line before the experiment began. After induction, there was a weak increase in CHG and
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CHH methylation at the 3' end of the GFP sequence, but a decrease in CG methylation in the middle
of the target GFP (the changes in both CG and CHH were statistically significant, p < 0.05).
Though our previous study showed that preexisting CG methylation did not influence de novo
methylation [39], we included one additional line (UT2) to our analysis. This line was free of the
initial CG methylation, and the estradiol induced methylation in all three sequence contexts. This
methylation was limited to the 3'end and remained almost unchanged even after estradiol removal

(Fig. S6C).

Attachments — 10.3. Publication 2 XIX



100{ AS3: " ——
® CHG ——CHG
807 = CHH 1 - CHH
60+ + +
404 - 4
20+ 4 4
R 1= LRI A 1 I ]ﬁj_\ﬁ Pav iy
1007073 y
a0l L i i
604 . . I B 4
404 EY i 1 1

209

cytosine methylation (%)

e

ILLTSA,

100+

80+

604

404

204

0 14
time (days)

C -

distance from TSS

D silencer

WASL
WAS2
WAS3
utl
muT2
muT3
wIRL
mIR2
mIR3

o] 14 35
time (days)

16

£
c
£
K]
=
£
<
z
[a]
0 14 35
E time (days)
100 I
9 AS3: m CG
"C' B CHG
3 % T ® CHH
B
> 609 |
£ |
@ o
£ 409 R
ac,) |
'g i - I
el
a o nd. . = nd.
— — :
time (days) -100 0
100
3
= B ..
i=] LT
o 60 Leelle=”
> Leilant
3 40 czzeett
£ Ik-....__ :_-;.’-"
< 20 ¥
E — —
0 2 4 6 8 10 12 14
time (days)

Attachments — 10.3. Publication 2

100 200 300 400 500 600 700 800 900
distance from TSS

=== R1_GFP
== 4= =|R1_silencer
el |R2_GFP
== d==IR2_silencer

XX



Fig 6. DNA methylation of the GFP target and silencer during PTGS

DNA methylation levels were assessed in suspension cultures treated with f—estradiol for 14 days and recovered
for an additional 21 days. (A) Boxplots showing average DNA methylation levels in CG, CHG and CHH
contexts in the analyzed region of the target GFP gene. Analysis was done by bisulfite modification in one line
representing each silencer variant (lines AS3, UT3 and IR1), 8 to 12 DNA clones were sequenced for each data
point. (B) Distribution of methylated cytosines in the three sequence contexts along the target region and in the
5’ adjacent region after 14-day p—estradiol treatment. (C) Methylation level at the target GFP gene and (D) at
the GF'P region of the silencer 7-DNA assessed by McrBC assay (primers for qPCR are listed in Table S1). (E)
Boxplots showing levels of DNA methylation in CG, CHG and CHH contexts for the silencer GFP region in
AS3 line at 14th day of induction, and distribution of methylated cytosines along the silencer GFP region
(including 3’ and 5° adjacent regions) for the same data (data from 11 sequenced DNA clones). (F) Target GFP
and silencer methylation over time as assessed by McrBC assay for lines IR1 and IR2 at 16nM concentration
of estradiol.

To verify the results of the bisulfite sequencing in all three lines of each variant, we used
McrBC assay that is based on qPCR quantification of DNA digested with an enzyme that specifically
cuts methylated DNA. The results showed that methylation in all the AS lines was very weak or
missing. In contrast, all three IR lines showed strong induction of methylation that remained high
even after estradiol removal, likely in the form of CG methylation (Fig. 6C). The UT lines differed
among themselves. As expected, the UT3 line with preexisting CG methylation showed consistently
high methylation, while the UT2 line showed estradiol-induced methylation and the UT1 line behaved
somehow in between.

We also used the McrBC assay to analyze the methylation at the silencer locus. For the UT
and IR variants, the behavior was highly similar to the situation at the target locus, but the methylation
differed in the case of the AS variant (Fig. 6D). Unlike the target region, the AS expression was able
to induce some DNA methylation at the silencer locus. To verify this result, we did bisulfite
sequencing of the AS silencer on the 14th day after induction from the same sample that we used for
the target GFP analysis (Fig. 6E). Indeed, we did detect mid-levels of DNA methylation, especially
in the CHG context, but also weak methylation in the CHH and CG context along the whole antisense
GFP sequence. Using the McrBC assay we could also see that detectable changes in methylation in

the IR1 line appeared after two days at the target GFP, but as early as after one day at the silencer
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locus (Fig. S6D). Moreover, it turned out that the weakly induced IR was not able to induce DNA
methylation at the target locus, although it was still able to induce weak methylation at the silencer

locus (Fig. 6F).

3 Discussion

In this study, we closely analyzed the effects of different silencers (sources of sSRNAs) on PTGS, its
strength, efficiency, timing, dynamics, reversibility, and accompanying processes like DNA
methylation, secondary sRNA production and transitivity. All silencers were based on identical
sequence, full-length GFP, and the silencing target was constitutively and stably expressed 35S::GFP
in the identical locus, allowing direct comparisons of the silencing features. Our results showed
consistent behavior in all selected IR and AS lines indicating that their character was indeed
connected with different sSRNA sources. In case of UT silencer, the best responding lines were more
heterogeneous possibly due to involvement of other RNAi pathways that might be related to complex

T-DNA insertions in these lines.

3.1 Silencing strength, efficiency and dynamics differed among silencers

Our data confirmed previous observations that IR is the most effective inducer of silencing (Table 1;
Fig. S1) most likely thanks to the highest efficacy of dsSRNA formation leading to very high levels of
sRNAs. IR silencer caused the strongest reduction of target gene expression (as low as 2% of the
original transcript level; Fig. S2A, B; [13,33—-35]). The efficiency that we observed for IR was lower
than usually obtained, which likely resulted from the fact that about 70% of IR lines had silenced
GFP expression spontancously (before induction with estradiol) due to read-through transcription
from the adjacent genomic region into the 7-DNAs [38]. These lines, which were not included in our
analysis, would have been probably classified as successfully silenced when assessing the efficiency

with a constitutively expressed silencer. Silencing induced by UT [32,43,44] was less frequent in our
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experimental system and did not significantly differ from classical cosuppression (induced by
terminated sense GFP transcripts; Table 1; Fig. S1) challenging the impact of the missing terminator
for silencing induction.

With data from the inducible system, we could extend the comparisons beyond just silencing
strength and efficiency. The silencing with IR was faster when compared to UT and AS (with the first
reaction within 6 h; Fig. 3; Fig. S2) similar to the 3 to 24 h that was previously observed using
inducible silencing with IR in Arabidopsis and tobacco [45—47].

When testing the impact of the strength of silencing induction, we found that at the cell level
the silencing was not continuous in the IR lines, but the cells were either silenced or not (Fig. 4). This
might hint to some mechanisms that perhaps serve to prevent sporadically produced sRNAs from
inducing unwanted silencing. Only when sRNA level reaches a certain threshold then they will have
the potential to induce silencing [48].

In the UT lines, one would expect that silencing is strongly dependent on the intensity of
induction with some threshold level because UT silencing is believed to be dependent on production
of aberrant unterminated transcripts. Such transcripts could enter the RNAi pathway only after they
saturate the RNA degradation pathways [32], so the UT construct should perform much worse or
completely fail at low induction levels. Surprisingly, it performed much better than AS and, given
enough time, it almost matched the IR (Fig. 2). This low dependence of UT silencing on the inducer
level and the same performance of UT and GF lines in the population callus screen suggest that the
mechanism of silencing in the UT lines might be different from that we expected. Recently, Parent et
al., 2015 [49] documented that S-PTGS in Arabidopsis L1 line (line with spontaneous silencing of
GUS transgene) was connected with the formation of aberrant read-through antisense RNAs from the
oppositely oriented NPTII transgene. Though it might be considered as a specific situation, a similar
mechanism seems to be important in the regulation of a large number of Arabidopsis genes [49].

Other studies also linked cosuppression to the read-through transcription [50] and some of the

Attachments — 10.3. Publication 2 XXIII



important works on S-PTGS were done on plants with convergently oriented transgenes including
the work of Luo and Chen, 2007 [32]. Our results show that in lines carrying the UT construct,
aberrant untranslatable RNAs arose more frequently (by at least 30%) compared to the control
terminated GF lines (Fig. S1C), but the frequency of silencing did not differ between the UT and GF
variants (9% in both). It suggests that aberrant unterminated RNAs in our UT lines were probably not
sufficient for the induction of efficient silencing. More likely, the transcripts generated from the
inducible promoter required other features for silencing induction, perhaps similar to the situation
described in the Arabidopsis L1 line, where silencing was connected with the antisense read-through
transcription ([49]; Fig. S4G). This read-through transcription might result from the complex
arrangement of 7-DNA insertions or from the genomic context as discussed previously [38,49]. As
such, it might be much more difficult or even impossible to induce such silencing without more

complex T-DNA structure.

3.2 Silencing with UT could not be fully recovered

IR silencing in our experiments showed practically full transcriptional reactivation after the removal
of the inducer consistently with previous studies [45—47]. The same was observed for the AS variant,
but in the UT2 and UT3 lines GFP expression could not be fully recovered after estradiol removal
(Fig. 3; Fig. S2). The silencing maintenance was unlikely caused by promoter leakiness because in
all analyzed lines the silencer transcript levels at day 35 were lower than the background levels
detected at day 0 (Fig. S2C). We also did not observe any DNA methylation spreading into the 35S
promoter (Fig. 6B), so it was unlikely that the persisting silencing was caused by TGS. PTGS
maintenance without the inducer was already observed after viral infection [51] or transient
agrobacterium transformation [52]. Also, classical S-PTGS that has features in common with UT
silencing can be maintained when spontaneously initiated [53]. However, specific features of this
silencing were, to our knowledge, never described in detail. Here we show that the maintenance of

silencing in the UT3 line was accompanied by the continual presence of SRNAs that even slightly
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increased in abundance after the inducer removal (Fig. 5A). Stable sSRNA levels after inducer removal
can also be inferred for the UT2 line from persisting CHH methylation. Interestingly, there were no
evident differences between the profile and composition of SRNA for the UT and AS lines that could
easily explain this difference in their behavior (Fig. 5B, E; Fig. S5B, C, E). The 3’'UTR sRNAs for
the AS and UT lines were virtually identical and their ability to induce production of transitive sSRNAs
from the HPT gene was the same. There were some differences between the SRNAs matching to the
GFP region, however, the UT sRNAs in this region seemed to be mostly a subgroup of sSRNAs present
in the AS line. As such, the reason for the maintenance of the UT silencing likely lies somewhere
else, like in the source or in the site of SRNA production. Nevertheless, the inducible UT construct

could provide a tool for studying the mechanisms involved in the maintenance of PTGS.

3.3 UT and AS silencing were accompanied with strong SRNA transitivity

Sequencing of sSRNAs identified large amounts of secondary sRNAs in the AS and UT line. In the
UT line, the transitive sSRNAs against 3’UTR made up 41% of the sSRNAs targeting the GF'P transcript
(Fig. 5A, B). Moreover, after the removal of the inducer, there was no decrease in their amount and
no change in their profile (Fig. 5A; Fig. S5E), suggesting that the primary sSRNAs made up only a
very small fraction of the sSRNAs targeting the GFP transcript. Similar amounts of transitive SRNAs
were also present in the AS line (Fig. 5A, B). Also based on a single point mutation in the AS silencer,
secondary sSRNAs made up at least 60% of SRNAs overlapping that position (Table S3B). In both the
AS and UT line, the 3 'UTR secondary sRNAs were also able to induce production of secondary 5’
transitive SRNAs in trans from the HPT gene, but interestingly not from the NPTII gene with an
identical terminator (Fig. S5C). This could have resulted from different sequences present upstream
of the Twos part of the 3’UTR sequence, or it could have resulted from different distances between the
sRNA recognition site and the end of the coding sequence between both genes (29nt for HPT and
387nt for NPTII; Fig. 1). It has been previously shown that translation and production of secondary

sRNAs are closely connected [54,55]. The HPT gene is also the only clear example of 5’ transitivity
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in our system. This might be because in our system sRNAs mostly targeted coding sequences, where
the 5° degradation products could be efficiently degraded by the nonstop decay (NSD) pathway [56],

whereas in the case of HPT gene, SRNAs targeted the untranslated region.

3.4 IR silencing was not accompanied with transitivity despite high level of 22 nt SRNAs

While in the AS and UT lines there was strong 3’ transitivity on the GFP transcript and the majority
of sSRNAs seemed to be secondary (Fig. SA, B), in the IR line, there was no evidence of the production
of significant amounts of transitive SRNAs. Only rare sSRNAs from the linker between the arms of the
inverted repeat were able to induce low levels of transitive SRNAs on the XVE transcript (Fig. S5K).
Missing 3’ transitivity is in contradiction with what has been shown previously that inverted repeats
were able to induce strong 3 transitivity, especially when targeting transgenes [57—60]. Also, unlike
the situation in our system, most inverted repeat SRNAs are dominated by 21 nt fraction of SRNAs,
because DCLA4 is the lead dicer in processing long dsRNA [3,60—62]. This is a characteristic also
common in most endogenous IRs in Arabidopsis, except for IR71, which is dominated by 22 nt sSRNA
[63]. Dalakouras et al. observed silencing of GFP induced by an inverted repeat, where the majority
of sSRNAs were 22 nt long and there were only low levels of transitive SRNA [64], resembling our
case (Fig. 5B, C). They speculated that this was caused by the high expression of DCL2 in M.
benthamiana. The same might also apply to the Nicotiana BY-2 cells, but not generally, because
when we expressed CaMV 35S promoter hairpin in BY-2 cells, the SRNA size classes were similar to

other IRs, with the dominant fraction being 21 nt long [39].

3.5 AS silencing showed strong SRNA strand asymmetry

Data from sRNA sequencing showed an extremely shifted ratio of forward and reverse strand sSRNAs
in the AS line (Fig. 5D). The preference for the SRNAs to originate from the forward or the reverse
strand is locally affected by the sequence composition, as can be seen from the distribution of peaks

of SRNA coverage along the sequence (Fig. 5E). On a larger scale, the strand ratio is almost even for
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the whole GFP transcript in the UT and IR lines. The shift in the ratio favoring antisense strands
observed in AS line was mostly caused by decreased sSRNA production from two regions with a strong
bias for forward strand sRNAs at the 5’ and 3’ end of the GFP coding sequence compared to the IR
and UT lines, respectively (Fig. SE; Fig. S5G). The stronger production of sSRNAs at the 5’ end in the
IR line was probably caused by the way the hairpin RNA is processed. It has been previously shown
that more sSRNAs are produced from regions closer to the loop [59], which is the 5° end of the GFP
sequence in our case. However, at the 3° end the AS line seemed to be able to produce sSRNAs well
enough, but the production was lower only in one specific location, with the highest bias towards the
forward strand, affecting all types of sRNAs (Fig. S5G). To be able to explain what caused this
difference, it would be necessary to know which sRNAs are primary and which are secondary.
Though the mechanism responsible for the strand bias remains unclear, it might be a general feature
of processing dsRNAs that originate from intermolecular pairing, as it is common among nat-siRNAs

to have a highly uneven sRNA strand ratio [65].

3.6 Loci with the same sequence can show different sensitivity to DNA methylation

The AS variant also showed unexpected differences in its ability to methylate corresponding DNA
sequences. All the AS lines could clearly methylate the sequence of the silencer, but they were unable
to induce significant changes in methylation at the target GFP (Fig. 6C, D). To explain this difference
between methylation of the target and the silencer locus in AS lines, one might look for a connection
with the strand asymmetry in SRNA production. But it is unlikely the cause since weakly induced IR
lines behaved in the same way (Fig. 6F). So, we prefer an alternative explanation. The GFP from the
target locus has been stably expressed for several years [37], whereas the expression from the silencer
locus has been switched on right at the start of the experiment. It is reasonable to expect that these
loci differ in their epigenetic state. The locus with more chromatin activation marks could be more
resistant to deposition of repressive marks, as was reported in an animal system [66]. Alternatively,

the stronger ongoing transcription could more effectively erase newly deposited repressive chromatin
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marks [67]. It has been also previously observed that transgenes inserted into active genes are more
resistant to DNA methylation [68] or that endogenous plant genes are more resistant to DNA
methylation than transgenes [69].

Interestingly no such difference was observed in the UT lines, where the production/level of
sRNAs was even lower than it was for the AS line. The overall amount of 24 nt SRNAs, which are
primarily responsible for DNA methylation, was in the UT3 line six-times lower compared to the
AS3 line over the region where we analyzed the methylation (the relative proportion of 24 nt sSRNAs
was similar among the variants; Fig. 5C). This suggests that there might be some qualitative
difference between AS and UT sRNAs, which is not obvious from their length or sequence. The likely
explanation is that in the UT lines, most of the SRNAs are produced in the nucleus (at least the primary
sRNAs). The aberrant transcripts lack a polyA tail, so they are not exported out of the nucleus and
must be processed there [41]. In the AS lines, on the other hand, both sense and antisense transcripts
could be exported to the cytoplasm, so it is possible that most of the sSRNAs were produced in the
cytoplasm. Such sSRNAs would have a harder time accessing the DNA and it would be more difficult
for them to induce DNA methylation. On the other hand, most DCLs seem to be localized in the
nucleus [2,70-72] and AGO4 loads sRNAs in the cytoplasm [73], so it remains an open question as
to what effect the localization of dsSRNA and sRNA production have on their activity. The difference
between the ability of AS and UT variants to induce DNA methylation was not caused by the
preexisting DNA methylation in the UT lines (Fig. 6A; Fig. S6A). The UT2 line was not methylated
before induction and yet it was easily methylated after induction (Fig. 6C; Fig. S6C). Also, we have
previously shown that preexisting CG methylation does not enhance methylation by RdDM at all

[39].
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4 Conclusions

In this work, we compared silencing induced by three different variants of silencing inducers which
used different ways to form dsRNAs. Though we supposed that the mechanisms of silencing by the
three silencers were well-established, data obtained in our system indicated that in case of the UT
silencing, the production of aberrant unterminated RNAs was probably not sufficient to induce
silencing, but other features connected with the T-DNA insertions were also required. These might
be similar to the S-PTGS that was reported to be induced by read-through antisense transcripts [49].
The three silencers we tested varied considerably regarding silencing dynamics, reversibility,
transitivity, and accompanying DNA methylation. The induction of silencing was fastest and
strongest with the IR silencer. The AS silencing was most dependent on the induction level. The
silencing was maintained after inducer removal specifically in some UT lines. Small RNAs reached
the highest levels in the IR variant and lowest in the UT one. Both the AS and UT lines were able to
induce strong production of transitive SRNAs, unlike the IR. Surprisingly, in the AS variant, SRNAs
showed strongly deviated sRNA-strand ratio shifted in favor of antisense orientation, but the
mechanism of it remains unclear.
Our results on DNA methylation accompanying PTGS suggested that there are several factors
influencing this phenomenon; i) the strength of induction likely connected with the amount of SRNAs,
because IR-induced methylation was strongly dependent on the inducer level, ii) the origin of SRNAs,
because SRNAs were present in several times higher levels in the AS variant compared to the UT
variant, but the GFP gene was methylated only in the UT variant, iii) the state of the locus targeted
by sRNAs, because the silencer GFP was methylated, but the target GFP was not methylated in the
AS lines and in the low inducted IR lines despite the sequence identity of these loci. We assume that
this sensitivity was affected by the epigenetic state of the locus (e.g. presence of certain chromatin

marks), but further research is needed.
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Even though we targeted the same sequence at the same locus with the silencing inducers, all
of which were based on the same whole GFP coding sequence, the silencing responses were
surprisingly variable. These differences in behaviors were likely connected with the varying mode of
dsRNA precursor formation. Thus, our results raise several questions about specific aspects of RNAi

that still await answers.

5 Materials and Methods

5.1 Plant material

Tobacco cell line BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2; [36]) was cultivated on modified
MS medium with 3% sucrose [74] in darkness at 26 °C. The calli were grown on solidified medium
(0.8 w/v agar; 6 cm diameter plates) and subcultured monthly by small pieces (3-5 mm diameter).
The suspension cell cultures were cultured in 30 ml of medium in 100 ml Erlenmeyer flasks on an
IKA KS501 orbital shaker at 110 rpm (IKA Labortechnik, Staufen, Germany; orbital diameter 30
mm).

The suspension cell cultures were kept in the exponential phase for all experiments by
subcultivation every 3-4 days with 2-3 ml of the cell culture (i.e. about 100 mg of fresh cell biomass).
Transformations of BY-2 suspension cells were carried out as described previously [38] using
Agrobacterium tumefaciens strain C58C1 carrying helper plasmid pGV2260 and an appropriate
binary vector (Fig.1; for details on construct preparation see [38]). After cocultivation with
agrobacterium, the cells were plated on solidified medium containing 25 pg/ml hygromycin and 100
ug/ml cefotaxim and cultured for 3 weeks. Using this procedure, individual transformed cells formed
isolated macroscopic cell clusters (commonly called calli) that could be mostly regarded as
genetically homogeneous clones [37].

The XVE inducible system [40] was activated by cultivating the calli or cell suspension cultures on

media with an addition of 2uM [-estradiol (Sigma-Aldrich Cat. No. E2758) unless otherwise
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specified. The B-estradiol was stored as 20 mM solution in DMSO, therefore a corresponding amount
of DMSO was added to the cultivation medium of controls. To remove the p-estradiol from the cell
culture (on day 14 of the experiments), 3 ml of the cell culture were washed (diluted and filtered)

three times with 50 ml of 3% (w/v) sucrose and then resuspended in a fresh MS medium (30 ml).

5.2 Fluorescence analysis

For population analysis of BY-2 calli, seven calli per plate were grown for 14 days. For each line,
one callus was cultivated on medium with estradiol (induced) and one was cultivated on medium
without estradiol (mock-induced). Fluorescence was measured every 2-3 days. Each plate was
separately photodocumented using G:BOX (SynGene, Cambridge, UK) with a blue excitation light
(LED diodes with maximum at A=465 nm) and a green emission filter (FILT525/GX; 510-540 nm).
The images were processed using software NIS-Elements 3.10 (Laboratory Imaging, Prague, CZ).
The average light intensity was measured for all the pixels from each callus. Lines that strongly
differed in callus fluorescence between the induced and mock-induced variants already at time 0, i.e.
lines whose fluorescence did not match the formula: |log(|ind./mock-ind.|)| < |average(log(ind./mock-
ind.))| + 2xstdev due to non-homogeneous character of the source callus, were excluded from further
analyses. Background fluorescence (measured from WT calli) was subtracted from the fluorescence
of each callus. After that, the fluorescence of each line was normalized to its mock-induced variant:
(induced/mock-induced)>*100. Statistical analyses were done by Wilcoxon signed-rank test and
Wilcoxon rank-sum test in R 3.4.4.

Fluorescence from cell suspension cultures was measured by flow cytometry. First,
protoplasts were prepared by incubating 50-100 mg of cells in 1.5 ml of protoplast enzyme solution:
0.5% (w/v) cellulase R-10 (Duchefa), 0.1% (w/v) pectolyase Y-23 (Duchefa) in 0.45 M mannitol
(Sigma-Aldrich) for 3h at 26 °C with gentle shaking. Protoplasts were centrifuged (200 x g for 5 min)
and the pellet was gently resuspended in MS medium with 0.4 sucrose. The samples were then

measured on LSR II flow cytometer (BD biosciences). On average 14000 cells were measured per
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sample. The data were processed by Flowing Software (http://flowingsoftware.btk.fi/) with filtering

live protoplasts as described in [75].

5.3 Transcript analyses

RNA was extracted from 100 mg of cells using the phenol-chloroform extraction method [76]. The
integrity of the RNA for each sample was checked by gel electrophoresis. For cDNA preparation, 1
pg of the total RNA was treated with DNase I and half of the reaction mixture was then used as a
template for RevertAid Reverse Transcriptase (Fermentas, Thermo Fisher Scientific). The other half
was subjected to the same treatment without the addition of the reverse transcriptase to check for
DNA contamination. A mixture of specific primers was used for the reverse transcription (see Table
S1). The final reaction was diluted to 60 ul (template).

The qPCR was done using LightCycler 480 (Roche) and iQ™ SYBR® Green Supermix
(BioRad, Hercules, CA, USA) in triplicates of 10 ul reactions with 1 ul of template. We adhered to
the qPCR guidelines throughout the experiments [77]. The specificity of the qPCR was verified by
melting curve analysis (using the LightCycler 480 software) and also by checking randomly selected
samples using gel electrophoresis. The resulting data were processed by LinRegPCR 2015.3 [78],
allowing for the correction of the amplicon amplification efficiency. Calculated transcript
concentrations were normalized to the NtEF[a transcript level, so all the presented values show the
relative level of a given transcript to the level of NtEFla. Primers for qPCR are listed in Table S1.

Some primer sequences were taken from previous studies [38,79].

5.4 DNA methylation analyses

Bisulfite conversion: The bisulfite conversion was done as described previously [80]. In brief: DNA
was extracted using DNeasy Plant Mini Kit (Qiagen) from 100 mg of cells and digested with EcoRI.
The bisulfite conversion of 600 ng of purified DNA was performed according to the EpiTect Bisulfite

Kit (Qiagen). Primers designed to anneal to bisulfite modified DNA (Table S1) were used via PCR

Attachments — 10.3. Publication 2 XXXII



to amplify the regions of interest. The PCR products were cloned into pDrive vector (QIAGEN PCR
Cloning Kit) and 8-12 clones per sample were sequenced. The resulting sequences were then
processed using spreadsheet formulas in LibreOffice 6.1 and the statistical analysis was done using
the Wilcoxon rank-sum test in R 3.4.4.

The McrBC assay: The level of methylation was further confirmed by qPCR after cleavage of
genomic DNA with McrBC endonuclease (New England Biolabs) specific for methylated DNA
(modified from [81]). In brief: 100 ng of DNA was first fragmented with Asel that does not cut in the
regions of interest and then the reaction was split in half and supplemented with 10 units of McrBC
enzyme or an equivalent amount of 50% (v/v) glycerol. The DNA was digested for 6 h at 37°C, and
then the enzyme was inactivated (20 min, 65°C). One ng was used for qPCR performed as described

above with primers listed in Table S1.

5.5 Small RNA analyses

Total RNA was extracted from 100 mg (fresh weight) of cells using RNeasy Plant Mini Kit (Qiagen),
quality assessed and quantified. A fraction of SRNAs ranging in size from 18—45 nt were excised and
recovered from 15% urea-polyacrylamide gels. Extracted sSRNAs were ligated with 5’ and 3" RNA
adapters with T4 RNA ligase. The adapter-ligated small RNAs were subsequently transcribed into
cDNA by Super-Script II Reverse Transcriptase (Invitrogen) and amplified using adaptor-specific
primers. The amplified cDNA products were size-purified and circularized (ssDNA circles). This
sRNA library was sequenced using the combinatorial probe-anchor synthesis (cPAS) based BGISEQ-
500 sequencer (BGI, Shenzhen, China), which was previously shown to provide highly reproducible
results comparable with other NGS platforms [82]. Obtained data were filtered using Geneious 9.1.8
(Biomatters, Ltd.) for reads perfectly matching all the 7-DNAs. When filtering reads for the AS
variant, a letter W (A or T) was placed at the position of the mutation in the sequence (404. nucleotide
from the start of GFP cds, see Results and Fig. S5H). Data were sorted (based on sequence length,

strand orientation and identity of 5” nucleotide) and SRNA coverage maps were generated using tools
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available at usegalaxy.eu [83] while allowing HISAT2 [84] to map each read to every matching
position. The maps of coverage were further processed using LibreOffice 6.1 and normalized to the
overall amount of SRNAs from the given sample. For the purpose of data presentation, most graphs
use average coverage calculated from these maps to allow for comparison of sequence elements of
different length. Transcription units (transcription start sites and polyadenylation sites) were defined
according to literature data for Psss (including Ppvp that contains the minimal Psss), Pyvos and Tyos
[85,86], and for T34 PASPA software (http://bmi.xmu.edu.cn/paspa/index.html) was used to predict

the polyadenylation site [87].

5.6 Southern blot analysis

The Southern blot hybridization was done as previously described [15] with few modifications.
Briefly, the DNA was isolated from 150 mg (fresh weight) of BY-2 calli. Twenty pg of genomic
DNA per sample was separately digested by enzymes Kpnl, Nsil and Asel (New England Biolabs).
The digoxigenin-labeled probes were prepared by PCR with DIG-dUTP (Roche) according to
manufacturer's instructions. Parts of HPT and GFP genes were amplified with primers listed in Table
S1. Hybridization and immunodetection with a chemiluminescent substrate CDP-Star (Tropix) was
done according to DIG Application Manual (Roche).

The Southern hybridization results were interpreted as follows: tandem 7-DNA inserted as a
direct repeat should give the same 5.1 kbp fragment with all three restriction enzymes and both
probes, plus one fragment of unknown size; head-to-head inverted repeat should give 10.0 kbp
fragment when digested with Kpnl, two fragments of unknown size with GFP probe or 7.4 fragment
with HPT probe for Nsil and two fragments of unknown size when digested with Asel; tail-to-tail
inverted repeat should give two fragments of unknown size with Kpnl, 2.8 kbp fragment with GFP
probe or two fragments of unknown size with HPT probe for Nsil and 6.2 kbp fragment when digested

with Asel.
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6 List of abbreviations

AS: antisense GFP

D: DMSO/control

dsRNA: double stranded RNA

E: B-estradiol/induction

GF: control GFP

GFP: green fluorescent protein

IR: inverted repeat GFP

PTGS: posttranscriptional gene silencing
RNAIi: RNA interference

S-PTGS: sense-transgene induced posttranscriptional gene silencing
sRNA: small RNA

TGS: transcriptional gene silencing

UT: unterminated GFP
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12 Additional files

Table 51: List of primers used in this study

Primer Name Abbreviation Application Locus Seguence Source i
EF1a_gRT-PCR_F gPCR MNtEFi1a TGAGATGCACCACGAAGCTC Schmidt and Delaney, 2010
EF1a_gRT-PCR_R gPCR, RT MNtEF{a CCAACATTGTCACCAGGAAGTG Schmidt and Delaney, 2010
rsGFP-F3 F1, AF2 qPCR, semigPCR RS-GFF AAAGATCCCAACGAAAAGAGAGALC this study

THOS-R R1, AR1 gqPCR, RT, McrBC assay, s¢ TNOS GAAACTITATTGCCAAATGTTTGAACG  this study

raGFP-RI F2, SR2 gPCR, semigPCR RE-GFF TGTGCCCATTAACATCACCATCTA this study

PAE3A-R R2 gPCR, AT, McrBC assay T34 GCAAACCGATGATACGGACGAAAG this study

BT_LZ-R R3, ARZ qPCR, AT, McrBC assay, =¢ region near pl TCTTCGCTATTACGCCAGATCTTA this study

HFT-F F3, AF1 qPCR, semigPCR HFT ACCGATGGCTGTGTAGAAGT this study

NFTI-F F4 qPCR NPT ACGATCCTGAGCGACAATATGA this study

355_FG1 bisulfite sequencing F358 G ALAGTAATAGAGATTGGAG this study

BS_P355R bisulfite sequencing RE-GFF ALACATCACCATCTAATTCAALD this study

BS_GFPF bisulfite sequencing F358 RCACAATCCCACTATCCTTC this study

BS_GFPR_G bisulfite sequencing RS-GFFP GTGTGGAYW AGGTAATGGTTG this study

BS_IP_FG bisulfite sequencing FIND ATGGATATGTATATGGTGGTAATG this study

BS_T3A_RC bisulfite sequencing T34 TTCCAATRCCATAATACTCAAACT this study

BS_GFPF2_G bisulfite sequencing RE-GFF TIGTTGAATTAGATGGTGATGT this study

BS_NOST_RC bisulfite sequencing TNOS CTCTAATCATAAAAACCCATCTCA this study

rs(GFP F4 F5 MerBC assay RS-GFP AAGCGTTCAACTAGCAGACCA Cermak and Fizcher, 2018
pERE 50 F&, SF2 McrBC assay, semigPCR  PIND ATGCTCGACTCTAGGATCTTC Cermak and Fischer, 2018
GFPgenem_F probe synthesis RS-GFP AGTGGAGAGGGTGAAGGTGA this study

GFPgencm_R probe synthesis RE-GFP AAACGGCAGATTGTGTGGALC thiz study

HPT=sonda_F probe synthesis HPT COTCTGTCGAGAAGTTTCTGA Cermak and Fizscher, 2018
HFTsonda_R probe synthesis HFT ACAGTITGCCAGTGATACACA Cermak and Fizcher, 2018
rsGFP_F3 T-DNA structure detection RS-GFP GAGACACCCTCGTCAACAGS Cermak and Fizscher, 2018
KNE-R T-DNA. structure detection XVE GAGCAAGTTAGGAGCAAACAGTAG this study

IRdet_F T-DNA structure detection IR-GFP AGTTCTTCTCCTTITACTCATGTC this study

IRdet_R T-DNA structure detection IR-GFP ATCCAGAATTCGTGATTGAACTC this study

PnosF SF1 semigPCR PNOS AAGGGAGTCACGTTATGACC this study

PnosR SR =emigPCR PNOS GATTGAGAGTGAATATGAGACTC this study

BS_355_RG SR3 semigPCR P358 GCAAGGATAGTGGGATTIGTG this study

Combination of primers used in experiments

estimation of RNA levels

anafyzed RNA
target GFP
AS silencer
UT silencer

IR silencer
HFT

NFTII

cOMNA
R1
R2
R3
R2
R1
R1

gPCR
F1+R1
F2+R2
F1+R3
Fi+R2
F3+R1
F4+R1

estimation of DNA methylation levels

anatyzed region
target GFP

AS silencer

UT silencer

IR silencer

gPCR
F5+R1
FE+FS
F5+R3
FE+F5

Table S1. List of primers used in this study.
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Fig. S1. GFP fluorescence in BY-2 calli carrying various silencer constructs.

(A) Changes in the relative representation of lines with a given level of GFP fluorescence during 14-day
estradiol treatment (fluorescence levels relative to mock-induced control lines representing 100%). Numbers of
analyzed lines for replica #1: AS =112, UT =100, GF = 99, IR = 62, for replica #2: AS =107, UT = 105, GF
=77,IR =95 and for replica #3: AS = 105, UT = 120, IR = 70. Replicas #2 and #3 were done with UT and GF
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constructs that contained GFP gene with the start codon (i.e. GFP protein could originate also from the silencer
and could influence the results). (B) Representative examples of the calli on the 7th day of the experiment. One
plate per variant and treatment was chosen. (C) Percentage of WT BY-2 lines transformed with UT or GF
constructs with the start codon that were able to induce any GFP expression (even when it was only a small
patch of a callus mass). Number of analyzed lines was 28 for each variant.

Table S2 A

p-values for comparison of florescence between control and induction medium

days: 0 3 5 7 10
AS 41E-2 8 0E-5 3.8E-13 1.3E-8 34E-15
ut 1.6E-2 9.9E-1 1.0E-1 1.4E-2 1.5E-4
GF JA4E-3 6.4E-2 7.9E-2 1.9E-2 8.8E-7
IR 1.7E-1 6.8E-5 1.7E-8 8.2E-8 2.0E-8
p=0.001

Table S2 B

p-values for comparison of rates of silencing between different variants at various time points
day 0 AS uT GF IR

AS 7.6E-1 5.0E-1 8.9E-1

ut 4 5E-1 8.9E-1

GF 4 1E-1

IR

day 3 AS Ut GF IR

AS f.3E-4 6.6E-2 1.9E-3

ut 1.2E-1 2 1E-6

GF 7.9E-5

IR

day 5 AS uTt GF IR

AS 1.2E-6 7.5E7 2.0E-3

ut 9.7E-1 1.3E-8

GF 1.2E-8

IR

day 7 AS uT GF IR

AS 19E-3 5.7E-3 4 6E-4

ut 8.4E-1 6.2E-7

GF 1.9E-6

IR

day 10 AS uT GF IR

AS 20E-5 594 6.9E-3

ut 3.0E-1 2 9E-6

GF 2.8E-5

IR

p <0.001

Table S2. Statistical significance of differences in silencing between silencer variants.

(A) p-values for comparison of fluorescence of calli on control and induction medium using Wilcoxon signed-
rank test.
(B) p-values for comparison of rates of silencing between variants at various time points using Wilcoxon rank-
sum test.
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Fig. S2. Dynamics of GFP silencing and recovery in individual selected BY-2 suspension lines.

Three best responding lines for each silencer variant were treated with f—estradiol for 14 days, then B—estradiol
was washed out and the cells were monitored for an additional 21 days. (A-C) The same data as presented in
Fig. 3A-C but shown individually for each line. In addition, the RNA transcript data also include one line from
each variant from the mock-induced control (D). (A) Time course of GFP fluorescence as measured by flow
cytometer. The relative fluorescence is shown as the ratio of fluorescence between induced and mock-induced
cells (E/D). Data were normalized for time 0 to be 100%. (Data for AS2 on the 35th day are not available.) (B)
Time course of GFP transcript levels as measured by RT-qPCR. The relative GFP transcript levels were
normalized to the internal standard EF/a and related to time 0 that was set to 100%. (C) Time course of silencer
transcript levels as measured by RT-qPCR. The relative silencer transcript levels were normalized to the internal
standard EFla. (D) Histograms of cell fluorescence levels (flow cytometer data normalized to mode) showing
predominantly homogeneous silencing responses in the tested lines.
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Fig. S3. Effects of estradiol concentration on induction of silencing.

(A) Time course of relative GFP fluorescence (as measured by flow cytometer) in individual IR lines (IR1-3)
cultured on indicated estradiol concentration. The fluorescence is shown as ratio between the induced and mock-
induced suspension cultures (E/D). Data were normalised for time 0 to be 100%. (B) Time course of GFP and
silencer transcript levels as measured by RT-qPCR. The transcript levels were normalized to EF/a; for the GFP
transcript level time 0 was set to 100%; n.d., not determined. (C) Histograms of cell GFP fluorescence levels
(flow cytometer data normalized to mode) for variants shown in panel A.
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2 ATTCAGTACATTAAAAACGTCCGEAATGTETTATTAAGT TETCTAAGEGTCAATTTGT TTACACCACAATATATCCTGECAGT TTACCCGECAATATATCCTGTCARACACTGATAGTTTAAACTGAAGGCGEEAAACGACAATCTGATCCAAGCTCAAGE
left border p| right border > G10-90 promoter

Attachments — 10.4. Supplementary material for Publication 2 XLIX



G line: UTl uT2 uT3
days: 0 2 35 0 2 35 0 2 35

gDNA

EFla
inductor
@
c
s HPT
0
direct
repeat
inductor
1]
]
c
$ HPT
=
c
[+
intergenic
noRT
T
E 0,012 0,12
<
z
X 0,008 0,08
=
<]
g
S 0,004 0,04
fi}
=
o — —
£ 0,000 0,00
H , e w w uwe w w w o
RB Pg1o:90 XVE Tes  Pros HPT Twos  Pino GFP Pg1o90
-~ =
\sR3 sF1f 1sR1 AF1] Var sF2f  1srz AFzF \arz 1sR3
HPT sense HPT antisense inductor sense  inductor antisense

intergenic direct repeat

Fig. S4. Detailed characterization of 7-DNA insertions in UT lines.

(A) UT T-DNA map with indicated positions of restriction sites and hybridization probes. (B) Genomic DNA
gel electrophoresis used for Southern blotting. (C) Southern blot hybridized with a DIG-labelled GFP probe.
(D) Southern blot hybridized with a DIG-labelled HPT probe. (E) PCR verification of the direct 7-DNA tandem
repeat predicted in line UT3. The expected length of the PCR product for the perfect direct tandem repeat is
1731bp; PCR primers: rsGFP-F3 and XVE-R (see Table S1). Enzymes used for DNA cleavage: K = Kpnl, N
= Nsil, A = Asel; M = marker (1kbp ladder, Thermo-Scientific). (F) Sequence of tandem 7-DNA junction in
line UT3 aligned to two complete UT 7-DNAs placed one behind the other (LB to RB). (G) Semiquantitative
RT-PCR analyses of read-through transcripts in the UT lines at three different time points. cDNA was prepared
with specific primers to distinguish between sense and antisense transcripts. Transcripts at HPT and inducer
transcription unit, intergenic region between them and transcript spanning T-DNA junction of direct tandem
repeat were tested, EF1a was used as an internal standard, noRT is reaction without reverse transcriptase to
ensure that there is no DNA contamination. NC is PCR negative control without template and in gDNA,
genomic DNA from line UT3 at a final concentration of 40 pg/ul was used as a template. The graphs of the
relative levels of the inducer RNA are from the same data as in Fig. S2C. (H) UT 7-DNA map with indicated
positions of primers used for semiquantitative PCR. Primer sequences are listed in Table S1.
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Table S3A

[ [ pCP60_GFP [ pERS8_silencer |
inductor time (d) # reads # mapped % mapped # mapped % mapped
AS 0 49,907,455 1,271 0.00 1,298 0.00
AS 14 41,091,091 226,196 0.55 212,907 0.52
uT 0 37,224,113 8,472 0.02 19,791 0.05
uT 14 42,833,406 103,089 0.24 266,099 0.62
uT 35 45813514 138,907 0.30 359,329 0.78
IR 0 43,313,303 44,168 0.10 44,753 0.10
IR 14 48,719,448 901,874 1.85 918,537 1.89
IR 35 60,187,997 3,286 0.01 2,236 0.00
Table S3B
# AS sRNA Fw Rv
without mutation 913 5199
with mutation 473 2931

% of sSRNA that have to be secondary: 59.6

Table S3. sRNA sequencing statistics.

(A) Numbers of reads for each sample and numbers and proportions of reads mapping to the target and silencer
T-DNAs. (B) Numbers of reads mapping to the mutated nucleotide position in the AS silencer. The strand
designation “Fw” (forward) and “Rv” (reverse) is relative to the target GFP.
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Fig. S5. Characterization of SRNAs matching with the silencer and target 7-DNAs.

(A) Distribution of sSRNAs along the whole target 7-DNA at day 14. (B) Distribution of SRNAs along the whole
silencer 7-DNA at day 14. (C) Average sSRNA coverage of flanking regions of the target and silencer 7-DNA
elements and of coding sequences of resistance genes at day 14. Silencer 5/3 'UTR and target 5/3 'UTR are regions
outside the GFP coding sequence of the silencer and the target GFP transcript, respectively. None of these
elements are targeted by the primary sRNAs. (D) Average sRNA coverage of the coding sequence of the HPT
gene for all three lines at different time points. (E) Length and strand distribution of SRNAs matching the GFP
coding region and the terminator 3 'UTR for all three lines at various time points. It should be considered that the
statistics for data points marked with asterix (*) are based on very low amounts of sSRNAs (see Table S3A). (F)
Distribution based on the identity of 5’nt for SRNAs of 21, 22 and 24 nt long matching the GFP coding sequence
at day 14. (G) Distribution of SRNAs along the target GFP and its 3 'UTR at day 14 based on their length and their
strand orientation (forward - Fw are above X axis, reverse - Rv are below X axis). (H) Scheme of the silencer
PERS-AS construct and sequence of the antisense GFP with indicated position of the point mutation in red. (I)
Time course of HPT and NPTII transcript levels as measured by RT-qPCR. The transcript levels were normalized
to EFlo and time 0 was set to 100%. (J) PCR verification of the linker between inverted repeats in IR1-3 lines.
The expected length is 398bp. M = marker (100bp ladder, Thermo-Scientific). PCR primers: /Rdet F and IRdet R
(see Table S1). The sequence and scheme of the linker region between GFP inverted repeats in the IR1 line is also
included. Regions of homology between the linker in the IR1 line and the pERS plasmid are underlined. (K)
Average sRNA coverage of the linker region and the XVE expression cassette in the IR1 line during different time
points. Linker XVE is a part of the linker between inverted GFP repeats matching to the transcript of the XVE
receptor and linker other is the rest of the linker sequence which does not match any sequence in the 7-DN4,
XVE5’/3" are parts of the XVE gene up and downstream of the XVE region present in the linker. (L) Length and
strand distribution of SRNAs matching to selected elements (as described above) of the target and the silencer 7-
DNAs in the IR1 line at day 14.
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Fig. S6. DNA methylation accompanying PTGS of GFP.

(A, B) Distribution of methylated cytosines along the target and 5” adjacent region (A) before the treatment and
(B) after 21-day recovery (complementary data to those presented in Fig. 6B). (C) Distribution of methylated
cytosines in the three sequence contexts along the target region and in the 3’ adjacent region for the UT2 line
together with boxplots showing average DNA methylation along the whole analyzed region. Analysis was done
by bisulfite modification for the three key time points, 10 to 11 DNA clones were sequenced for each data point.
(D) Dynamics of DNA methylation (assessed by McrBC assay) at the target and silencer GFP for line IR1.
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