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Abstract:

Animals and plants have evolved separately for over 1.5 billion years and independently
invented multicellularity, suggesting a possible divergence in their mode of transcription
regulation. Here, we set out to elucidate fundamental features of transcription
regulatory sequences in plants. Using a massively parallel reporter assay in four
species, we show that sequences downstream of the transcription start site (TSS) play
a major role in controlling transcription. Swapping regulatory sequences from one side
of the TSS to the other yields different outcomes, unlike animal enhancers which act
independently of their position. A GATC-containing DNA motif, positioned downstream
of the TSS, was sufficient to enhance gene expression in a dose-dependent manner. Its
effect on gene expression was tissue-dependent and conserved across vascular plants.
These results identify a unique characteristic of transcriptional regulation in plants, and
suggest fundamental differences in gene regulation might exist between plants and
animals.
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Introduction:

Differences in gene expression are the basis of diverse morphologies' and finely tuned
responses to external stimuli. Given the independent evolution of multicellularity in
plants and animals, their contrasting developmental patterns, and their distinct
responses to environmental cues, it would not be surprising to find profound differences
in their mechanisms for the regulation of gene expression. Indeed, many aspects of
transcriptional regulation in plants seem to be unique, including special core promoter
DNA-motifs?, expanded® and new* families of specific and general transcription factors
(TFs), and long-range enhancers with different features from animals®®. Yet, how
regulatory sequences function and are organized near genes is widely assumed to be
similar to animals and fungi’. Here, we reveal new aspects of transcriptional regulation
based on genome-wide, unbiased tests for regulatory capacity of sequences near genes
in four different species of flowering plants.

Results:

We first set out to determine the typical locations of regulatory regions near genes in
Arabidopsis by large-scale mapping of expression quantitative trait loci (eQTL).
Therefore, we analyzed genotypic and transcriptomic data from the Arabidopsis 1,001
Genomes Project to identify cis-eQTL within 10 Kb of each gene®°. While we expected to
find most eQTL in proximal promoters upstream of the transcription start site (TSS), we
discovered a similar proportion of eQTL downstream of the TSS (Fig. 1A). As eQTL are
more likely to occur where the density of single-nucleotide polymorphisms (SNPs) is
higher, the lower sequence diversity downstream of TSSs made the downstream eQTL
enrichment even more unexpected (Fig. 1A). This pattern was consistent across
multiple gene expression datasets, and accounting for linkage between SNPs only
intensified it (Fig. S1). Our eQTL analysis pointed to a potential central regulatory region
downstream of the TSS in Arabidopsis.

We next examined possible explanations for the observed eQTL distribution. If eQTL
within transcripts are in sequences controlling mRNA stability, eQTL should be more
frequent in exons than introns, which are removed by splicing. While this is what is seen
for human eQTL'®, we observed no such preference for exons in Arabidopsis (Fig.
S2A-B). eQTL were also not enriched toward the end of transcripts (Fig. S3), even
though 3’ untranslated regions (3' UTRs) have known roles in controlling mRNA
stability’'2. Finally, we asked whether eQTL were less likely to occur within coding


https://paperpile.com/c/4rBqGo/JwsM
https://paperpile.com/c/4rBqGo/cmK7
https://paperpile.com/c/4rBqGo/XH0B
https://paperpile.com/c/4rBqGo/5TKK
https://paperpile.com/c/4rBqGo/AxbR+XD5L
https://paperpile.com/c/4rBqGo/9vcd
https://paperpile.com/c/4rBqGo/scpA+2ZYz
https://paperpile.com/c/4rBqGo/Zk9W
https://paperpile.com/c/4rBqGo/6rTf+XClG
https://doi.org/10.1101/2023.09.15.557872
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.15.557872; this version posted September 17, 2023. 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.

regions, which have strong sequence constraints. Indeed, eQTL tended to be most
frequent just downstream of the TSS for genes with longer TSS-to-ATG distances
(defined as 5’ UTRs including introns in the 5" UTRs, Fig. S2C) and just upstream of the
TSS for genes with shorter TSS-to-ATG distances (Fig. 1B). These findings suggest that
the proposed downstream regulatory regions are enriched between the TSS and the
start codon and affect transcription rather than mRNA stability.

Figure 1: Indications for transcription-regulatory regions downstream of the TSS
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(A) eQTL enrichment (below) and nucleotide diversity (Pi, above) near gene TSS (B) eQTL enrichment for
genes with different TSS-to-ATG distances. Group counts: 1,088 (0-50), 968 (50-100), 1,122 (100-250), and
577 (250-500). (C) Proportion of sites with a DAP-Seq peak center, from 529 TFs analyzed. (D) DAP-Seq
peak enrichment, as in C, consolidated for each TF family with at least 10 members in the dataset;
maximum signal for each TF family was scaled to 100. In A-C data smoothed using a 100 bp rolling
window. a.u., arbitrary units.
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If the location of eQTL in the proximity of genes results from variation in transcription
across Arabidopsis strains, then chromatin and TFs are likely to be involved. The first
observation in agreement with this was that histones H3.1 and H3.3 enrichment
downstream of the TSS was moved away from the TSS as TSS-to-ATG distances
increased (Fig. S4). Second, binding sites of 529 TFs, as measured by DNA affinity
purification sequencing (DAP-Seq)'®, showed two peaks, upstream and downstream of
the TSS (Fig. 1C). Individual TFs had a preference for binding on only one side of the
TSS, with similar preferences for members of the same TF family (Fig. 1D & S5). In-vivo
data of three TFs binding confirmed the preference of TFs to bind on either side of the
TSS (Fig. S6). We do not think that inaccurate TSS annotations greatly affect our results,
given that the clear dip in TF binding sites is centered on annotated TSSs. These
analyses support a transcription-regulatory region downstream of the TSS.

To systematically investigate the role of sequences downstream of the TSS in
controlling gene expression, we designed a massively parallel reporter assay' (MPRA,
Fig. 2A). We synthesized 12,000 160-long bp fragments, derived from regions 40-200 bp
upstream or 40-360 bp downstream of the TSSs of highly expressed Arabidopsis genes,
excluding 80 bp around the TSS (-40 bp to 40 bp) which contain the core promoter.
Downstream-derived fragments included exons and introns, with only donor and
acceptor splicing sites excluded. We inserted these fragments on either side of the TSS
of a GFP reporter gene. Insertion-free constructs served as controls. The downstream
insertion site was located in an intron of the reporter gene, to rule out effects due to
altered sequence of the mature mRNA and thus minimizing effects on mRNA stability.
For robust quantification, multiple variants were generated for each insertion, with a 15
bp random barcode within the transcript. Barcodes and tested regulatory fragments
were linked by DNA sequencing, and transcriptional activity was read out by RNA
sequencing.

We used two different GFP reporter constructs to provide different contexts (Fig. S7):
the 46 bp CaMV 35S minimal promoter, commonly used to test plant enhancers, in
combination with a short synthetic 5' UTR, and a 700 bp Arabidopsis TRP1 promoter
fragment and 5 UTR, previously used to study the effect of introns on gene
expression'. In order to derive conclusions with broad applicability to flowering plants,
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we quantified activity of the libraries in four different species - in Arabidopsis, tomato,
and maize using transfection of leaf protoplasts, and in N. benthamiana using leaf
infiltration of Agrobacterium tumefaciens into mesophyll cells. We reasoned that the use
of two different transformation methods would increase the robustness of our
conclusions. Reproducibility was ensured through three to four replicated experiments
(Fig. 2B and S8).

As a control, a small fraction of the synthesized fragments were parts of known
enhancers, previously examined in MPRA™. In most cases, these fragments increased
expression when placed upstream of the TSS (Fig. 2C), but not when placed inside
introns, in agreement with previous results™. Segments of the UBQ10 intron, known to
enhance expression'®, were also included in the library. These intron-derived fragments
drove higher expression when inserted into the intron of the reporter gene rather than
when inserted upstream of the TSS (Fig. 2C).

The position-dependent effects observed for the known enhancers seem to be
common. We found that fragments had similar activity independent of which species
they were assayed, promoter, or how they were introduced into the host cell (Fig. 2D). In
contrast, the relative activity greatly changed when the same fragment was inserted
upstream or downstream of the TSS, even when using the same backbone and species.
These results suggest that, unlike the position-independence seen for animal
enhancers, the activity of flowering plant enhancers is strongly dependent on their
position relative to the TSS.

Furthermore, the original genomic location of the fragment played a substantial role.
Generally, fragments increased expression when positioned in their original position
relative to the TSS, but the extent varied between backbone and species (Fig. 2E and
S9). Enhancers were more effective in the CaMV 35S promoter construct, than in the
TRP1 promoter construct, in which fragments insertions disrupted the TRPT genomic
sequence (Fig. S9). In maize fragments often reduced reporter expression when
inserted upstream, regardless of genomic origin. This finding, juxtaposed with the
strong correlation among fragments relative activity from all libraries, suggests that
while absolute levels are strongly influenced by backbone and species, the relative
effects of different fragments in the same position are similar across species.
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Figure 2: Position-dependent enhancers reside inside transcribe regions
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(A) Massively Parallel Reporter Assay (MPRA) overview: 12,000 fragments (160 bp), originating from
upstream or downstream of the TSS of Arabidopsis genes, were synthesized, pooled, and inserted

upstream of the TSS or within the intron of a reporter gene, and tagged by barcodes. Following transient

transformation into one of four species, barcoded RNA sequencing quantified expression. (B) High
reproducibility in MPRA experiment replicates, demonstrated here for CaMV 35S-minimal promoter-based
libraries. Pearson’s correlation coefficients r are indicated. (C) Expression comparison of constructs with

control enhancer fragments and no-insert constructs, for upstream (top) and downstream (bottom)
insertions. Depicted for N. benthamiana (purple), A. thaliana (blue), tomato (red), and maize (yellow);
construct backgrounds are shape-coded. (D) Left, Pearson’s correlation coefficients between all libraries,


https://doi.org/10.1101/2023.09.15.557872
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.15.557872; this version posted September 17, 2023. 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.

hierarchically clustered. Construct background and insertion position are indicated. Right, activity of
pTRP1-based constructs compared between Arabidopsis and tomato for upstream-upstream (top,
r=0.92), downstream-downstream libraries (middle, r=0.85), and Arabidopsis-Arabidopsis for
upstream-downstream (bottom, r=0.13). (E) Comparison of activity of upstream- (blue) and
downstream-derived (red) fragments relative to no-insertion constructs, when fragments are positioned
upstream (left) or downstream (right) of the TSS. Constructs are p35S-based. Error bars depict the mean
and %1 standard deviation.

An immediate question that arises from our observation is how sequences downstream
of the TSS control transcription activity. We hypothesized that transcription factors that
promote expression through binding DNA motifs may determine the transcriptional
activity of the region. Thus, we searched for 6-bp sequences (6-mers) whose presence
downstream was associated with increased or decreased expression (Fig. 3A-B &
S10A-B). We found more 6-mers that promoted expression than ones that repressed it,
in agreement with downstream fragments’ propensity to increase expression when
positioned downstream. These 6-mers are thus potentially part of sequence motifs
bound by TFs downstream to the TSS.

Across species and backbones, 6-mers including a GATC sequence had the strongest
effect (Fig. 3A, ST10A-B). To quantify the GATC effect we combined the six 6-mers with
the strongest effect into a 8-bp YVGATCBR motif (Y=CT, V=ACG, B=CGT, R=AG, Fig. S11).
Expression levels increased with the number of GATC motifs in the fragment, each copy
increasing expression level on average by almost 50% (Fig. 3C).

To investigate the effects of the GATC motif further, we synthesized 18,000 additional
oligonucleotides, each a variant of a fragment from our initial pool as described below.
These fragments were inserted downstream of the TSS in both backbones, and their
effect on gene expression were measured in Arabidopsis protoplasts across three
replicates (Fig. S12). First, we tested the requirement of the motif by focusing on 841
downstream-derived fragments containing a GATC motif. By deleting, shuffling, or
modifying the core GATC to GATA, we effectively removed these motifs. We found that
such removal led to an average 50% decrease in gene expression, regardless of
mutation type (Fig. 3D, S13A).
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To supplement the GATC-focused mutation analysis, we conducted a deep mutational
scan of 13 downstream-derived fragments. For each, we (i) deleted every set of 10
consecutive base pairs, and (ii) either mutated each nucleotide to its three alternatives
or deleted it. This resulted in 736 derivatives from each original fragment. Any change to
the core GATC motif decreased activity, underscoring the motif’s strict constraints (Fig.
3E-F, S14-15). As expected, these analyses also revealed additional sequences that do
not include GATC motifs as important for enhancing activity of the tested fragments.

Figure 3: A GATC motif is sufficient to increase expression when positioned downstream of the
TSS
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(A) Association of 6-mers with downstream-MPRA activity. Each 6-mer's presence (or absence) in
downstream-derived fragments was compared based on the difference in average log, expression (x-axis)
and Mann-Whitney U test p-value (y-axis). Displayed for p35- (top) and pTRP1-based (bottom) constructs
in tomato. Red points denote 6-mers with GATC; dashed line marks the 5% Bonferroni multiple testing
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threshold. (B) Activity distribution for downstream-derived fragments with (Y) or without (N) 6-mers when
inserted downstream. Plotted for CAGATC in tomato with p35S-based construct (left), and for CACGTG
(G-box") in N. benthamiana with pTRP1-based construct (right). (C) Relative activity of downstream
fragments when inserted downstream, as a function of the number of YVGATCBR consensus motifs in
the tested fragments. Group sizes: 6,855 (no motif), 956 (1 motif), and 119 (2 motifs). Backbone and
species are indicated. (D-G) Activity difference in the p35S-downstream library between original and
mutated fragments. (D) Effect of removing GATC motifs on activity of 823 GATC-containing fragments
(top), and one specific example with 4 motifs (bottom). Motifs were removed by deletion, 8 bp shuffle, or
GATC-to-GATA mutation. (E) Deep-mutagenesis of fragment #7080: effects of 10 bp deletions (top), 1 bp
deletions (X), or 1 bp mutations (bottom). Arrows highlight GATC motifs. (F) As in E, for fragment #2578.
(G) Effect of adding GATC-motifs for 221 fragments with incremental motif additions (top), and four
specific examples (bottom). (H) GATC-motif-gain/loss alleles in the 1,001 Genomes population of
accessions linked to nearby gene expression. The bar-graph showcases the ratio of number of significant
associations with higher vs. lower expression in the GATC-motif allele, grouped by distance to the TSS
(bottom). Top, GATC motif's enrichment in proximity to the TSS. Error bars in B-C represent mean + 1
standard deviation. Boxplots in D and G display median, IQR, and 1.5x IQR, with outliers as points.

We next explored the GATC motifs’ sufficiency for enhancing expression. We took a
random set of 221 fragments from our initial set (166 downstream- and 55
upstream-derived) and incrementally added 1 to 8 GATC motifs to the fragments.
Expression consistently increased with each added copy, even for upstream-derived
fragments (Fig. 3G, S13B-C). Remarkably, 97% of these fragments enhanced expression
once at least 4 GATC motifs were added. The enhancement was a function of base
activity of each fragment, with the increased activity of highly active fragments
becoming saturated after a single GATC addition, and the activity of the initially least
active fragments remained unsaturated even after adding eight GATC motifs (Fig.
S13D). This finding suggests that GATC and non-GATC activity-enhancing sequences
might work through the same mechanism to increase expression of the reporter
constructs.

Finally, to confirm our synthetic MPRA mutational analysis of the GATC motif, we
explored the effects of natural variation in the GATC motif by returning to the
Arabidopsis 1001 Genomes Project data®®. We identified gains and losses of GATC
motifs near TSSs, and asked how these correlated with expression of the affected
genes. We categorized significant associations based on whether the allele with the
GATC motif had higher or lower expression. Consistent with our MPRA findings, an
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enrichment of higher expression was observed exclusively in the GATC-motif allele
situated downstream of the TSS, particularly within the initial 500 bp (Fig. 3H, S16).
Intriguingly, this is also where the GATC motif is predominantly found, reinforcing its role
in enhancing gene expression when located downstream of the TSS.

In plants, the GATC motif is recognized by GATA TFs' (see supplementary note S1),
which are linked to diverse biological functions. The Arabidopsis genome encodes 30
of these TFs. DAP-Seq data reveal GATA factor binding enrichment within 500 bp
downstream of the TSS (Fig 1D, 3H). In this region, 7,397 genes have at least one GATC
motif (Fig. S17A). Gene ontology analysis shows these genes to be enriched in
processes related to the Golgi apparatus, endoplasmic reticulum, endosomes, and
vesicle-mediated transport (table S6). Given its prevalence and association with the
secretion system, the GATC motif likely acts as a widespread regulatory signal in
diverse biological functions.

Enhancer sequences typically consist of multiple DNA motifs that are targeted by
specific TFs, of which Arabidopsis has more than 1,500. Given this diversity, individual
regulatory motifs typically offer limited predictive power of absolute gene expression.
We found nevertheless a strong positive relationship between the occurrence of the
GATC motif within 500 bp downstream of the TSS and gene expression (Fig. 4A). A
comprehensive analysis of all 6-mer counts, both downstream and upstream of the TSS,
highlighted that the GATC motif's association with gene expression is unique (Fig. 4B),
with few other 6-mers coming even close. This positions the downstream GATC motif
as a singularly potent regulatory sequence.

As the GATC-motif effect is strong enough to be observed in genome-wide
measurements, we can investigate its function using the many resources available for
Arabidopsis. If the GATC motif indeed works primarily through transcription and not
mRNA stability, we expect it to affect chromatin measurements. Indeed, occurrence of
GATC-motifs is correlated with the active marks H3K4me3 and H3K36me3%, as well as
RNA polymerase Il occupancy?' (Fig. 4C, S18A-B). Moreover, we observed a correlation
with genome-wide measurements of mRNA synthesis but not mRNA half-life*> (Fig.
S18C-F). These results further support an effect through transcription.
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Because our MPRA inferences came from enhancer activity in leaf cells, we wanted to
know whether the GATC motif was also effective in other tissues. Analyzing a
compendium of gene expression in different tissues and developmental stages verified
once more its regulatory activity in increasing expression, yet also revealed a roughly
3-fold fluctuation in the impact of the GATC motif®~2° (Fig. 4D). Its influence was
smallest in specific seed stages: decreasing from mature green embryo stages through
seed drying, then rebounding upon germination® (Fig. 4E-F).

Figure 4: Cell-type specificity of the GATC-motif effect on gene expression
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(A) In aerial parts of Arabidopsis seedlings?, gene expression correlates with the number of GATC motifs
within 500 bp downstream of the TSS. Expression values are depicted for various motif counts, with "4+"
representing 4-9 motifs. A linear fit reveals a GATC-motif effect size of 0.4 (p-value: 5¥107%), indicating
the average expression increase for each added motif. (B) For all 6-mers within 500 bp up- or downstream
of the TSS, effect size and p-value are determined as in A. The five most significant downstream 6-mers,
all containing the GATC sequence, are highlighted. A 5% Bonferroni threshold indicated by a dashed line.
(C) Average RNA polymerase Il occupancy at genes plotted as in A, with an effect size of 0.17 (p-value:
107%). (D) GATC-motif effect sizes from a compendium of 200 tissue-specific gene expression data
sets® %, as determined in A. Samples with the lowest effect sizes are shaded and detailed. (E) Chart of
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GATC-effect size during embryo/seed development and upon imbibition*2?’, (F) Expression values in dry
seeds and seedling roots® plotted as in A, with effect sizes of 0.07 (p-value: 2.6*107%) and 0.57 (p-value:
4*10%%), respectively. (G) GATC-effect sizes across different root developmental stages, averaged from
single-cell expression data®®. Boxplots in A, C, and F display median, IQR, and 1.5x IQR with outliers as
points.

Conversely, the strongest effects were seen in roots (Fig. 4D). Single-cell expression
data from Arabidopsis roots? pinpointed the meristem as the region most sensitive to
GATC-motif stimulation, with decreasing effects through the elongation and maturation
zones (Fig. 4G). This trend held true across various root cell types (Fig. S19). Similarly,
in the vegetative shoot apex?’, the GATC motif's impact diverged between cell types - for
example, mesophyll cells showing muted effects compared to the pronounced effects
in epidermal cells (Fig. S20). Overall, the GATC motif's regulatory role spans the entire
body plan of the plant, being modified by tissue and cell type. This suggests that the
GATC motif functions like a general rheostat, modulating gene expression of thousands
of genes across plant cell types.

To evaluate the conservation of the GATC-motif's influence on gene expression, we
correlated the number of GATC motifs in the 500 bp downstream region with gene
expression across various land plants®**°~%. Consistent with our MPRA findings in four
flowering plants, GATC-motif count correlated with gene expression in all flowering
plants examined (Fig. 5). This conservation extended to the gymnosperm Pinus
tabuliformis and the fern Ceratopteris richardii, albeit with reduced effect-size compared
to flowering plants. In the lycophyte Selaginella moellendorffii, the association, though
significant, was markedly weaker. Among bryophytes, there was a modest effect in
Marchantia polymorpha, with relatively very weak statistical support, and no clear effect
in Physcomitrium patens. Overall, the impact of the GATC-motif, and by extension the
downstream regulatory sequences, is conserved in vascular plants, with a weaker
influence outside flowering plants.

In summary, we have identified the 500 bp region downstream of the TSS as a critical
site for transcription regulation of a large fraction of plant genes. We demonstrate that
the function of regulatory sequences near the TSS is dependent on their position
relative to the TSS, making them distinct from animal enhancers. We further examined a
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specific downstream GATC-motif that modulates transcription in a dose-dependent
manner. In our analysis, the effect size of the GATC motif easily surpassed that of any
other short DNA motif, even those located upstream of the TSS. The motif apparently
acts as a regulatory module, operating much like a rheostat in tuning gene expression
between cell types, throughout vascular plants.

Figure 5: Downstream GATC motif correlates with gene expression in vascular plants
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within 500 bp downstream of the TSS, across land plant species. Expression is normalized to the 0-motif
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association (p-value) of the GATC motif, as in Fig. 4, are presented. Boxplots show median, IQR, and 1.5x
IQR, with outliers. The right x-axis is square-root scaled.

Our findings are consistent with the frequent identification of TSS-proximal plant introns
in driving gene expression®. Specifically, research into the role of introns has
highlighted a motif similar to the GATC motif'®. As with introns, the TSS downstream
regulatory region, and especially the ability of one motif to control transcription in a
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dose-dependent manner, is promising for biotechnology and synthetic biology
applications.

Intragenic enhancers could impede RNA polymerase Il due to factors recruited to the
transcribed region. While the presence of nucleosomes at genes and intronic enhancers
in animals indicate that the RNA polymerase can navigate proteins obstructing its
path®, it remains unclear how enhancers might function differently depending on their
positioning relative to the TSS. We propose that the distinct 3D genome architecture in
Arabidopsis, characterized by densely packed genes*’, might create different local
environments on either side of the TSS, but many other scenarios can be imagined as
well.

Finally, the GATC-motif regulatory program exerts a widespread influence, modulating
the gene expression of a significant proportion of genes throughout the plant body. The
adaptive advantages this mechanism offers, and how it has evolved across different
lineages, promises to be a fertile ground for future exploration.
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