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SUMMARY

The precise and accurate identification and quantification of transcriptional start sites (TSSs) is key to

understanding the control of transcription. The core promoter consists of the TSS and proximal non-coding

sequences, which are critical in transcriptional regulation. Therefore, the accurate identification of TSSs is

important for understanding the molecular regulation of transcription. Existing protocols for TSS identifica-

tion are challenging and expensive, leaving high-quality data available for a small subset of organisms. This

sparsity of data impairs study of TSS usage across tissues or in an evolutionary context. To address these

shortcomings, we developed Smart-Seq2 Rolling Circle to Concatemeric Consensus (Smar2C2), which iden-

tifies and quantifies TSSs and transcription termination sites. Smar2C2 incorporates unique molecular iden-

tifiers that allowed for the identification of as many as 70 million sites, with no known upper limit. We have

also generated TSS data sets from as little as 40 pg of total RNA, which was the smallest input tested. In

this study, we used Smar2C2 to identify TSSs in Glycine max (soybean), Oryza sativa (rice), Sorghum bico-

lor (sorghum), Triticum aestivum (wheat) and Zea mays (maize) across multiple tissues. This wide panel of

plant TSSs facilitated the identification of evolutionarily conserved features, such as novel patterns in the

dinucleotides that compose the initiator element (Inr), that correlated with promoter expression levels

across all species examined. We also discovered sequence variations in known promoter motifs that are

positioned reliably close to the TSS, such as differences in the TATA box and in the Inr that may prove sig-

nificant to our understanding and control of transcription initiation. Smar2C2 allows for the easy study of

these critical sequences, providing a tool to facilitate discovery.

Keywords: transcription start site, promoter, cis-regulatory elements, template switching reverse transcrip-

tase, rolling circle amplification, technical advance.

INTRODUCTION

The accurate genome-wide discovery and quantification of

transcriptional start sites (TSSs) is needed to understand

the control of transcription initiation and regulation. The

core promoter is located directly upstream of the 50 DNA

sense strand, and non-coding sequences directly down-

stream of the TSS are critical in determining transcriptional

regulation. These sequences directly flanking the TSS

serve as binding sites for the transcription pre-initiation

complex (PIC), which contains RNA polymerase II and

associated general transcription factors (Hampsey, 1998).

Although core promoters may be sufficient to initiate basal

levels of transcription (Kadonaga, 2012), they still colocal-

ize with accessible chromatin and histone modifications

associated with transcription initiation (Felsenfeld, 1992).

Although it is unclear exactly which sequences are needed

to form a functional core promoter, in eukaryotes they

often contain a TATA box, an initiator element (Inr) and a B

recognition element. In addition, other common sequences

such as the downstream promoter element, the CAAT box

and the GC box are located proximally to the TSS, and like-

wise regulate transcription (Br�azda et al., 2021). These core
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promoter sequence features alone are likely to be insuffi-

cient for basal transcription and, to interact correctly with

the core promoter, they must be precisely positioned rela-

tive to the TSS. For this reason, the identification of active

core promoter elements and proximal cis-regulatory ele-

ments are contingent on the annotation of the TSS.

Examining promoter sequences for sites of protein

binding may not be sufficient, as even the most ubiquitous

promoter motifs are only found in a subset of identified

promoters. For example, the Inr is the most common

sequence feature of promoters in eukaryotes, but is only

present in 53.3% of eukaryotic promoters (Br�azda

et al., 2021). Additionally, the TATA box, perhaps the most

well-known example of a sequence associated with a core

promoter sequence, is only found in 24.4% of eukaryotic

promoters (Br�azda et al., 2021). These known sequences

also possess significant heterogeneity in actual combina-

tions of known motifs detected in promoters, although the

function of this remains somewhat unclear (Yamamoto

et al., 2009). The lack of consistent promoter motifs has

led to speculation that DNA secondary structures are likely

to underpin transcription at many promoters (Bansal

et al., 2014). Indeed, secondary DNA structures such as G-

quadruplexes (Huppert & Balasubramanian, 2007),

cytosine-rich i-motifs (Assi et al., 2018) and cruciforms

(Miura et al., 2018) can all influence core promoter func-

tion. However, DNA secondary structure identification is

not as simple as motif or repeat identification (Lee

et al., 2018), making accurate and widespread TSS annota-

tion critical for their discovery.

Beyond understanding the nature of core promoters,

better annotation of TSSs will help detect the use of alter-

native TSSs. Although there are still a lot of unknown vari-

ables surrounding TSSs, Arabidopsis thaliana alternative

TSSs have been shown to change the inclusion of

upstream open reading frames in response to exposure to

blue light and regulate RNA expression via non-sense-

mediated decay (Kurihara et al., 2018). In Zea mays

(maize), alternative TSSs were shown to generate proteins

that exclude different domains and coding regions of sev-

eral genes, leading to altered final products (Mej�ıa-Guerra

et al., 2015). On an evolutionary timescale it has been

shown that new promoters can arise from the inclusion of

a new internal exon, providing a pathway for the rapid

generation of new alternative TSSs (Fiszbein et al., 2019).

Alternative TSSs have been implicated in processes includ-

ing circadian rhythms (Kurihara et al., 2018) and carbon

sensing (Wiese et al., 2004). However, the technical limita-

tions surrounding accurate TSS detection impede the iden-

tification of alternative TSS utilization, leaving their

regulatory importance relatively unknown.

Although variation in core promoter sequence motif

and nucleotide composition is well established, it is

unknown what specific combination of these core

elements is required for transcript initiation. Understand-

ing the minimum motif composition needed for promoter

activity, a true ‘minimal promoter’ without tissue-specific

effects, would greatly benefit plant synthetic biology,

specifically advancing the design of artificial promoters. If

a true minimal promoter sequence was known, it could be

combined with any number of cis-regulatory elements to

precisely tailor transcription to a desired spatiotemporal

context. Recently, Jores et al. (2021) synthesized 79 838

annotated promoters to express a reporter in protoplasts

and transient expression systems, which yielded valuable

information with regards to broad promoter sequence

trends. However, this approach was dependent on annota-

tions derived from RNA-seq, which although effective for

quantifying expression and identifying isoforms, is less

accurate when compared with empirical TSS data (Adi-

conis et al., 2018; Mej�ıa-Guerra et al., 2015). The accurate

identification of TSSs in the genome is a critical early step

needed to dissect and generate a reliable minimal syn-

thetic promoter, an invaluable breakthrough that would

impact fields ranging from stress-tolerant crops (Hou

et al., 2012) to pharmaceutical production in planta

(Lomonossoff & D’Aoust, 2016).

Despite the value of accurate TSS annotation, empiri-

cal TSS data are rarely generated and are lacking for many

species. Several methods can measure TSSs, including

Cap Analysis of Gene Expression (CAGE), which is the

most widely used method and is experimentally robust

(Shiraki et al., 2003). Although CAGE can accurately and

precisely annotate TSSs in a wide range of organisms, it is

technically difficult to perform, requires a large volume of

input RNA, cannot determine polymerase chain reaction

(PCR) duplication, and is time intensive (Adiconis

et al., 2018). One common approach to label TSSs has

been the use of template-switching reverse transcriptases

(TSRTs) (Adiconis et al., 2018). TSRT deposits a few ecto-

pic cytosines after reaching the 50 end of a template

sequence (Zhu et al., 2001), allowing researchers to attach

a template-switching oligo directly at the TSS. RNA Anno-

tation and Mapping of Promoters for Analysis of Gene

Expression (RAMPAGE) (Batut et al., 2013), full-length

cDNA sequencing like single-cell tagged reverse transcrip-

tion (STRT) (Islam et al., 2012) and recently the Survey of

Transcription Initiation at Promoter Elements (STRIPE-seq)

(Policastro et al., 2021) all utilize TSRTs to identify TSSs,

each with unique advantages. We have attempted to utilize

TSRT technology to create a rapid and technically simple

technique that can generate a large number of accurate

PCR de-duplicated TSSs from extremely low levels of input

RNA.

Here, we present Smar2C2, a technique that builds

and improves on previous work using TSRT and rolling cir-

cle amplification to measure TSSs and transcription termi-

nation sites (TTSs) in a wide panel of plant species and
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tissues. Smar2C2 is experimentally simple, rapid and cap-

able of measuring a large number of unique TSSs, all

while requiring extremely low levels of input RNA. We use

Smar2C2 to annotate TSSs from five angiosperm species

and 10 tissues, facilitating the identification of evolutionar-

ily conserved plant promoter features.

RESULTS

Design of Smar2C2

Smar2C2 incorporates barcoded primers and rolling circle

replication to generate sequencing libraries with large

numbers of uniquely barcoded TSS reads. Following first-

strand cDNA synthesis from RNA using a poly-dT primer

and a TSRT (Figure 1a,b), Smar2C2 uses a template-

switching oligo that incorporates a unique barcode

attached to the 50 mRNA end that is used to generate the

full-length cDNA second strand (Figure 1c,d). This gives

each RNA molecule a unique molecular identifier (UMI),

facilitating downstream PCR duplicate removal.

Following this minimal amplification, using in situ

PCR sequences attached by the template-switching oligo

and the initial poly-dT primer used in cDNA synthesis, the

final sequence (Figure 1e) is circularized using a linker and

the sample is treated with a wide range of exonucleases to

remove any residual linear products (Figure 1f). Circular-

ized DNA is then amplified using rolling circle amplification

(Figure 1g), which generates long linear concatemers of

DNA composed of repeating segments of the original

cDNA input (Figure 1h). This concatemer is subsequently

fragmentated for library preparation. Although any library

preparation can be used, for convenience we opted to use

Tn5 to fragment libraries and insert sequencing adaptors

(Figure 1i). The library is then sequenced and reads con-

taining the TSS adaptor are identified by their proximity to

the adaptor attached via the CCC deposited by the TSRT

(Figure 1j) (see Experimental procedures).

We used Smar2C2 to identify TSSs in Glycine max

(soybean), Oryza sativa (rice), Sorghum bicolor (sorghum),

Triticum aestivum (wheat) and Zea mays (maize), in both

leaf and root tissue taken from 4-week-old seedlings. For

all species and tissues, two biological replicates were gen-

erated. Additionally, to assess the efficacy of TSS identifi-

cation we included a Spike-in RNA Variant Control (SIRV)

in the soybean data set, which contains known RNA frag-

ments. In the maize leaf data set, 51.1% of all read pairs

(145.9 million reads) contained a TSS, of which 16.1% (ap-

prox. 8.2% of total reads) contained less than 27 bp of

genomic DNA and were removed from the downstream

analysis. A total of 73.5% (105.8 million reads) of the TSS

reads were uniquely mapped to the genome, with 9.46%

(12.4 million reads) TSS reads multimapped and discarded

from further analysis. Aligned reads were then de-

duplicated using the UMI attached to each read. In total,

53.0% (56.7 million reads) of the reads contained a unique

UMI. This resulted in an average of 4.80 UMIs per TSS

position. In total, 19.94% of the sequenced reads contained

a TSS adaptor, were mapped successfully to the genome

and contained a unique UMI. In the maize shoot, this

resulted in 56 764 592 individual TSS reads being identi-

fied. This high number of reads is beyond what was

required for previous applications, and should allow for

the detection of more subtle TSSs.

Soybean leaf libraries were also subjected to a series

of 10-fold serial dilutions following RNA extraction, with

samples containing 40 ng, 4 ng, 400 pg and 40 pg

sequenced to test the minimum input of RNA alongside

the standard input of 400 ng. All input levels generated

successful libraries, with no detectable loss in library com-

plexity. Technical replicates had a high degree of similar-

ity, with R2 values of greater than 0.93 for all standard 400-

ng input libraries, and the reduction of input RNA levels

only reduced the R2 values slightly (Figure S1).

Individual TSSs can be analyzed as a single position,

but it is often useful to group TSSs that occur in a small

region into transcription start regions (TSRs). Aligned

reads were assigned to a single base pair (bp) TSS as well

as a cluster of start sites called the TSR using TSRCHITECT

(Raborn et al., 2017). TSRs were assigned to genes that

were either overlapping or contained an annotation

1000 bp downstream of the TSR; any TSR outside this

range was defined as distal. Highly transcribed genes con-

tain small falsely annotated TSRs within genes that are the

result of infrequent aberrant transcripts, decayed RNA or

other technical artifacts. These artifacts are present in other

validated TSS data sets (Mej�ıa-Guerra et al., 2015; Policas-

tro et al., 2021), as well as in the spike-in control, and are

often removed by setting a threshold based on a percent-

age of promoter proximal reads from which to consider

reads (Policastro et al., 2021). However, as a result of the

high read depth, we risked either identifying a large num-

ber of aberrant TSSs inside of highly transcribed genes

with a low threshold or eliminating TSSs that appear valid

in more lowly transcribed genes when using a high thresh-

old. Therefore, we excluded TSRs that do not contain at

least 10% of the total reads for any individual gene. This

compromise allowed us to consider the local TSS environ-

ment when deciding which reads should be considered in

further analysis.

In relation to other 50 RNA-sequencing methods, the

time and material costs associated with Smar2C2 are clos-

est to the previously reported STRT (Table S1) (Adiconis

et al., 2018), with a low cost of library prep relative to other

techniques and roughly 10 h of benchwork, spread across

2 days. This is unsurprising given that, of the techniques

assessed, Smar2C2 shares many common steps with

STRT, deviating at the circularization of full-length cDNA.

Although with Smar2C2 not all reads sequenced contain a
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TSS, this technique is able to compensate for some of the

costs in library preparation.

Validation of Smar2C2 accuracy

As an initial form of unbiased validation, an RNA spike-in

control (Lexogen SIRV-Set 2) was added to a soybean sam-

ple. These synthetic RNA isoforms contained TSSs with a

high degree of complexity, such as alternative TSSs, over-

lapping transcripts and antisense transcripts (Figure S2).

Comparing the known TSSs with those revealed by

Smar2C2, we were able to evaluate the accuracy of

Smar2C2. We found a high degree of accuracy between

the known TSSs and those found via Smar2C2, and when

using the same thresholds to identify TSRs as described

above, which require at least 10% of the total reads from

the final transcript, 99.1% of reads were within one base

pair of the annotated TSS. Finally, the primary transcrip-

tion start site (pTSS), defined as the single-nucleotide posi-

tion within a TSR containing the highest read count, within

each TSR was directly on the annotated TSS for every

spike-in RNA. Most TSS reads not positioned around an

annotated TSS appeared at locations within the annotated

gene with only a single read, which is consistent with rare

aberrant transcripts and degradation products. These

results show that when Smar2C2 is assessed against a

known control it accurately annotates TSSs with a high

degree of single-nucleotide accuracy.

In addition to synthetic controls, we assessed the

validity of the TSSs discovered on a genome-wide scale.

We compared the Smar2C2 TSSs against the well-

validated CAGE technique using TSS data generated in the

maize shoot from a previous publication (Mej�ıa-Guerra

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

Figure 1. Design overview of Smar2C2.

(a) cDNA is generated with a template-switching reverse transcriptase using extracted RNA (light green) and a poly-dT primer (light blue) with an adaptor (or-

ange) (b). (c) A template-switching oligo containing an adaptor (blue) and unique molecular identifier (UMI) (purple) is bound to the deposited cytosines and

used to add the second adaptor and UMI to the cDNA (d). The final construct (e) is circularized using a linker (dark green) (f) and amplified using rolling circle

amplification (g). Rolling circle amplification generates a linear strand of repeating segments (h), and Tn5 is used to generate a final library for sequencing (i).

This places the transcription start site (TSS), identifying adaptor and UMI in variable locations within the read (j), allowing for them to be sequenced and

extracted bioinformatically.
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et al., 2015). For Smar2C2 pTSSs that are located upstream

of the same gene as the CAGE reads, the CAGE reads tend

to align directly on the annotated pTSS (Figure 2a,b). The

distribution of TSS reads surrounding annotated TSSs in

CAGE and Smar2C2 is also similar, with a strong peak cen-

tered on the existing annotation (Figure S3). Although the

number of reads distal to any existing gene annotation is

higher than that seen in other existing TSS data sets, it is

consistent with published CAGE data reprocessed using

the same pipeline (Figure 2c) (Mej�ıa-Guerra et al., 2015).

Of the 18 398 peaks identified by CAGE in the maize shoot,

13 716 (74.5%) were also identified via Smar2C2. In con-

trast, CAGE identified only 21.5% of the peaks identified in

Smar2C2. One reason for these differences is that CAGE

uses a randomer instead of a poly-dT primer and generates

27-bp mappable fragments of cDNA instead of the longer

Smar2C2 fragments, which average 79 bp but can be

>140 bp in length. Additionally, although the same tissue

and genotype was sampled for the CAGE and Smar2C2

data sets, the CAGE sample was harvested from more

juvenile plants, which will also contribute to differences

between the two data sets. Finally, CAGE lacks any UMI for

de-duplication, which may cause PCR duplicates to form

false TSSs. We theorized that false TSSs arising from PCR

duplicates should be more common at short peaks located

farther from other clusters of TSSs. To test this, we omit-

ted the de-duplication step of our bioinformatic pipeline

and examined the change in short TSSs. Of the TSRs

under 10 bp, we observed an increase from 81.0% to

85.1% in TSRs of 1 bp in length, whereas all other TSRs

showed a decrease overall (Table S2). The TSRs that

appeared in CAGE but were absent in Smar2C2 were more

likely to be one nucleotide in length, with 80.0% of discor-

dant peaks being one nucleotide long whereas 61.1% of

concordant peaks were one nucleotide long. The higher

proportion of single-nucleotide peaks that become

enriched PCR duplicates if not removed suggests that

some of the difference in the data sets arises from the

technical limitations of CAGE.

To further investigate the validity of the Smar2C2

TSSs, we examined them for the chromatin states

expected at TSSs (Figure 3a). For active promoters, acces-

sible chromatin is expected directly upstream of the TSS,

to facilitate transcription factor binding and PIC formation

(Klemm et al., 2019). Accessible chromatin was measured

with an assay for transposase-accessible chromatin with

high-throughput sequencing (ATAC-seq) (Lu et al., 2017),

which revealed a strong enrichment directly upstream of

the Smar2C2 pTSS locations (Figure 3b). Different histone

modifications are correlated with transcription initiation

and transcription elongation directly downstream of the

TSS. Specifically, H3K4me3 and H3K56ac are well-known

histone modifications associated with transcription initia-

tion that are found directly downstream of the TSS. These

stand in contrast to H3K4me1 and H3K36me3, histone

modifications associated with transcriptional elongation

that are found further downstream of TSSs within the gene

body in plant genomes (Mendieta et al., 2021; Ricci

et al., 2019; Roudier et al., 2011; Zhang et al., 2009). Com-

paring previously published libraries from chromatin

immunoprecipitation assays with sequencing (ChIP-seq)

(Ricci et al., 2019) with transcription-associated histone

modifications to the Smar2C2 pTSS coordinates, we

observe that, as expected, H3K4me3 and H3K56ac are

highly enriched directly downstream of Smar2C2 pTSSs,

whereas H3K4me1 and H3K36me3 are enriched further

downstream of Smar2C2 pTSSs in the gene bodies (Fig-

ure 3b). Across the pTSSs discovered around annotated

genes, 85.5% displayed predicted histone modifications

associated with transcription initiation, whereas 5.7% dis-

played unexpected relative locations of histone modifica-

tions associated with transcription initiation. The

remaining 8.8% were not located within 1000 bp of the

domains enriched for histone modifications associated

with transcription initiation or elongation. Although it is

possible that this discordance arises from differences

between experimental set-ups, the most likely explanation

is the high sensitivity of Smar2C2 relative to ChIP-seq.

Together with the strong overlap with CAGE, as well as the

correlation of chromatin states surrounding the TSS, we

are confident that Smar2C2 accurately identifies TSSs.

To examine the Smar2C2 TSSs further, we compared

our results with previous work focused on improving

annotations using chromatin modification (Mendieta

et al., 2021). In addition to supporting the identified

Smar2C2 TSSs, histone modifications associated with tran-

scription initiation and elongation can also be used to

identify misannotated and unannotated genes in the gen-

ome (Figure 4). In total, 1396 of the Smar2C2 TSSs are

proximal to mis-annotated genes identified via ChIP-seq

(Mendieta et al., 2021). Additionally, 1189 TSSs are distal

to known genes that overlap novel genes discovered using

histone modification data, providing a potential method of

novel gene identification (Mendieta et al., 2021). Smar2C2

libraries also possess the potential to be used for annota-

tion in a similar manner to standard RNA-seq data, provid-

ing a possible improvement to existing genome

annotation pipelines.

Applications of precise TSS identification

As a result of the simplicity of the protocol, we generated,

with replicates, high-quality TSS data for all the aforemen-

tioned species in both leaf and root tissue. We examined

these new TSSs and explored the positional enrichment of

sequence motifs relative to them. Previous work has estab-

lished that classical core promoter sequences like the

TATA box and Inr are present in maize and Arabidopsis

with precise positional requirements (Andersson &
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Sandelin, 2020; Mej�ıa-Guerra et al., 2015). By capitalizing

on the ease of execution and the increased sequencing

depth of this technique we can add validity to the annota-

tion of core promoters while expanding our understanding

in a comparative evolutionary context across closely

related species. We detected anywhere between 57 000

and 165 000 TSRs, which was largely dependent on the

total depth of sequencing for each individual library and

the species being sampled (Table S3). Although the total

number of TSSs and TSRs discovered between species

varied, the percentage of TSSs discovered divided by the

total library size remained within 1.5% of other tissues and

replicates, indicating that the total number of TSSs discov-

ered is consistent within species and across tissues. The

number of reads located proximal to known genes was

fairly consistent, with between 69 and 74% of the gener-

ated TSRs located next to and transcribing into existing

gene annotations. The one exception was wheat, where

only 49% of shoot TSRs and 54% of root TSRs were

located proximal to existing annotations. It is unclear

whether these differences are associated with the available

gene annotations and genome assemblies or are caused

by unknown biological factors.

To explore the general sequence patterns surrounding

the TSS, sequence logos were created using TSREXPLORER

(Policastro et al., 2021) by looking at the information con-

tent of individual nucleotides relative to the Smar2C2 pTSS

(Figure 5a). The information content for individual nucleo-

tides at the top expression decile appeared similar

between all the species surveyed. Each species displayed a

clear sequence preference directly on the pTSS, likely dis-

playing the Inr sequence consisting of a pyrimidine purine

dinucleotide (Hoskins et al., 2011). The TATA box was also

visible from the �34 to �28 nucleotides relative to the

pTSS, showing a strong enrichment for TA nucleotides

characteristic of the classic motif (Haberle & Stark, 2018).

Lastly, the information content of CG nucleotides in the

region directly between the TATA box and the Inr

sequences from nucleotides �11 to �24 was higher than

that in the surrounding regions, excluding the Inr, possibly

indicating the presence of a previously described Y-patch

motif (Jores et al., 2021). As pTSS strength decreases, the

(a) (b)

(c)

Figure 2. Smar2C2 overlap with CAGE.

(a) Browser tracks showing the overlap between Smar2C2 and existing CAGE data in Zea mays (maize) at a single base-pair resolution relative to existing anno-

tations. The box indicates a magnified image of the browser track to highlight single base-pair resolution. (b) A heat map of CAGE reads and Smar2C2 reads

centered on the genic transcription start site (TSS) identified by Smar2C2 shows that when CAGE reads are present at a Smar2C2 TSS they show a high degree

of precise and concentrated overlap. (c) A comparison of the location of TSS reads in CAGE and Smar2C2 using the same processing pipeline.
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information content at each of these major areas tends to

decrease as well, usually around the TATA box and Inr.

However, other areas can also gain information. For exam-

ple, in rice and sorghum roots the information content of

the 50 untranslated region (50 UTR) increases greatly, show-

ing a GTAC pattern in lowly expressed genes (Figure S4).

Highlighting the importance of accurate TSS annotation,

this motif detection is extremely dependent on pTSS posi-

tion, with even single nucleotide shifts in either direction

eliminating the observed nucleotide enrichment.

With precise location data we can also begin to exam-

ine small sequence variation in core promoter motifs. The

TATA-box sequence, which is usually located in the region

between nucleotides �34 and �28, was compared across

several species as well as across expression levels

(Figure 5a). The precise location information, which only

varied by one nucleotide in either direction, lets us exam-

ine only TA-rich motifs that fall within the predicted region.

This allowed for increased resolution and the removal of

noise resulting from similar motifs that were not located

within the specific region (Figure 5c,d). The canonical

TATA-box motif in eukaryotes is TATAWAW, and the anno-

tated motifs discovered in these plants seem to mostly fol-

low this trend, although there was some variability in the

newly discovered motif (Figure 5b). For example, except

for maize, all plant genes in the highest expression decile

seemed to favor a CTATAWAW motif. As expression levels

decrease, plant genes had more variation in the motifs that

are detected near the TATA box. The TATA box is a major

contributor to core promoter strength (Jores et al., 2021)

(a)

(b)

Figure 3. Validation of Smar2C2 TSS using epigenomic data.

(a) The expected orientation of epigenomic data relative to the transcription start site (TSS) in plants with accessible chromatin identified via ATAC-seq (gray)

present upstream in the promoter, histone modifications of transcription initiation H3K56ac (pink) and H3K4me3 (purple) directly downstream, and histone mod-

ifications of transcription elongation H3K36me3 (red) and H3K4me1 (burgundy) further downstream in the gene body. (b) Heat maps of epigenomic and CAGE

data centered on the primary TSS identified with Smar2C2 show that these histone modification patterns are consistent across the entire genome, with genes

ranked by the volume of ChIP data.
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and these observed differences in sequence motifs may

impact core promoter activity, so an understanding the

diversity of these motifs is the first step towards compre-

hending their function.

We examined the sequences directly surrounding

(�1 bp) the measured site of transcription initiation, as din-

ucleotide ratios surrounding the TSSs have been described

in other eukaryotes as pyrimidine–purine combinations

(Nepal et al., 2013; Policastro et al., 2021). Analysis across

all four grass species show an enrichment of C/T at the �1

position directly upstream of the pTSS and A/G at the +1
position directly downstream of the pTSS (Figures 6a and

S5). As expected, all possible pyrimidine–purine dinu-

cleotide pairings were the four most represented dinu-

cleotides in the four grasses studied, and, although they

were not evenly distributed, these dinucleotides had simi-

lar frequencies across expression deciles. The most highly

expressed genes were enriched most commonly for CA,

followed by CG, TG and TA, which are all enriched relative

to the other dinucleotide frequencies. In the top decile of

expression, CA shows a 6.12-fold enrichment over back-

ground genomic dinucleotide frequencies, whereas the top

decile of CG shows a 4.8-fold increase over background

genomic frequencies. All four common dinucleotides

trended downwards as the expression of the pTSS

decreases, approaching random distributions at lower

levels of expression (Figures 6b and S6). Importantly,

these uneven distributions of possible dinucleotide ratios

are conserved across all four grass species examined. It is

possible that there are more complicated Inr motifs

beyond simple dinucleotides, like those reported in fruit

flies (Haberle & Stark, 2018). As expression decreases, the

dinucleotide TA quickly becomes no more common than

any other dinucleotide. However, TA does appear to be a

part of the only longer motif (AAACCCTAG) that was sig-

nificantly enriched at the pTSS in all four grass species

promoters. In every species except wheat, the motif is

enriched on a specific single nucleotide that places TA as

the dinucleotide pair flanking the pTSS (Figure S7). This

motif is very similar to the canonical binding site of MYB-

related transcription factors (O’Malley et al., 2016), but

how this motif functions in a core promoter is unknown

(Figure S7). The sequence patterns surrounding the TSSs

identified by Smar2C2 provide additional validity to

Smar2C2, and also highlight the uses for accurate TSS

data.

DISCUSSION

There are several well-vetted methods for the identification

and annotation of TSSs in all domains of life. However,

despite the ability to generate these data sets and investi-

gate the fundamental nature of TSSs with regards to tran-

scription, barring a few model organisms, the overall

availability of data remains sparse. CAGE is a proven tech-

nique that can reliably identify TSSs, but it is difficult to

perform, is confounded by PCR duplicates, time and cost,

and requires a large volume of input of RNA. As a result of

these limitations, many improvements have been made on

various aspects of CAGE, usually revolving around improv-

ing the ease of execution and decreasing the input require-

ments (Adiconis et al., 2018; Cumbie et al., 2015;

Salimullah et al., 2011; Yamashita et al., 2011). Other

Existing annotationExisting annotation

ChIP corrected CDS annotationChIP corrected CDS annotation

Smar2C2 TSSSmar2C2 TSS

Promoter Promoter 
bindingbinding

Transcription Transcription 
initiationinitiation

Transcription Transcription 
elongationelongation

ATAC-seqATAC-seq

H3K56acH3K56ac

H3K4me3H3K4me3

H3K36me3H3K36me3

H3K4me1H3K4me1

Figure 4. Smar2C2 transcription start site (TSS) compared against ChiP-corrected annotation.

Previous work has established that genome annotations can be improved by using histone modification ChIP-seq data to predict the location of TSSs within the

genome that might differ significantly from the existing annotation. Smar2C2 TSSs can be used to corroborate the corrected annotations. An example browser

shot of the existing annotation, the corrected annotation predicted via ChIP-seq data and the relevant ChIP-seq data tracks is shown here. The triangles repre-

sent the single base-pair TSS, as determined by Smar2C2, whereas the red arrows indicate the direction of transcription.
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attempts to measure TSSs have focused around technolo-

gies like TSRTs, which have had obvious utility and advan-

tages since their use in the generation of full-length cDNAs

(Baran-Gale et al., 2018; Zhu et al., 2001) and have been

used successfully to identify TSSs previously (Batut

et al., 2013; Islam et al., 2012). Techniques like STRT have

used the TSRT to generate full-length cDNA with adaptors

attached on either end of the read for single-cell applica-

tions, but then rely on enzymatic digestion and adaptor

ligation to generate libraries that can be used with high-

throughput sequencing (Islam et al., 2012). However, this

is only able to generate a limited number of TSSs from a

single sample and does not increase with increased sam-

ple input (Adiconis et al., 2018). Through Smar2C2, we

(b)

(c)

(d)

(a)

Figure 5. TATA-box motifs identified by Smar2C2.

Sequence logos show sequence patterns surrounding the transcription start site (TSS), including possible initiator element (Inr) and TATA-box sequences (a).

The TATA-box motifs discovered close to the TSS display precise positional enrichment relative to the TSS (c), and are found in the classic region from posi-

tions �28 to �35 of the promoter (c, d). TATA-box motifs discovered in the highest expression decile show some sequence deviation from the classic TATA-box

motif, with Oryza sativa (rice), Sorghum bicolor (sorghum) and Triticum aestivum (wheat) displaying enrichment for a C preceding the more classic TA-rich

motif (b).
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have built upon these existing techniques to generate a

TSS profiling method that combines the ease of full-length

cDNA generation with quantifiable high-throughput

sequencing to generate high numbers of TSS reads.

The initial use of TSRT alongside a poly-dT primer

allows for easy generation of cDNA from extremely low

levels of RNA input. TSRTs have been widely used in low-

input protocols and single-cell cDNA generation, and poly-

dT primers are easy to use and exclude the abundant non-

polyadenylated RNA. Smar2C2 generated TSS data using

as little as 40 pg of total input RNA while showing minimal

losses in data quality. Although not unique to Smar2C2,

the TSRT allows for the use of an adaptor that contains a

unique molecular identifier, allowing the removal of PCR

duplicates, unlike CAGE.

We have also demonstrated that Smar2C2 measures

valid, accurate and precise TSSs through many orthogonal

validation approaches. Not only does Smar2C2 show con-

cordance with CAGE, but it also correctly identifies TSSs

from complex spike-in controls. Moreover, Smar2C2 TSSs

displayed all the predicted histone modifications associ-

ated with transcription initiation. Although Smar2C2 lacks

efficiency in terms of the total number of library reads that

identifies a TSS, it is very efficient in terms of reagent and

time costs. The ability to generate a large number of TSSs

from a single sample using low inputs in a short period of

time can compensate for the costs of sequencing the

library.

To demonstrate the utility of Smar2C2 genome-wide

TSS measurements, we measured the TSSs of five

agronomically important crops. This allowed for the com-

parison of core promoter features both within species and

across species. We characterized the TSS dinucleotide

sequences, as well as upstream and downstream sequence

motifs. With precise TSS data, we identified short

sequence characteristics that would otherwise be unde-

tectable, improving the annotation of core promoter motifs

and detecting previously unreported patterns in TATA box

and Inr sequences. Many of these core promoter features

were conserved across all species examined.

By combining widely used methods of sequence anal-

ysis with precise TSS positioning we can begin to discover

patterns and information that would otherwise be unavail-

able. When entire sequences are examined for motif

enrichment it can be difficult to separate what is a binding

site for a functional regulatory element and what is uncon-

served noise present in any non-coding sequence, and this

problem becomes more drastic as sequence patterns

become shorter or more flexible while retaining function.

By using positional data we can eliminate large portions of

potential sequences for consideration, allowing for a fine-

tuned examination of regions that we know to be impor-

tant for core promoter function.

The improved resolution and novel sequence patterns

in core promoter sequences revealed by the precise TSS

annotation advance the basic understanding of promoter

function, as well as the biotechnology that manipulates the

promoters. Some attempts have been made to analyze the

sequence motifs present in a subset of promoters, such as

genes that changed expression in response to heat shock,

(b)(a)

Figure 6. Nucleotide trends directly flanking the transcription start site (TSS).

(a) A nucleotide heat map in Zea mays (maize) centered on the 10 nucleotides flanking the TSS shows a clear sequence bias, with C/T being more present at the

+1 nucleotide, directly upstream of the TSS, and A/G being more present at the �1 nucleotide, directly downstream of the TSS. This general pattern is more

prevalent at higher expression deciles, becoming less apparent as the expression levels decrease. (b) These sequence patterns can also be examined as dinu-

cleotide ratios flanking the TSS. Although the pattern of C/T upstream and A/G downstream is consistent, there is clearly a significant bias towards CA, and then

CG followed closely by TG. These patterns are most apparent at the highest expression deciles and become less pronounced as expression decreases.
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and use that information to generate a synthetic promoter

that activates under the desired conditions (Maruyama

et al., 2017). Better knowledge of core promoter sequences

will facilitate the identification of the minimal sequences

required for transcriptional initiation, or a true ‘minimal

promoter’. Having a bona fide plant minimal promoter will

improve our understanding of transcription, while expand-

ing the ability to express plant synthetic constructs with

tight spatiotemporal precision. In addition to tailoring the

expression of agronomically important genes, more speci-

fic promoters benefit diverse fields, including plant-

produced biopharmaceuticals (Lomonossoff &

D’Aoust, 2016). The precise control of expression can also

enable the implementation of synthetic genetic circuits in

plants (McCarthy & Medford, 2020), expanding expression

patterns to include possible AND, IF, and OR Boolean oper-

ators. Plant synthetic biology is still in its infancy, and a

strong understanding of transcriptional initiation will be

critical in unlocking new avenues of discovery and

advancement.

Many additional analyses are enabled by Smar2C2

that were not outlined in this report and are beyond the

scope of this particular project. For example, Smar2C2 pre-

cisely measured TTSs, which can be analyzed separately

or examined when they occur on a read pair with their cor-

responding TSS. As a result of the paired-end nature of

these data this allows for an examination of the coupling

of alternative TSSs, alternative splicing, and alternative

TTSs. Additionally, we discovered many TSSs and TSRs

distal to existing gene annotations. It is unclear what these

reads correspond to, but they provide an exciting opportu-

nity to discover transcripts absent in current annotations.

Traditional annotations often cannot empirically define

TSSs, instead estimating TSSs based on annotations from

related organisms or RNA-seq. This has been shown to be

potentially inaccurate (Mendieta et al., 2021), and lacks the

resolution critical for the discovery of motifs outlined in

this paper. Smar2C2 can both add novel TSS annotations

and refine known gene TSS annotation.

In summation, we have demonstrated that Smar2C2

allows for the rapid accurate placement of a previously

unobtainable number of TSSs while using extremely low

RNA inputs. Each individual TSS is tagged with a UMI,

ensuring that every mapped read originated from a unique

transcript. Lastly, we have demonstrated with artificial

transcripts, chromatin data, and predicted sequences that

our TSSs are extremely accurate, with single-nucleotide

resolution. Smar2C2 is simple to execute, quick and inex-

pensive. The advantages of Smar2C2 should aid more

widespread measurements of TSSs, improving the under-

standing of promoter function, transcriptional regulation,

cis-regulatory element identification and genome annota-

tions.

EXPERIMENTAL PROCEDURES

Plant growth and tissue preparation

Plants were grown in soil (Sungro Horticulture Professional Grow-
ing Mix; Sungro, https://www.sungro.com) mixed with Marathon
1% Granular Greenhouse and Nursery Insecticide (https://www.
ohp.com/Products/marathon_1g.php) and Gnatrol WDG Larvicide
(https://nufarm.com/usturf/product/gnatrol-wdg/). Plants were
grown at 21°C with a long-day photoperiod (16 h light/8 h dark) at
60% humidity. Shoot and root tissue were harvested from plants
4 weeks after planting.

RNA extraction

RNA was extracted from plants using the Monarch Total RNA
Miniprep Kit with the Tough-To-Lyse protocol (New England Bio-
labs, https://international.neb.com). Tissue was dissected from the
plant and flash frozen in liquid nitrogen. Tissue was then ground
in a porcelain mortar and pestle for 3 min. The sample was then
suspended in 800 ll of 19 DNA/RNA protection reagent and cen-
trifuged at 16 000 g for 2 min to pellet the debris. Then 800 ll of
the supernatant was transferred to a fresh Eppendorf tube, and an
equal volume of RNA Lysis Buffer (800 ll) was added. The sample
was then vortexed briefly and 800 ll of the sample was trans-
ferred to the gDNA removal column. The sample was centrifuged
for 30 sec at 16 000 g and the flow through was recovered. Then
800 ll of RNase free 200-proof pure ethanol was then added to
the flow through and mixed thoroughly by pipetting. After that,
800 ll of the mixture was transferred to an RNA purification col-
umn and centrifuged for 30 seconds at 16 000 g. The column was
then washed with 500 ul of RNA wash buffer and the flow through
was discarded. Then 5 ll of DNase I was combined with 75 ll of
DNase I reaction buffer (New England Biolabs) per sample, and
the mixture was carefully pipetted directly on top of the column
matrix. The sample was allowed to incubate for 15 min at room
temperature (18–23°C). Then 500 ll of RNA priming buffer was
added and the solution was centrifuged for 30 sec at 16 000 g.
The sample was washed with 500 ll of RNA wash buffer and spun
for 30 sec, followed by a second wash of 500 ll and a 2-minute
spin at 16 000 g. The wash buffer was then discarded and the
sample was re-spun for 1 min at 16 000 g to ensure no ethanol
contamination. Next, 50 ll for nuclease-free water was added and
the sample was spun for 30 sec at 16 000 g. The sample was then
placed on ice and the total double-stranded RNA (dsRNA) was
quantified using the Qubit RNA broad range assay kit. All reagents
and materials used for these steps were used exclusively for RNA
extraction and are kept sealed and separate to ensure no RNase
contamination. All work stations, gloves, mortar and pestle, and
nitrogen storage vessels were thoroughly cleaned with ethanol
and RNaseZap.

cDNA generation

A 400-ng portion of the sample was added to a strip tube and
incubated with 2 ll of 10 lM ISPCR poly-dT primer and 1 ll of
10 mM dNTP. The protocol was also tested with 40 ng, 4 ng,
400 pg and 40 pg of input RNA generated via serial dilution.
Nuclease-free water was added to the sample to bring it to 6 ll
and the sample was mixed via pipetting. The sample was incu-
bated at 72°C for 3 min and then immediately placed on ice for
5 min. Following this, 2 ll of 59 First-Strand buffer, 1 ll of 20 mM

DTT, 0.5 ll of 100 lM ISPCR TSO-UMI oligo (IDT, Coralville, IA,
USA) and 0.5 ll of SMARTscribe Reverse Transcriptase (Takara
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Bio, Kusatsu, Japan) were added and mixed gently with pipetting.
The sample was incubated for 90 min at 42°C and then 75°C
before being placed on ice. Then, 13 ll of Q5 High-Fidelity 29
Master Mix (New England Biolabs), 2 ll of 5000 U/ml RNase H
(New England Biolabs) and 2 ll of 10 lM ISPCR oligo (IDT) were
then added to the solution. The sample was then incubated for
37°C for 15 min, 95°C for 1 min, 65°C for 10 min and 98°C for
45 sec, followed by 6 cycles of 98°C for 10 sec, 63°C for 30 sec
and 72°C for 3 min. The samples were then purified using the
Monarch PCR and DNA cleanup kit with a binding buffer ratio of
5:1 and eluted in 10 ll of water. All reagents and materials used
for these steps were used exclusively for RNA extraction and are
kept sealed and separate to ensure no RNase contamination. All
work stations, gloves, mortar and pestle, and nitrogen storage
vessels were thoroughly cleaned with ethanol and RNaseZap.

Linker formation

Combine 25 ll KAPA HiFi HotStart ReadyMix (29), 1 ll 10 lM for-
ward splint, 1 ll 10 lM reverse splint and 23 ll of water. Incubate
at 95°C for 3 min, 98°C for 1 min, 62°C for 1 min and 72°C for
6 min. The Zymo Select-a-Size cleanup kit (Zymo
Research, Irvine, CA, USA) was used, with 85 ll of 100% ethanol
added to 500 ll of select-a-size DNA binding buffer. Final concen-
trations were determined using the Qubit dsDNA broad range kit
(Thermo Fisher Scientific, Waltham, MA, USA).

Circularization and rolling circle

A 200-ng portion of splint DNA and 10 ll of NEBuilder HiFi DNA
Assembly (New England Biolabs) were added to 10 ll of the sam-
ple solution. The solution is then incubated for 60 min at 50°C.
Add 5 ll of NEBuffer2 (New England Biolabs), 1 ll of exonucle-
ase I (New England Biolabs), 1 ll of lambda exonuclease (New
England Biolabs), 0.5 ll of exonuclease III (New England Biolabs)
and 21.5 ll of water. Incubate the sample for 37°C for 60 min fol-
lowed by 80°C for 20 min. The samples were then purified using
the Monarch PCR and DNA cleanup kit with a binding buffer ratio
of 5:1 and eluted in 20 ll of water. Following this, add 19 ll of
water, 2.5 ll of 10 mM dNTP (New England Biolabs), 2.5 ll of Exo-
Resistant Random Primer (Thermo Fisher Scientific), 5 ll of 10X
phi29 buffer and 1 ll of phi29 DNA polymerase (New England Bio-
labs) to the solution. Incubate for 4 h at 30°C followed by 10 min
at 65°C. Purify using the Monarch PCR and DNA cleanup kit with a
binding buffer ratio of 5:1 and elute in 19 ll of water.

Tn5 fragmentation and library preparation

Add 20 ll of 29 TD buffer and 2 ll of loaded Tn5 to 19 ll of sam-
ple. Incubate for 30 minutes at 37°C. Purify using the Monarch
PCR and DNA cleanup kit (New England Biolabs) with a binding
buffer ratio of 5:1 and elute in 10 ll of water. Add 1.25 ll of 25 lM
barcoded primer 1 (IDT), 1.25 ll of 25 lm barcoded primer 2 (IDT)
and 12.5 ll of Q5 High-Fidelity 29 Master Mix (New England Bio-
labs) to the 10 ll of sample and incubate for 72°C for 5 min, 98°C
for two minutes, followed by six cycles of 98°C for 10 sec, 63°C for
30 sec and 72°C for 90 sec. Purify using the Monarch PCR and
DNA cleanup kit with a binding buffer ratio of 5:1 and quantify the
final concentration using the Qubit dsDNA broad range kit
(Thermo Fisher Scientific).

Sequencing

Libraries were sequenced using the NovaSeq 6000 platform (Illu-
mina, https://illumina.com), with each full RNA input replicate
receiving between 83 and 230 million paired-end reads, and serial

dilution samples receiving between 11 and 41 million paired-end
reads (Table S3).

TSS identification

CUTADAPT 3.4 (Martin, 2011) was used to quality trim reads, identify
and remove generic sections of the TSS adaptor (AAGCAGTGG-
TATCAACGCAGAGTAC) and filter out reads that did not contain
the TSS adaptor. UMI-TOOLS 1.0.1 (Smith et al., 2017) was then used
to extract the sequence containing the UMI
(NNNNNNNNNNNNATGGG) and place it in the fasta header.
Sequences were then mapped using STAR 2.7.9a (Dobin
et al., 2013), removing all filters for variation in read length size
for the variability caused by the adaptor location within the read.
Output bam files were then indexed using SAMTOOLS 1.14 (Li
et al., 2009). Duplicate reads were then removed using ‘dedup’ in
UMI-TOOLS.

Transcription start sites and TSRs were identified using TSR-

CHITECT 1.2.0 (Raborn et al., 2017), requiring a tag-count threshold
of 25 reads and a cluster distance of 20 nucleotides. A custom
script (www.github.com/aem11309/smar2C2) was then used to
identify TSSs within 1000 bp of an annotated gene. The total num-
ber of reads for each individual gene was then calculated and
TSRs that did not contain at least 10% of the reads for any given
gene were removed to prevent background reads from highly
transcribed genes to be annotated as TSSs. The primary TSS was
identified from each TSR as the mostly highly transcribed single-
nucleotide position.

Motifs were discovered de novo, compared against existing
databases and positional enrichment was determined using MEME-
SUITE (Bailey et al., 2015). Dinucleotide frequencies and sequence
logo motifs were generated using TSREXPLORER (Policastro
et al., 2021). Data from previous studies including ChiP-seq
(Mendieta et al., 2021; Ricci et al., 2019) and ATAC-seq (Lu
et al., 2017) validation heat maps were generated using DEEPTOOLS

(Ram�ırez et al., 2014). BEDTOOLS 2.30.0 and EMBOSS 6.6.0 were used
for general sequence manipulation (Quinlan, 2014; Rice
et al., 2000).
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Figure S1. Smar2C2 CPM values are consistent across replicates
and at low input.

Figure S2. Smar2C2 identified transcription start sites relative to
SIRV6 spike-in control annotations.

Figure S3. TSS read density surrounding annotated transcription
start sites in CAGE and Smar2C2.

Figure S4. Sequence logos across expression deciles display
potential motifs.

Figure S5. Nucleotide patterns surrounding the transcription start
site are more prominent at high expression levels across multiple
species.

Figure S6. Dinucleotide patterns flanking the transcription start
site and across expression deciles are conserved across multiple
species.

Figure S7. Motifs centered on transcription start sites resemble
known MYB-related transcription factor binding sites.

Table S1. Transcription start site library time and cost compared
with previously reported values.

Table S2. Transcription start region size distribution with and
without UMI de-duplication.

Table S3. Final mapped de-duplicated transcription start sites
compared with initial sequencing read depth.
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