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Abstract

Insulators are cis-regulatory elements that separate transcriptional units, whereas
silencers are elements that repress transcription regardless of their position. In plants,
these elements remain largely uncharacterized. Here, we use the massively parallel
reporter assay Plant STARR-seq with short fragments of eight large insulators to identify
more than 100 fragments that block enhancer activity. The short fragments can be
combined to generate more powerful insulators that abolish the capacity of the strong
viral 35S enhancer to activate the 35S minimal promoter. Unexpectedly, when tested
upstream of weak enhancers, these fragments act as silencers and repress
transcription. Thus, these elements are capable of both insulating or repressing
transcription dependent upon regulatory context. We validate our findings in stable
transgenic Arabidopsis, maize, and rice plants. The short elements identified here

should be useful building blocks for plant biotechnology efforts.

Main text

Precise control of gene expression is crucial for plants to grow and develop in a
changing environment. Genomic approaches to study plant gene regulation have
focused mainly on promoters and enhancers'™. In contrast, repressive elements such
as silencers and insulators have received far less attention. Insulators compartmentalize
genomes into discrete transcriptional units®. Insulators have one or both of two principal
functions®: They block enhancers from interacting with core promoters (enhancer-
blocking insulators), or they form barriers against the spread of repressive
heterochromatin (barrier insulators). Enhancer-blocking insulators are defined by their
ability to act when situated between an enhancer and promoter, but not when the order
is reversed such that the enhancer is closer to the promoter than the insulator®.
Insulators are thought to prevent ectopic gene expression, maintain chromatin
accessibility, and enable differentially regulated genes to reside in close proximity to one
another'.

To date, most research on insulators has been performed in animal models'". In
contrast, only a handful of plant sequences have been shown to act as insulators in

transient or stable transgenic plant reporter assays'>'®. For example, the
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Transformation Booster Sequence (TBS) from Petunia hybrida, the B-phaseolin gene
from Phaseolis vulgaris, and a gypsy-like sequence from Arabidopsis thaliana function
as enhancer-blocking insulators in transgenic plants'*'®. In addition, a few heterologous
sequences show enhancer-blocking insulator activity in plants, including A-EXOB from
phage A, BEAD-1C from humans, and UASrpg from yeast'”'. In these studies,
insulator activity was inferred from B-glucuronidase (GUS) staining or fluorescence of a
reporter gene, both measures with limitations of dynamic range, quantification accuracy,
and throughput.

Because the enhancer-blocking activity of insulators is detected as reduced
transcription in the commonly used reporter assays, care must be taken to distinguish
between insulators and silencers, which could also cause reduced transcription in these
assays. Silencers recruit repressive transcription factors and, like enhancers, can act in
a position-independent manner (i.e. upstream or downstream of an enhancer)®'%%2,
This position-independency is thought to be a key difference between silencers and
insulators that differentiates between the two element types.

To date, no general principles are known that typify insulator or silencer function in
plants nor are there high-throughput methods to identify these elements. Short and
strong insulators will facilitate synthetic biology applications to ensure predictable
expression of transgenes, blocking inappropriate enhancer-promoter interactions and
alleviating chromatin position effects'. Similarly, silencers will enable fine-tuning of
transgene expression and minimize expression noise. Furthermore, understanding the
sequence features of functional plant insulators and silencers will allow targeting similar
elements in plant genomes to engineer gene expression.

Here, we applied Plant STARR-seq, a massively parallel reporter assay, to test the
insulator and silencer activity of over 100 short (170 bp) fragments derived from either
previously described enhancer-blocking insulators or two novel synthetic insulator
sequences. Our assay distinguishes enhancer-blocking activity from transcriptional
repression and reveals that the insulator-derived elements harbor both insulator-like and
silencer-like activities. Promising elements were tested and verified in stable transgenic

Arabidopsis, rice, and maize plants.
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Results

Plant STARR-seq detects the activity of enhancer-blocking insulators
Plant STARR-seq can identify and characterize cis-regulatory elements®*"?*?*_To test
whether Plant STARR-seq can identify enhancer-blocking insulators, we created a
reporter construct consisting of a barcoded green fluorescent protein (GFP) gene under
the control of a 35S minimal promoter coupled to a 35S enhancer; insulator candidates
were placed between this enhancer and promoter (Extended Data Fig. 1a). We selected
four heterologous sequences that show insulator activity in plants (A-EXOB, BEAD-1C,

12,17,18,25)

UASTrpg, and a Drosophila gypsy element, refs. , and two synthetic sequences
(slns1 and sIns2) for which preliminary data suggested they might act as insulators. The
synthetic sequences sIns1 and sIns2 derive from a plasmid backbone and a human
codon-optimized coding sequence of Cas9, respectively. The insulator candidate
sequences were cloned in the forward or reverse orientation, and their insulator activity
was determined by Plant STARR-seq in tobacco (Nicotiana benthamiana) leaves and
maize (Zea mays) protoplasts. Constructs without the 35S enhancer and without an
insulator (noEnh); with the 35S enhancer and without an insulator (nolns) were included
as controls. We measured insulator activity as reduced enrichment compared to the
enrichment of the no insulator (nolns) control. Except for the gypsy element, the other
five tested insulator candidates resulted in reduced enrichment, indicating that they
function as enhancer-blocking insulators in this assay (Extended Data Fig. 1b). The
gypsy element shows enhancer-blocking and barrier insulator activities in Drosophila®;
however, it lacks enhancer-blocking activity in plants®, consistent with our results
(Extended Data Fig. 1b). For some of the insulators, we observed orientation-dependent
activity (Extended Data Fig. 1b). Taken together, we demonstrate that Plant STARR-seq
reproducibly (Extended Data Fig. 2) measures insulator activity.

The large size of known enhancer-blocking insulators precludes their application in
plant biotechnology12. To identify short sequences with insulator activity, we array-
synthesized overlapping 170-bp fragments of each of the six insulators in addition to
two plant sequences with insulator activity (B-phaseolin and TBS), and measured the
enhancer-blocking activity of these fragments (Fig. 1a). Many fragments retained partial

insulator activity in tobacco and maize (Fig. 1b and Supplementary Data 1), but their
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activity varied between the two assay systems, pointing to species-specific differences
(Fig. 1c).

Overall, seven of the eight insulators, excluding only the gypsy element, harbored
clusters of fragments that partially blocked the 35S enhancer (Fig 1d). This clustering of
active fragments is likely driven by local nucleotide composition because GC content
strongly correlated with a fragment’s insulator activity (Fig. 1e). However, GC content
does not fully explain insulator activity: Many insulator-derived fragments showed
orientation-dependent activity (Fig. 1d). Furthermore, we tested the insulator-derived
fragments with the AB80 enhancer from Pisum sativum and Cab-1 enhancer from
Triticum aestivum, which drive the expression of chlorophyl a-b binding proteins, and
found that the activity of these fragments was largely enhancer-independent (Fig. 1b,f).

To validate our findings, we measured insulator activity in stable transgenic plants
(Fig. 2). Full-length insulators and fragments thereof showed enhancer-blocking
insulator activity in Arabidopsis, rice (Oryza sativa), and maize, well correlated with the
Plant STARR-seq results (Fig. 2 and Extended Data Fig. 3). In maize, we measured
insulator activity in four tissues (leaf, stalk, silk, and husk) and two developmental
stages (V6 and R1) and obtained similar results, indicating that these insulators do not

act in a tissue-specific manner (Fig. 2k).

Active fragments can be assembled into strong insulators

We asked whether insulator activity can be increased by combining up to three
fragments. We selected 26 fragments with high insulator activity (top 25% of all
fragments) in tobacco and 6 fragments with low insulator activity (bottom 25% of all
fragments) in tobacco (Supplementary Table 1). These fragments were used in the
forward and reverse orientation to build constructs with both the individual fragments
and with the over 2,900 randomly generated two-fragment combinations. Additionally,
we built over 13,000 three-fragment combinations that added one of five fragments with
very high insulator activity (top 5% of all fragments; Supplementary Table 1) upstream of
the randomly generated two-fragment combinations. Fragments and fragment
combinations were cloned between the 35S enhancer and 35S minimal promoter (Fig

3a). Increasing the number of insulator fragments increased insulator activity. In
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tobacco, most constructs with three insulator fragments completely blocked the 35S
enhancer (Fig. 3b and Supplementary Data 2). Combinations of fragments derived from
different full-length insulators showed a similar activity distribution to combinations of
fragments derived from the same full-length insulator. Similarly, the activity distribution
of combinations with two copies of the same fragment was largely indistinguishable
from that of combinations with two non-identical fragments.

We trained a linear model based on the insulator activity of the individual fragments
and their position in the construct to predict the insulator activity of two-fragment and
three-fragment combinations in tobacco and maize (Fig. 3c). Model accuracy was
similar for the two-fragment and three-fragment combinations in tobacco (R? of 0.67 and
0.62, respectively). In maize, prediction accuracy was higher for the two-fragment
combinations than for the three-fragment combinations (R* of 0.60 and 0.48,
respectively). The model coefficients showed that the fragment closest to the minimal
promoter contributes the most to the combined insulator activity, while the fragment
closest to the enhancer contributes the least (Fig. 3d). Taken together, the insulator
activity of the individual fragments appears to be the key determinant for the activity of
the fragment combinations.

Next, we tested the activity of one two-fragment combination and nine three-
fragment combinations (Supplementary Table 2) in stable maize plants. Most of these
fragment combinations showed insulator activity in the transgenic maize plants (Fig. 3e
and Extended Data Fig. 4a). However, their activity was weaker than observed in the
Plant STARR-seq experiments, likely because we used a moderate-strength promoter
from maize for the transgenic maize reporter constructs instead of the minimal 35S
promoter used in Plant STARR-seq (Fig. 3f and Extended Data Fig. 4b). To further
increase insulator activity, we cloned the two-fragment combination D2 downstream of
the three-fragment combinations T9, T32, and T27 (Supplementary Table 2) to yield
three constructs of five fragments (T9+D2, T32+D2, and T27+D2). These five-fragment
combinations showed similar insulator activity as the corresponding two- or three-
fragment combinations (Fig. 3e and Extended Data Fig. 4a), indicating diminishing
returns from stacking increasing numbers of fragments. Because most insulator

combinations reached the detection limit in our Plant STARR-seq assay but not in the
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stable maize plants, the correlation between the ELISA and Plant STARR-seq data was
low (Fig. 3f,g and Extended Data Fig. 4b). However, we observed a strong correlation
between ELISA results for samples obtained from different plant tissues (leaf, stalk, and
root) and developmental stages (V6 and R1). This observation is consistent with our
results for single insulator fragments and indicates that insulator activity is not strongly

affected by tissue identity or developmental stage.

Insulator-derived fragments also exhibit silencer activity

The comparison of the Plant STARR-seq and stable maize data suggests that insulator
activity might be promoter-dependent. To investigate this hypothesis, we built constructs
with hybrid promoters by inserting the AB80 or Cab-1 enhancer between the 35S
minimal promoter and the insulator fragments and tested if an additional downstream
enhancer affected the ability of the insulator-derived fragments to block an upstream
35S enhancer (Fig 4a, top). Many fragments showed insulator activity with both
downstream enhancers (Fig. 4b, left and Supplementary Data 3) and this activity was
only slightly weaker than in constructs without a downstream enhancer (Extended Data
Fig. 5). This finding suggests that the insulator-derived fragments remain active at a
greater distance and work with more complex promoters than the short 35S minimal
promoter.

We also tested a set of control constructs without the upstream 35S enhancer (Fig
4a, bottom) and found that many insulator fragments resulted in lower enrichment than
a control construct without an insulator fragment (Fig. 4b, right and Supplementary Data
3), indicating transcriptional repression. The enrichment of reporter constructs with and
without the upstream 35S enhancer was well correlated (Fig. 4c). These results
demonstrate that fragments derived from characterized insulators and that showed
enhancer-blocking activity in Plant-STARR-seq can also function as transcriptional
silencers.

To rigorously assess whether the insulator-derived fragments had silencer activity,
we built a new library with two different construct layouts: (i) in the ‘insulator’ construct,
the fragments were inserted between the 35S enhancer and 35S minimal promoter; and

(i) in the ‘silencer’ construct, the fragments were inserted upstream of the 35S
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enhancer (Fig. 4d). As before, many fragments led to a reduced enrichment of the
reporter gene when inserted between the enhancer and promoter (i.e., in the insulator
construct). The insulator-derived fragments showed little to no activity in the silencer
construct in tobacco; however, we observed some silencer activity in maize (Fig. 4e and
Supplementary Data 4).

We reasoned that the activity of fragments in the insulator construct might be a
combination of enhancer-blocking and silencer activity. To quantify what fraction of the
apparent insulator activity could be explained by transcriptional repression rather than
insulation, we plotted the activities of all fragments in the insulator construct against
their activities in the silencer construct (Fig. 4f). The slope of the regression line in these
plots is a proxy for the maximal contribution of transcriptional repression to the apparent
insulator activity. Up to 6% and 43% of the observed activity in the insulator construct

could be explained by silencer activity in tobacco and maize, respectively (Fig. 4f).

Silencer activity depends on enhancer strength

Because we found evidence of silencer activity in tobacco leaves in constructs
containing the AB80 or Cab-1 enhancer (Fig. 4b,c), but not in those with the strong 35S
enhancer (Fig. 4e,f), we built insulator and silencer constructs with eight different
enhancers (Fig. 5a,b). These enhancers showed a wide range of strength in tobacco
but were all, apart from the 35S enhancer, weak in maize (Fig. 5b).

We tested these enhancers with six full-length insulators and six insulator-derived
fragments (Supplementary Table 3). Insulators and insulator fragments showed little
activity as silencers with strong enhancers (like the 35S, At-9661, and SI-12881
enhancers in tobacco and the 35S enhancer in maize) but much more activity as
silencers with weak enhancers (Fig. 5¢c and Supplementary Data 5). This result
conclusively demonstrates that these previously identified insulators and their fragments
can function as enhancer-blocking insulators or as silencers depending on regulatory
context.

As before, we plotted the enrichment of fragments in insulator constructs against
their enrichment in silencer constructs. We used the slope of a linear regression line as

a proxy to determine how much of the apparent insulator activity could be explained by
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silencer activity. For constructs with strong enhancers, between 6% and 27% of the
apparent insulator activity could be explained by silencer activity. This proportion
increased with weak enhancers, such that silencer activity could explain up to 94% of
the observed activity in the insulator construct. Overall, the slopes negatively correlated
with the strength of the corresponding enhancer (Fig. 5d).

To test whether the insulators showed silencer activity when integrated into the
genome, we used dual-luciferase reporter constructs with the insulator residing
upstream of the 35S or AB80 enhancer to generate stable transgenic Arabidopsis plants
(Fig. 6a). As in the transient Plant STARR-seq experiments, the insulators showed no
silencer activity with the strong 35S enhancer and partial silencer activity with the
somewhat weaker AB80 enhancer in transgenic Arabidopsis plants (Fig. 6b-d). Taken
together, these results are consistent with the observation that previously identified
insulators show silencer activity that is inversely correlated with the strength of the

enhancer with which they are paired.

Discussion
Using the high throughput Plant STARR-seq assay on fragments of insulators known to

be functional in plants, we identified more than 100 170-bp fragments with enhancer-
blocking activity. These short fragments could be combined to generate stronger
insulators, some capable of completely blocking the activity of the viral 35S enhancer.
The fragments were active as insulators with different enhancers and promoters and
across diverse plant tissues. Surprisingly, these insulators and their fragments showed
silencer activity when coupled with weak enhancers. Consistent with other work, this
finding showcases the complexity of regulatory grammar, wherein cis-regulatory
elements can have multiple activities that may be observed only in specific conditions or
contexts®. For example, mesoderm-specific Drosophila silencers often function as
enhancers in other cell types?. Thus, regulatory elements must be tested systematically
in different contexts — e.g., as insulators, silencers, or enhancers, and across species
and tissues — to understand the mechanistic underpinnings of their potentially complex

functions.
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The elements studied here behaved like classical enhancer-blocking insulators in
combination with strong enhancers, as they reduced reporter expression only when
inserted between the enhancer and promoter. In contrast, with weak enhancers, the
same elements behaved like typical silencers that repressed transcription in a position-
independent manner. With intermediate strength enhancers, a continuum between
these two extremes was observed: The elements reduced transcription when placed
either upstream or downstream of the enhancer, but the effect was stronger in the
downstream context. It remains to be determined if the observed activity is a
combination of distinct insulator and silencer functions or if we identified a novel, yet
unknown regulatory mechanism. Our observation that, independent of enhancer
strength, the activity of fragments in insulator and silencer constructs is well correlated
suggests that the latter might be the case.

To date, the molecular mechanisms underlying plant insulator function are unknown.
In animals, several DNA-binding proteins, including su(Hw), BEAF-32, and Zw5 in
Drosophila®”* and CTCF in humans®, play a role in insulator function. However,
homologs of these proteins have not been identified in plants. The number of fragments
with insulator activity tested here is too small to derive putative protein-binding motifs
with confidence. Moreover, there is no evidence that insulation in plants requires protein

6,31

binding. In contrast to enhancer activity””', we found that insulator activity was

orientation-dependent, as has been observed in animals®?3?

and previously in
plants'>**. In some cases, orientation-dependence is a consequence of composite
elements with both insulator and enhancer activities'>*?*3. An alternative hypothesis for
orientation dependence is that structural properties of the insulator DNA contribute to
insulator function. This hypothesis is also consistent with our finding that GC content is
a major contributor to insulator activity.

Short insulators elements are useful for plant biotechnology to minimize the size of
transgene cassettes to ensure efficient transformation. Transgene cassettes, especially
those composed of multiple genes, often show unpredictable expression patterns even
when the regulation of the individual genes is well-characterized. The insulators
identified here are promising building blocks to make expression more predictable and

thus plant engineering more economically feasible. Insulator activity showed some

10
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specificity to the tobacco or maize system, suggesting that insulators need to be
designed for either dicots or monocots. Although our work shows that the use of
insulators in transgene cassettes must account for both their silencer and insulator
activities, plant biotechnology efforts tend to use strong constitutive promoters, such
that silencer activity is negligible. Moreover, when used with tissue- or condition-specific
enhancers, insulators with enhancer-dependent silencer activity could be beneficial.
Such insulator-enhancer combinations could repress leaky expression in tissues or
conditions in which the enhancer is inactive and insulate expression when the enhancer
becomes fully active. Similarly, the dual-function elements identified here might be used
to fine-tune transgene expression by repressing overly-active transcription while

simultaneously isolating the transgene from other surrounding regulatory elements.
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Methods

Library design and construction

The full-length A-EXOB, BEAD-1C, UASrpg, and gypsy insulators were ordered as
synthesized DNA fragments. The synthetic insulators sIns1 and sins2 were PCR
amplified from pZS*11_4enh (Addgene no. 149423; https://www.addgene.org/149423/;
ref. %) and pEvolvR-enCas9-Poll3M-TBD (Addgene no. 113077;

https://www.addgene.org/113077/; ref.

), respectively. Insulator fragments were
ordered as an oligonucleotide array from Twist Bioscience with 15-bp flanking
sequences for amplification. The 35S, AB80, and Cab-1 enhancers were PCR amplified
from pZS*11_4enh. The At-9661, SI-12881, Sb-11289, Zm-23177, and SI-774
enhancers were ordered as synthesized DNA fragments. The sequences of the full-
length insulators and the oligonucleotides used in this study are listed in Supplementary
Table 4 and Supplementary Table 5, respectively.

All libraries used in this study were constructed using pPSm, a shortened version of
pPSup (Addgene no. 149416; https://www.addgene.org/149416/; ref. ®) lacking the BIpR
cassette, as the base plasmid. The plasmid’s T-DNA region harbors a GFP reporter
construct terminated by the poly(A) site of the Arabidopsis (Arabidopsis thaliana)
ribulose bisphosphate carboxylase small chain 1A gene. Two versions of pPSm were
created to receive insulators in the forward (pPSmF) or reverse (pPSmR) orientation by
changing the Bsal scars to ACTC and CTGT or ACAG and GAGT, respectively. The
plasmids were deposited at Addgene (Addgene no. 226912 and 226913;
https://www.addgene.org/226912/; https://www.addgene.org/226913/). Gibson
assembly®® was used to insert enhancers into pPSm plasmids. The 35S minimal
promoter followed by the 5" UTR from a maize histone H3 gene (Zm00001d041672), an
ATG start codon and a 18-bp random barcode (VNNVNNVNNVNNVNNVNN; V =A, C,
or G) was cloned in front of the second codon of GFP by Golden Gate cloning®’ using
Bbsl-HF (NEB). To distinguish between sub-libraries, positions 1, 4, 7, 10, 13, and 16 of
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the barcodes were set to fixed bases. Insulators and insulator fragments were inserted
into the pPSm plasmids by Golden Gate cloning using Bsal-HFv2 (NEB). The resulting
libraries were bottlenecked to yield about 20-50 barcodes per enhancer.

The base plasmid for dual-luciferase constructs was derived from pDL (Addgene
no. 208978; https://www.addgene.org/208978/; ref. ?°) by changing the Bsal scars to
ACTC and CTGT. The 35S or AB80 enhancer was inserted into this plasmid upstream
or downstream of the Bsal Golden Gate cassette via Gibson assembly. Full-length
insulators and insulator fragments were inserted by Golden Gate cloning using Bsal-
HFv2 (NEB). For rice dual-luciferase constructs, the BlpR cassette was replaced by a
hygromycin resistance gene under control of the switchgrass polyubiquitin 2 promoter
and the 35S terminator derived from plasmid JD633 (Addgene no. 160393;
https://www.addgene.org/160393/; ref. ).

The expression cassettes for the Agrobacterium-based transformation vectors to
generate transgenic corn plants consisted of a reporter gene driven by a moderate-
strength constitutive promoter coupled to a heterologous intron with either the CaMV
35S enhancer upstream of the promoter (negative control) or no enhancer (positive
control). The same terminator was used in cassettes to terminate transcription. The
insulators were tested using the expression cassette with the 35S enhancer by inserting

them between the 35S enhancer and the promoter.

Tobacco cultivation and transformation

Tobacco (Nicotiana benthamiana) was grown in soil (Sunshine Mix no. 4) at 25°C in a
long-day photoperiod (167 h light and 8/ 1h dark; cool-white fluorescent lights [Philips TL-
D 58W/840]; intensity 300 Jumol_m™[s™"). Plants were transformed approximately

3 weeks after germination. For transient transformation of tobacco leaves, Plant
STARR-seq libraries were introduced into Agrobacterium tumefaciens strain GV3101
(harboring the virulence plasmid pMP90 and the helper plasmid pMisoG) by
electroporation. An overnight culture of the transformed A. tumefaciens was diluted into
10000ml YEP medium (1% [w/v] yeast extract and 2% [w/v] peptone) and grown at 28°C
for 8 h. A 5-ml input sample of the cells was collected, and plasmids were isolated from
it using the QIAprep Spin Miniprep Kit (QIAGEN) according to the manufacturer’s

instructions. The remaining cells were harvested and resuspended in 1000ml induction
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medium (M9 medium [3 g/L KH2PO4, 0.5 g/L NaCl, 6.8 g/L Na;HPO,4, and 1 g/L NH4CI]
supplemented with 1% [w/v] glucose, 10 TmM MES, pH™5.2, 10000uM CaCly, 2[imM
MgSOQO4, and 1001 |uM acetosyringone). After overnight growth, the Agrobacteria were
harvested, resuspended in infiltration solution (10CmM MES, pH5.2, 102mM MgCly,
1500uM acetosyringone, and 5C1juM lipoic acid) to an optical density (OD) of 1 and
infiltrated into leaves 3 and 4 of two (full-length insulator library) or four (all other
libraries) tobacco plants. The plants were further grown for 481 1h under normal
conditions (161 1h light and 87 7h dark) or in the dark before mRNA extraction.

Maize cultivation and transformation

For Plant STARR-seq in maize (Zea mays L. cultivar B73), we used PEG transformation
method as previously described. Maize seeds were germinated in soil at 25°C in a
long-day photoperiod (16 h light and 8(1h dark; cool-white fluorescent lights [Philips TL-
D 5811W/840]; intensity 300 Iumol:m~1s™"). After 3 days, the seedlings were moved to
complete darkness at 25°C and grown for 10-11 days. From each seedling, 10 cm
sections from the second and third leaf were cut into thin 0.5 mm strips perpendicular to
veins and immediately submerged in 10 ml of protoplasting enzyme solution (0.6 M
mannitol, 10 mM MES pH 5.7, 15 mg/ml cellulase R10, 3 mg/ml macerozyme, 1 mM
CaCly, 0.1% [w/v] BSA, and 5 mM beta-mercaptoethanol). The mixture was covered in
foil to keep out light, vacuum infiltrated for 3 min, and incubated on a shaker at 40 rpm
for 2.5 hours. Protoplasts were released by incubating an extra 10 min at 80 rpm. To
quench the reaction, 10 mL ice-cold MMG (0.6 M Mannitol, 4 mM MES pH 5.7, 15 mM
MgCl,) was added to the enzyme solution and the whole solution was filtered through a
40 uM cell strainer. To pellet protoplasts, the filtrate was split into equal volumes of no
more than 10 mL in chilled round-bottom glass centrifuge vials and centrifuged at 100 x
g for 4 min at room temperature (RT). Pellets were resuspended in 1 mL cold MMG
each and combined into a single round-bottom vial. To wash, MMG was added to make
a total volume of 5 mL and the solution was centrifuged at 100 x g for 3 min at RT. This
wash step was repeated two more times. The final pellet was resuspended in 1-2 mL of
MMG. A sample of the resuspended protoplasts was diluted 1:20 in MMG and used to
count the number of viable cells using Fluorescein Diacetate as a dye. For each

replicate, one to ten million protoplasts were mixed with 15—-150 pg of the Plant STARR-
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seq plasmid library in a fresh tube, topped with MMG to a volume of 114.4 yL per million
protoplasts, and incubated on ice for 30 min. For PEG transformation, 105.6 uL per
million protoplasts of PEG solution (0.6 M Mannitol, 0.1 M CaCly, 25% [w/Vv] poly-
ethylene glycol MW 4000) was added to reach a final concentration of 12% (w/v) PEG.
The mixture was incubated for 10 min in the dark at RT. After incubation, the
transformation solution was diluted with five volumes incubation solution (0.6 M
Mannitol, 4 mM MES pH 5.7, 4 mM KCI), and centrifuged at 100 x g for 4 min at RT. The
protoplast pellet was washed with 5 mL of incubation solution, centrifuged at 100 x g for
3 min at RT, and resuspended in incubation solution to a concentration of 500 cells/uL.
Protoplasts were incubated overnight in the dark at RT to allow for transcription of the
plasmid library and then pelleted (4 min, 100 x g, RT). The pellet was washed with 1-5
mL incubation solution and centrifuged (3 min, 100 x g, RT). The pellet was finally
resuspended in 1-5 mL incubation solution. An aliquot of the solution was used to check
transformation efficiency under a microscope. Cells were pelleted (4 min, 100 x g, RT)
and resuspended in 1-2 mL Trizol for subsequent mMRNA extraction. An aliquot of the
plasmid library used for PEG transformation was used as the input sample for Plant
STARR-seq.

To generate stable transgenic maize plants, we followed a previously published

procedure®.

Arabidopsis cultivation and transformation

Arabidopsis thaliana Col-0 was grown in soil (Sunshine Mix no. 4) at 20°C in a long-day
photoperiod (16 1h light and 8/ h dark; cool-white fluorescent lights [Sylvania
FO32/841/ECO 32W]; intensity 100" umol Im™2[1s™"). For transformation, dual-
luciferase plasmids were introduced into Agrobacterium tumefaciens strain GV3101
(harboring the virulence plasmid pMP90 and the helper plasmid pMisoG) by
electroporation. Transgenic Arabidopsis plants were generated by floral dipping*' and

selected for by spraying with a 0.01% (w/v) Glufosinate solution.

Rice cultivation and transformation

The rice (Oryza sativa L. ssp. japonica) cultivar Kitaake was used for genetic
transformation following a previously described protocol*? with slight modifications. The

mature seeds were sterilized with a 7.5% (w/v) sodium hypochlorite solution for 20
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minutes, followed by three sterile water rinses. The seeds were placed on callus
induction medium (4.4 g/L MS salts with vitamins, 30 g/L sucrose, 2 mg/L 2,4-
dichlorophenoxyacetic acid, 8 g/L agar, pH 5.8) to induce callus cells from scutellum for
10 days. The calli were co-cultivated on callus induction medium supplemented with
200 uM of acetosyringone for 3 days with the Agrobacterium strain EHA101 (OD = 0.5)
carrying individual insulator constructs. The callus cells were transferred to callus
induction medium supplemented with 300 mg/L timentin and 50 mg/L hygromycin for
two rounds of selection. The hygromycin resistant callus cells of individual lines were
transferred to regeneration medium (4.4 g/L MS salts with vitamins, 30 g/L sucrose, 3
mg/L 6-benzylaminopurine, 0.5 mg/L 1-naphthaleneacetic acid, 8 g/L agar, 25 mg/L
hygromycin, 150 mg/L timentin, pH 5.8) for about two rounds to regenerate shoots. The
shoots were transferred to rooting medium (4.4 g/L MS salts with vitamins, 30 g/L
sucrose, 25 mg/L hygromycin, 8 g/L agar, pH 5.8) and were grown till healthy roots were
produced before transferring to soil. The plantlets were transferred to a plastic box
containing topsoil from the research farm at the University of Missouri flooded with
water. The plantlets were grown in a greenhouse with a short-day photoperiod (121h
light and 12Jh dark) at 28°C and 24°C during the day and night, respectively.

Plant STARR-seq

For all tobacco Plant STARR-seq experiments, two independent biological replicates
were performed. Different plants and fresh Agrobacterium cultures were used for each
biological replicate.

Tobacco leaves were harvested 2 days after infiltration and partitioned into batches
of 4 leaves. The leaf batches were frozen in liquid nitrogen, finely ground with mortar
and pestle, and immediately resuspended in 10 mL QIAzol (Qiagen). The suspensions
were cleared by centrifugation (5 min, 4,000 x g, 4°C). The supernatant was transferred
to a 15 mL MaXtract High Density tube (Qiagen) and mixed with 2.5 mL chloroform.
After centrifugation (10 min, 1,000 x g, 4°C), the supernatant (approximately 7 mL) was
poured into a new tube, and mixed by inversion with 3.5 mL high salt buffer (0.8 M
sodium citrate, 1.2 M NaCl) and 3.5 mL isopropanol. The solution was incubated for 15
min at RT to precipitate the RNA and centrifuged (30 min, 4,000 x g, 4°C). The pellet
was washed with 10 mL ice-cold 70% ethanol, centrifuged (5 min, 4000 x g, 4°C), and
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air-dried. The pellet was resuspended in 625 uL of warm (65°C) nuclease-free water
and transferred to a new tube. The solution was supplemented with 70 uL 20X DNase |
buffer (1 mM CaCly, 100 mM Tris pH 7.4), 70 yL 200 mM MnCl,, 5 yL DNase |
(ThermoFisher Scientific), and 1 yL RNaseOUT (ThermoFisher Scientific). After 1 h
incubation at 37°C, the reaction was stopped with 50 uL 500 mM EDTA. To precipitate
the RNA, 375 pL high salt buffer and 375 L isopropanol were added. After incubation
for 15 min at room RT, the RNA was pelleted by centrifugation (20 min, 20,000 x g,

4°C). The pellet was washed with 1 mL ice-cold 70% ethanol, centrifuged (5 min, 20,000
x g, 4°C), air-dried, and resuspended in 50 uL nuclease-free water. All batches of the
same sample were pooled, and the solution was supplemented with 0.5 yL RNaseOUT.
For cDNA synthesis, two to four reactions with 11 yL RNA solution, 1 yL 10 yM GFP-
specific reverse transcription primer, and 1 yL 10 mM dNTPs were incubated at 65°C for
5 min then immediately placed on ice. The reactions were supplemented with 4 yL 5X
SuperScript IV buffer, 1 yL 100 mM DTT, 1 uL RNaseOUT, and 1 pyL SuperScript IV
reverse transcriptase (ThermoFisher Scientific). To ensure that the samples were largely
free of DNA contamination, four reactions were used as controls, where the reverse
transcriptase and RNaseOUT were replaced with water. Reactions were incubated for
10 min at 55°C, followed by 10 min at 80°C. Sets of 4 reactions each were pooled. The
cNDA was purified with the Clean&Concentrate-5 kit (Zymo Research), and eluted in 20
ML 10 mM Tris. The barcode was amplified with 10-20 cycles of polymerase chain
reaction (PCR) and read out by next generation sequencing.

For Plant STARR-seq in maize protoplasts, the protoplast-containing Trizol solution
from PEG transformation was transferred to 2 mL Phasemaker tubes (1 mL per tube;
ThermoFisher Scientific), mixed thoroughly with 300 yL chloroform, and centrifuged (5
min, 15,000 x g, 4°C). RNA was extracted using the RNeasy Plant Mini Kit (QIAGEN).
The supernatant was transferred to a QlAshredder column and centrifuged (2 min,
20,000 x g, RT). The flowthrough was transferred to a new 1.5 mL tube and mixed with
300 pL 100% ethanol. Up to 500 pL of the solution was loaded on an RNeasy mini spin
column. After centrifugation (10 seconds, 16,100 x g, RT) the flowthrough was
discarded. This was repeated until the whole solution had been added to the column.

The column was washed with 350 uL RW1 buffer followed by centrifugation (30 sec,
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16,100 x g, RT). An on-column DNase | digestion was performed with 70 uL RDD buffer
and 10 yL DNase | (Qiagen) for 15 min at RT. The column was washed once with 350
ML RW1 buffer and twice with 500 uL RPE buffer. After each wash step, the column was
centrifuged (30 sec, 16,100 x g, RT) and the flowthrough was discarded. The column
was dried with an extra centrifugation step (30 sec, 16,100 x g, RT) and transferred to a
1.5 mL collection tube. For elution, 50 uL of RNase-free water was added, and the
column was incubated for 1 min, and centrifuged (1 min, 16,100 x g, RT). This elution
step was repeated with an additional 40 L of RNase-free water. The eluate was treated
with DNase | (5 uL of 20x DNasel buffer, 5 yL 200 mM MnCl,, 1 yL RNaseOUT, and 2
ML DNase |) for 1 h at 37°C. The solution was supplemented with 20 yL 500 mM EDTA,
1 pL 20 mg/mL glycogen, 12 pL ice-cold 8M LiCl, and 300 pL ice-cold 100% ethanol.
The solution was incubated 15 min at —80°C, centrifuged (20 min, 20,000 x g, 4°C). The
pellet was washed with 500 uL ice-cold 70% ethanol, and centrifuged (3 min, 20,000 x
g, 4°C). The pellet was air-dried and resuspended in 100 uL RNase-free water. Reverse
transcription, purification, PCR amplification and sequencing were performed as for the

tobacco samples.

Subassembly and barcode sequencing
Paired-end sequencing on an lllumina NextSeq 550 or 2000 platform was used to link
insulator fragments to their respective barcodes. The insulator region was sequenced
using paired reads (100-150 bp), and two 18-bp indexing reads were used to sequence
the barcodes. The paired insulator fragment and barcode reads were assembled using
PANDAseq (version 2.11; ref. *°). Insulator fragment-barcode pairs with less than 5
reads and insulator fragments with a mutation or truncation were discarded.

For each Plant STARR-seq experiment, barcodes were sequenced using paired-
end reads on an lllumina NextSeq 550 or 2000 system. The paired barcode reads were
assembled using PANDAseq.

Computational methods

For analysis of the Plant STARR-seq experiments, the reads for each barcode were
counted in the input and cDNA samples. Barcode counts below 5 were discarded.
Barcode counts were normalized to the sum of all counts in the respective sample. For

barcodes, enrichment was calculated by dividing the normalized barcode counts in the
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cDNA sample by that in the corresponding input sample. The sum of the normalized
counts for all barcodes associated with a given insulator or insulator fragment were
used to calculate its enrichment. For each replicate, the enrichment was normalized to
the median enrichment. The mean enrichment across all replicates was normalized to
the control construct with enhancer or insulator (noEnh) and used for all analyses.
Spearman and Pearson’s correlation were calculated using base R (version 4.3.1).
Linear regression analysis was performed using the Im() function in base R.

To predict the enrichment of insulator fragment combinations, a liner model was
fitted to Plant STARR-seq data using the Im() function in R with the formula:
log2(insulator activity) = log2(insulator activity fragment 3) + log2(insulator activity
fragment 2) + log2(insulator activity fragment 1), where log2(insulator activity fragment
1-3) is the enhancer strength of the corresponding fragment when tested individually.
Fragments are numbered by increasing distance from the minimal promoter (fragment 1
is the fragment closest to the promoter, fragment 3 the most distal one). Insulator
activity was calculated with: log2(insulator activity) = log2(enrichment nolns control) -
log2(enrichment insulator). For constructs with one or two fragments, log2(insulator
activity) was set to 0 for fragments 3 (two-fragment constructs) or 2 and 3 (one-fragment

constructs).

Dual-luciferase assay

Transgenic Arabidopsis lines (T2 generation) with dual-luciferase constructs were grown
in soil for 3 weeks. A cork borer (4 mm diameter) was used to collect a total of 4 leaf
discs from the third and fourth leaf of the plants. The leaf discs were transferred to

1.5 mL tubes filled with approximately 10 glass beads (1 mm diameter), snap-frozen in
liquid nitrogen, and disrupted by shaking twice for 5 sec in a Silamat S6 (Ivoclar)
homogenizer. The leaf disc debris was resuspended in 100 uL 1X Passive Lysis Buffer
(Promega). The solution was cleared by centrifugation (5 min, 20,000 x g, RT) and

10 L of the supernatant were mixed with 90 uL 1X passive lysis buffer. Luciferase and
nanoluciferase activity were measured on a Biotek Synergy H1 plate reader using the
Promega Nano-Glo Dual-Luciferase Reporter Assay System according to the
manufacturer’s instructions. Specifically, 10 uL of the leaf extracts were combined with
75 uL ONE-Glo EX Reagent, mixed for 3 min at 425 rpm, and incubated for 2 min
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before measuring luciferase activity. Subsequently, 75 L NanoDLR Stop&Glo Reagent
were added to the sample. After 3 min mixing at 425 rpm and 12 min incubation,
nanoluciferase activity was measured. Two independent biological replicates were
performed.

For transgenic rice lines with dual-luciferase constructs, 10—-15 mg leaf tissue from
3-week old TO plants was collected in 1.5 mL tubes filled with approximately 10 glass
beads (1 mm diameter). The material was snap-frozen in liquid nitrogen and disrupted
by shaking twice for 5 sec in a Silamat S6 (lvoclar) homogenizer. The leaf debris was
resuspended in 200 pL 1X Passive Lysis Buffer (Promega). The solution was cleared by
centrifugation (5 min, 20,000 x g, RT) and 10 uL of the supernatant were mixed with 90
ML 1X passive lysis buffer. Luciferase and nanoluciferase activity were measured on a
Biotek Synergy H1 in the same way as for Arabidopsis samples. Two independent
technical replicates (using new samples from the same plants as in the first replicate)

were performed.

ELISA

Insulator activity was detected using a quantitative enzyme linked immunosorbent assay
(ELISA) on leaf, stalk, silk, and husk tissues collected from transgenic corn plants.
Tissue samples were extracted with 0.60-2.5 ml of buffer comprised of phosphate
buffered saline containing polysorbate 20 (8.10 mM PBS + 0.05% polysorbate).
Extracted samples were centrifuged and the supernatants used for analysis. 96-well
plates pre-coated with reporter-specific monoclonal antibody were incubated with
standards and the samples (1hr). After incubation and washing, a second reporter
specific monoclonal antibody, conjugated to a horseradish peroxidase enzyme (HRP)
was added to the plate and incubated (1hr). After incubation, the plates were washed 5
times and the bound protein-antibody complex was detected by adding TMB (3,3’,5,5’-
tetramethylbenzidine) substrate which generated a colored product in the presence of
HRP. The reaction was stopped by adding an acid solution and the optical density of
each well was determined using a plate reader at 450nm. For each plate a standard
curve was included. Adjusted sample concentration values were converted from ng mL-

1 to ng mg-1 total extractable protein.
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Data availability

The raw sequencing data underlying this article are available in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive at
http://www.ncbi.nlm.nih.gov/bioproject/1160710. The processed data underlying this
article are available on GitHub at https://github.com/tobjores/Small-DNA-elements-that-

act-as-both-insulators-and-silencers-in-plants.

Code availability
The code used for the analysis and to generate the figures is available on GitHub at
https://github.com/tobjores/Small-DNA-elements-that-act-as-both-insulators-and-

silencers-in-plants.
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Figure legends

Fig. 1 | Short fragments exhibit enhancer-blocking insulator activity. a, Known
insulators were split into partially overlapping 170-bp fragments. The insulator
fragments were cloned in the forward or reverse orientation between a 35S, AB80, or
Cab-1 enhancer and a 35S minimal promoter driving the expression of a barcoded GFP
reporter gene. Constructs without an enhancer (none) but with insulator fragments were
also created. b, All insulator fragment constructs were pooled and subjected to Plant
STARR-seq in tobacco leaves (tobacco) and maize protoplasts (maize). Reporter mMRNA
enrichment was normalized to a control construct without an enhancer or insulator
(noEnh; log2 set to 0). The enrichment of a control construct without an insulator is
indicated as a black dot. Violin plots represent the kernel density distribution and the
box plots inside represent the median (center line), upper and lower quartiles, and 1.5%
interquartile range (whiskers) for all corresponding constructs. Numbers at the bottom of
each violin indicate the number of samples in each group. ¢, Correlation between the
enrichment of insulator fragments in constructs with the 35S enhancer in tobacco leaves
and maize protoplasts. d, Enrichment of constructs with insulator fragments cloned
between the 35S enhancer and minimal promoter. The position along the full-length
insulator and the orientation (arrow pointing right, fwd; arrow pointing left, rev) of the
fragments is indicated by arrows. e, Correlation between insulator fragment enrichment
and GC content for constructs with the 35S enhancer. f, Correlation between insulator
fragment enrichment in tobacco leaves in constructs with the indicated enhancers. The
dashed line represents a y = x line fitted through the point corresponding to a control
construct without an insulator (black dot). Pearson’s R?, Spearman’s p, and number (n)

of constructs are indicated in ¢, e, and f.
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Fig. 2 | Insulators are active in stable transgenic lines in Arabidopsis, rice, and
maize. a, Transgenic Arabidopsis and rice lines were generated with T-DNAs harboring
a constitutively expressed luciferase (Luc) gene and a nanoluciferase (NanoLuc) gene
under control of a 35S minimal promoter coupled to the 35S or AB80 enhancer (as
indicated above the plots) with insulator candidates inserted between the enhancer and
promoter. Nanoluciferase activity was measured in at least 4 plants from these lines and
normalized to the activity of luciferase. The NanoLuc/Luc ratio was normalized to a
control construct without an enhancer or insulator (noEnh; log2 set to 0). b,c, The
activity of full-length insulators was measured in Arabidopsis lines (b) and compared to
the corresponding results from Plant STARR-seq in tobacco leaves (c). d,e, The activity
of synthetic full-length insulators was measured in rice lines (d) and compared to the
corresponding results from Plant STARR-seq in maize protoplasts (e). f,g, The activity
of insulator fragments was measured in Arabidopsis lines (f) and compared to the
corresponding results from Plant STARR-seq in tobacco leaves (g). h, For transgenic
maize lines, a reporter gene driven by a moderate-strength constitutive promoter
(ZmPro) and an upstream 35S enhancer was created and insulator fragments were
inserted between the enhancer and promoter. The reporter gene cassette was inserted
in the maize genome by site-directed integration and the expression of the reporter
gene was measured in various tissues/developmental stages by ELISA. i,j, The activity
of insulator fragments was measured in R1 leaves of transgenic maize lines (i) and
compared to the corresponding results from Plant STARR-seq in maize protoplasts (j).
k, Correlation (Pearson’s R?) between the expression of all tested constructs across
different tissues and developmental stages. The correlation with Plant STARR-seq
results from maize protoplasts is also shown. Box plots in b, d, (f), and (i) represent the
median (center line), upper and lower quartiles (box limits), 1.5x interquartile range
(whiskers), and outliers (points) for all corresponding samples from two to three
independent replicates. Numbers at the bottom of each box plot indicate the number of
samples in each group. The enrichment of a control construct without an insulator
(nolns) is indicated as a dotted line. In ¢, e, g, and j, the dashed line represents a linear
regression line and error bars represent the 95% confidence interval. Pearson’s R?,

Spearman’s p, and number (n) of constructs are indicated.
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Fig. 3 | Insulator fragments can be stacked to create very strong enhancer-
blocking insulators. a, One, two, or three 170-bp fragments of known insulators were
cloned between a 35S enhancer and a 35S minimal promoter driving the expression of
a barcoded GFP reporter gene. b, All insulator constructs were pooled and subjected to
Plant STARR-seq in tobacco leaves (tobacco) and maize protoplasts (maize). Reporter
MRNA enrichment was normalized to a control construct without an enhancer or
insulator (log2 set to 0). Violin plots are as defined in Fig. 1b. The enrichment of a
control construct without an insulator is indicated as dotted line. ¢, A linear model was
trained to predict the enrichment of stacked insulator constructs based on the activity of
individual insulator fragments and their position within the construct. The correlation
between the model’s prediction (prediction) and experimentally determined enrichment
values (measurement) is shown as a hexbin plot (color represents the count of points in
each hexagon; ¢). Pearson’s R?, Spearman’s p, and number (n) of fragments are
indicated. d, Coefficients assigned by the linear model to insulator fragments in the
indicated positions of the stacked constructs. e,f, The activity of insulator fragment
combinations in constructs as in Fig. 2h was measured in R1 leaves of transgenic
maize lines (e) and compared to the corresponding results from Plant STARR-seq in
maize protoplasts (f). g, Correlation (Pearson’s R?) between the expression of all tested
constructs across different tissues and developmental stages. The correlation with Plant

STARR-seq results from maize protoplasts is also shown.

Fig. 4 | Insulators exhibit silencer activity in some contexts. a, Insulator fragments
were cloned upstream of a AB80 or Cab-1 enhancer and a 35S minimal promoter
driving the expression of a barcoded GFP reporter gene. Half of the constructs also
harbored a 35S enhancer upstream of the insulator fragments (with 35S) while the other
half lacked an upstream enhancer (without 35S). b, All constructs were pooled and
subjected to Plant STARR-seq in tobacco leaves. Reporter mRNA enrichment was
normalized to a control construct without an enhancer or insulator (noEnh; log2 set to
0). The enrichment of a control construct without an insulator is indicated as a black dot.

¢, Correlation between insulator fragment activity in constructs with or without the
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upstream 35S enhancer. The dashed line represents a y = x line fitted through the point
corresponding to a control construct without an insulator (black dot). d, Insulator
fragments were cloned in between (insulator construct) or upstream of (silencer
construct) a 35S enhancer and a 35S minimal promoter driving the expression of a
barcoded GFP reporter gene. e, All constructs were pooled and subjected to Plant
STARR-seq in tobacco leaves (tobacco) or maize protoplasts (maize). Reporter mRNA
enrichment was normalized to a control construct without an enhancer or insulator
(noEnh; log2 set to 0).The enrichment of a control construct without an insulator is
indicated as a black dot. f, Comparison of the enrichment of insulator fragments in
insulator or silencer constructs. A linear regression line is shown as a solid line and its
slope and goodness-of-fit (R?) is indicated. Violin plots in b and e are as defined in Fig.
1b.

Fig. 5 | Silencer activity depends on enhancer strength. a, Selected insulators and
insulator fragments were cloned in between (insulator construct) or upstream of
(silencer construct) an enhancer and a 35S minimal promoter driving the expression of
a barcoded GFP reporter gene. Eight different enhancers were used to build these
constructs. All constructs were pooled and subjected to Plant STARR-seq in tobacco
leaves (tobacco) or maize protoplasts (maize). b, Strength of the eight enhancers in
constructs without an insulator. Reporter mRNA enrichment was normalized to a control
construct without an enhancer (none; log2 set to 0). Box plots represent the median
(center line), upper and lower quartiles, and 1.5% interquartile range (whiskers) for all
corresponding barcodes from two independent replicates. Numbers at the bottom of the
plot indicate the number of samples in each group.c, Comparison of the enrichment of
insulators and insulator fragments in insulator or silencer constructs. A linear regression
line is shown as a solid line and its slope and goodness-of-fit (R?) is indicated. d,
Correlation between the slope of the regression lines from ¢ and the strength of the
corresponding enhancer (see b). Pearson’s R?, Spearman’s p, and number (n) of

constructs are indicated. A linear regression line is shown as a dashed line.

26


https://doi.org/10.1101/2024.09.13.612883
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.09.13.612883; this version posted September 19, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Fig. 6 | Enhancer-dependent silencer activity in stable transgenic plants. a,
Transgenic Arabidopsis lines were generated with T-DNAs harboring a constitutively
expressed luciferase (Luc) gene and a nanoluciferase (NanoLuc) gene under control of
a 35S minimal promoter coupled to the 35S or AB80 enhancer (as indicated above the
plots) with insulator candidates inserted upstream of the enhancer. Nanoluciferase
activity was measured in at least 4 plants from these lines and normalized to the activity
of luciferase. The NanoLuc/Luc ratio was normalized to a control construct without an
enhancer or insulator (noEnh; log2 set to 0). b,c, The activity of full-length insulators
was measured in Arabidopsis lines (b) and compared to the corresponding results from
Plant STARR-seq in tobacco leaves (¢). Box plots in b are as defined in Fig. 2. In ¢, the
dashed line represents a linear regression line and error bars represent the 95%
confidence interval. Pearson’s R?, Spearman’s p, and number (n) of constructs are
indicated. d, Comparison of the mean NanoLuc/Luc ratio of full-length insulators in
insulator (Fig. 2b) or silencer constructs (b). A linear regression line is shown as a solid

line and its slope and goodness-of-fit (R?) is indicated.
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Fig. 1 | Short fragments exhibit enhancer-blocking insulator activity. a, Known insulators were split into partially overlapping
170-bp fragments. The insulator fragments were cloned in the forward or reverse orientation between a 35S, AB80, or Cab-1
enhancer and a 35S minimal promoter driving the expression of a barcoded GFP reporter gene. Constructs without an enhancer
(none) but with insulator fragments were also created. b, All insulator fragment constructs were pooled and subjected to Plant
STARR-seq in tobacco leaves (tobacco) and maize protoplasts (maize). Reporter mMRNA enrichment was normalized to a control
construct without an enhancer or insulator (noEnh; log2 set to 0). The enrichment of a control construct without an insulator is
indicated as a black dot. Violin plots represent the kernel density distribution and the box plots inside represent the median (center
line), upper and lower quartiles, and 1.5x interquartile range (whiskers) for all corresponding constructs. Numbers at the bottom
of each violin indicate the number of samples in each group. ¢, Correlation between the enrichment of insulator fragments in
constructs with the 35S enhancer in tobacco leaves and maize protoplasts. d, Enrichment of constructs with insulator fragments
cloned between the 35S enhancer and minimal promoter. The position along the full-length insulator and the orientation (arrow
pointing right, fwd; arrow pointing left, rev) of the fragments is indicated by arrows. e, Correlation between insulator fragment
enrichment and GC content for constructs with the 35S enhancer. f, Correlation between insulator fragment enrichment in tobacco
leaves in constructs with the indicated enhancers. The dashed line represents a y = x line fitted through the point corresponding
to a control construct without an insulator (black dot). Pearson’s R?, Spearman’s p, and number (n) of constructs are indicated in
c,e,andf.
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Fig. 2 | Insulators are active in stable transgenic lines in Arabidopsis, rice, and maize. a, Transgenic Arabidopsis and rice
lines were generated with T-DNAs harboring a constitutively expressed luciferase (Luc) gene and a nanoluciferase (NanoLuc)
gene under control of a 35S minimal promoter coupled to the 35S or AB80 enhancer (as indicated above the plots) with insulator
candidates inserted between the enhancer and promoter. Nanoluciferase activity was measured in at least 4 plants from these
lines and normalized to the activity of luciferase. The NanoLuc/Luc ratio was normalized to a control construct without an enhancer
or insulator (noEnh; log2 set to 0). b,c, The activity of full-length insulators was measured in Arabidopsis lines (b) and compared
to the corresponding results from Plant STARR-seq in tobacco leaves (c). d,e, The activity of synthetic full-length insulators was
measured in rice lines (d) and compared to the corresponding results from Plant STARR-seq in maize protoplasts (e). f,g, The
activity of insulator fragments was measured in Arabidopsis lines (f) and compared to the corresponding results from Plant STARR-
seq in tobacco leaves (g). h, For transgenic maize lines, a reporter gene driven by a moderate-strength constitutive promoter
(ZmPro) and an upstream 35S enhancer was created and insulator fragments were inserted between the enhancer and promoter.
The reporter gene cassette was inserted in the maize genome by site-directed integration and the expression of the reporter gene
was measured in various tissues/developmental stages by ELISA. i,j, The activity of insulator fragments was measured in R1
leaves of transgenic maize lines (i) and compared to the corresponding results from Plant STARR-seq in maize protoplasts (j). k,
Correlation (Pearson’s R?) between the expression of all tested constructs across different tissues and developmental stages. The
correlation with Plant STARR-seq results from maize protoplasts is also shown. Box plots in b, d, (f), and (i) represent the median
(center line), upper and lower quartiles (box limits), 1.5% interquartile range (whiskers), and outliers (points) for all corresponding
samples from two to three independent replicates. Numbers at the bottom of each box plot indicate the number of samples in each
group. The enrichment of a control construct without an insulator (nolns) is indicated as a dotted line. In ¢, e, g, and j, the dashed
line represents a linear regression line and error bars represent the 95% confidence interval. Pearson’s R?, Spearman’s p, and
number (n) of constructs are indicated.
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Fig. 3 | Insulator fragments can be stacked to create very strong enhancer-blocking insulators. a, One, two, or three 170-
bp fragments of known insulators were cloned between a 35S enhancer and a 35S minimal promoter driving the expression
of a barcoded GFP reporter gene. b, All insulator constructs were pooled and subjected to Plant STARR-seq in tobacco leaves
(tobacco) and maize protoplasts (maize). Reporter mMRNA enrichment was normalized to a control construct without an enhancer or
insulator (log2 set to 0). Violin plots are as defined in Fig. 1b. The enrichment of a control construct without an insulator is indicated
as dotted line. c, A linear model was trained to predict the enrichment of stacked insulator constructs based on the activity of
individual insulator fragments and their position within the construct. The correlation between the model’s prediction (prediction)
and experimentally determined enrichment values (measurement) is shown as a hexbin plot (color represents the count of points
in each hexagon; ¢). Pearson’s R?, Spearman’s p, and number (n) of fragments are indicated. d, Coefficients assigned by the linear
model to insulator fragments in the indicated positions of the stacked constructs. e,f, The activity of insulator fragment combinations
in constructs as in Fig. 2h was measured in R1 leaves of transgenic maize lines (e) and compared to the corresponding results from
Plant STARR-seq in maize protoplasts (f). g, Correlation (Pearson’s R?) between the expression of all tested constructs across
different tissues and developmental stages. The correlation with Plant STARR-seq results from maize protoplasts is also shown.
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Fig. 4 | Insulators exhibit silencer activity in some contexts. a, Insulator fragments were cloned upstream of a AB80 or Cab-1
enhancer and a 35S minimal promoter driving the expression of a barcoded GFP reporter gene. Half of the constructs also harbored
a 35S enhancer upstream of the insulator fragments (with 35S) while the other half lacked an upstream enhancer (without 35S).
b, All constructs were pooled and subjected to Plant STARR-seq in tobacco leaves. Reporter mRNA enrichment was normalized
to a control construct without an enhancer or insulator (noEnh; log2 set to 0). The enrichment of a control construct without an
insulator is indicated as a black dot. ¢, Correlation between insulator fragment activity in constructs with or without the upstream
358 enhancer. The dashed line represents a y = x line fitted through the point corresponding to a control construct without an
insulator (black dot). d, Insulator fragments were cloned in between (insulator construct) or upstream of (silencer construct) a 35S
enhancer and a 35S minimal promoter driving the expression of a barcoded GFP reporter gene. e, All constructs were pooled
and subjected to Plant STARR-seq in tobacco leaves (tobacco) or maize protoplasts (maize). Reporter mRNA enrichment was
normalized to a control construct without an enhancer or insulator (noEnh; log2 set to 0).The enrichment of a control construct
without an insulator is indicated as a black dot. f, Comparison of the enrichment of insulator fragments in insulator or silencer
constructs. A linear regression line is shown as a solid line and its slope and goodness-of-fit (R?) is indicated. Violin plots in b and
e are as defined in Fig. 1b.
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Fig. 5 | Silencer activity depends on enhancer strength. a, Selected insulators and insulator fragments were cloned in between
(insulator construct) or upstream of (silencer construct) an enhancer and a 35S minimal promoter driving the expression of a
barcoded GFP reporter gene. Eight different enhancers were used to build these constructs. All constructs were pooled and
subjected to Plant STARR-seq in tobacco leaves (tobacco) or maize protoplasts (maize). b, Strength of the eight enhancers in
constructs without an insulator. Reporter mRNA enrichment was normalized to a control construct without an enhancer (none;
log2 set to 0). Box plots represent the median (center line), upper and lower quartiles, and 1.5% interquartile range (whiskers) for
all corresponding barcodes from two independent replicates. Numbers at the bottom of the plot indicate the number of samples
in each group. ¢, Comparison of the enrichment of insulators and insulator fragments in insulator or silencer constructs. A linear
regression line is shown as a solid line and its slope and goodness-of-fit (R?) is indicated. d, Correlation between the slope of the
regression lines from ¢ and the strength of the corresponding enhancer (see b). Pearson’s R?, Spearman’s p, and number (n) of
constructs are indicated. A linear regression line is shown as a dashed line.
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Fig. 6 | Enhancer-dependent silencer activity in stable transgenic plants. a, Transgenic Arabidopsis lines were generated
with T-DNAs harboring a constitutively expressed luciferase (Luc) gene and a nanoluciferase (NanoLuc) gene under control of
a 35S minimal promoter coupled to the 35S or AB80 enhancer (as indicated above the plots) with insulator candidates inserted
upstream of the enhancer. Nanoluciferase activity was measured in at least 4 plants from these lines and normalized to the activity
of luciferase. The NanoLuc/Luc ratio was normalized to a control construct without an enhancer or insulator (noEnh; log2 set to 0).
b,c, The activity of full-length insulators was measured in Arabidopsis lines (b) and compared to the corresponding results from
Plant STARR-seq in tobacco leaves (c). Box plots in b are as defined in Fig. 2. In ¢, the dashed line represents a linear regression
line and error bars represent the 95% confidence interval. Pearson’s R?, Spearman’s p, and number (n) of constructs are indicated.
d, Comparison of the mean NanoLuc/Luc ratio of full-length insulators in insulator (Fig. 2b) or silencer constructs (b). A linear
regression line is shown as a solid line and its slope and goodness-of-fit (R?) is indicated.
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Extended Data Fig. 1 | Plant STARR-seq detects activity of enhancer-blocking insulators. a, Full-length insulators were cloned
in the forward (fwd) or reverse (rev) orientation between a 35S enhancer and a 35S minimal promoter driving the expression of
a barcoded GFP reporter gene. b, All insulator constructs were pooled and subjected to Plant STARR-seq in tobacco leaves
(tobacco) and maize protoplasts (maize). Reporter mMRNA enrichment was normalized to a control construct without an enhancer
or insulator (noEnh; log2 set to 0). Box plots represent the median (center line), upper and lower quartiles, and 1.5x interquartile
range (whiskers) for all corresponding barcodes from two independent replicates. Numbers at the bottom of the plot indicate the
number of samples in each group. The enrichment of a control construct without an insulator (nolns) is indicated as a dotted line.
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Extended Data Fig. 2 | Plant STARR-seq yields highly reproducible results. a—g, Correlation between biological replicates of
Plant STARR-seq for the full-length insulator library used in Extended Data Fig. 1 (a), the insulator fragment library used in Fig. 1 (b),
the insulator fragment combination library used in Fig. 3 (c¢), the downstream enhancer library (d) and the insulator/silencer library
(e) used in Fig. 4, and the enhancer-insulator combination library used in Fig. 5 (f). Experiments were performed in tobacco leaves
(tobacco) or maize protoplasts (maize) as indicated. Pearson’s R?, Spearman’s p, and number (n) of constructs are indicated. The
color in the hexbin plots in ¢ represents the count of points in each hexagon.
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Extended Data Fig. 3 | Activity of insulator fragments in different maize tissues. a,b, Transgenic maize lines were created
using constructs as in Fig. 2h. The activity of insulator fragments was measured in the indicated tissues (a) and compared to the
corresponding results from Plant STARR-seq in maize protoplasts (b). Box plots in a are as defined in Fig. 2.
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Extended Data Fig. 4 | Activity of insulator fragment combinations in different maize tissues. a,b, Transgenic maize lines
were created using insulator fragment combinations in constructs as in Fig. 2h. The activity of insulator fragments was measured
in the indicated tissues (a) and compared to the corresponding results from Plant STARR-seq in maize protoplasts (b). Box plots
in a are as defined in Fig. 2.
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Extended Data Fig. 5 | Enhancers downstream of insulator fragments slightly reduce their activity. Correlation between the
activity of insulator fragments cloned between a 35S enhancer and a 35S minimal promoter with or without an additional AB80 or
Cab-1 enhancer inserted between the insulator fragment and 35S minimal promoter. The dashed line represents a y = x line fitted
through the point corresponding to a control construct without an insulator (black dot). Pearson’s R?, Spearman’s p, and number
(n) of constructs are indicated.
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