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Abstract

It is generally considered that if an RNA World ever existed that it would be driven by an RNA capable of RNA replication.
Whether such a catalytic RNA could emerge in an RNA World or not, there would need to be prior routes to increasing
complexity in order to produce it. It is hypothesized here that increasing sequence variety, if not complexity, can in fact
readily emerge in response to a dynamic equilibrium between synthesis and degradation. A model system in which T4 RNA
ligase catalyzes synthesis and Benzonase catalyzes degradation was constructed. An initial 20-mer served as a seed and
was subjected to 180 min of simultaneous ligation and degradation. The seed RNA rapidly disappeared and was replaced
by an increasing number and variety of both larger and smaller variants. Variants of 40—80 residues were consistently seen,
typically representing 2—4% of the unique sequences. In a second experiment with four individual 9-mers, numerous vari-
ants were again produced. These included variants of the individual 9-mers as well as sequences that contained sequence
segments from two or more 9-mers. In both cases, the RNA products lack large numbers of point mutations but instead
incorporate additions and subtractions of fragments of the original RNAs. The system demonstrates that if such equilibrium
were established in a prebiotic world it would result in significant exploration of RNA sequence space and likely increased
complexity. It remains to be seen if the variety of products produced is affected by the presence of small peptide oligomers.

Keywords RNA World - Dynamic combinatorial chemistry - Sequence space - Origin of life - Benzonase - T4 RNA ligase

Introduction

A key to understanding the origins of life is identifying the
sources of the substantial increases in complexity required to
transform a prebiotic environment to a living system. Nucleic
acids in particular are relevant in this regard, because once
available, they can produce increasing complexity through
hybridization, ligation, and recombination. When RNAs
were found capable of catalyzing reactions, the idea (Gil-
bert 1986; Lahav 1993; Orgel and Crick 1993; Rich 1962) of
an RNA World quickly became popular (Cech 1993, 2009,
2015; Filipowicz 2017; Kawamura and Maurel 2017; Yeates
et al. 2017). The key missing link, however, was thought to
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be the demonstration of the existence of a readily obtained
self-copying RNA replicase (Higgs and Lehman 2015; Ma
2014; Robertson and Joyce 2012). Although the replicase
problem remains unsolved, some progress has been made
(Vaidya et al. 2012; Sczepanski and Joyce 2014; Horning
and Joyce 2016).

The problem of origins is further compounded by the
observation that evolutionary biases and constraints in the
prebiotic world appear to be major factors resulting in an
asphalt paradox (Benner et al. 2012). It would be necessary
to maintain stability and information processing in a hostile
water-based environment. To overcome the asphalt paradox,
a primitive RNA or RNA-peptide world needs to rapidly
produce structures with higher order complexity. Progress
has been made. The origins of the RNA polymers have been
linked to potential precursors including ammonium cyanide
(Or6 1960) and nucleoside formation from 2-pyrimidinone
(Bean et al. 2007). Formaldehyde has been shown to give
rise to sugars including ribose (Decker et al. 1982; Eschen-
moser 2011; Kim et al. 2011; Larralde et al. 1995; Sagi
et al. 2012; Weber 1992), while formamide has been impli-
cated as a precursor for prebiotic molecules (Saladino et al.
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2007). Polymerization by itself, as a natural target process,
has been demonstrated to occur in multiple ways. These
include polymerization via a combination of condensation
and dehydration reactions (Hud et al. 2013) and the ligation
of random oligomers (Briones et al. 2009), Consistent with
all of this, recent studies have made prebiotic synthesis of
RNA more feasible (Cafferty et al. 2016; He et al. 2017).

Although progress has clearly been made, difficulty in
finding a replicase along with the second problem of even
creating RNAs under prebiotic conditions has led to increas-
ing doubts about the existence of an RNA World. At this
point, one might usefully consider that the first RNA repli-
case was never actually formed in an RNA World. Rather, it
may have begun as a peptide produced by a primitive ribo-
some that emerged from the replicase-free RNA World (Fox
2016, 2010). At the least the absence of an easy path to an
RNA replicase implies a long period of time in which infor-
mation is not readily stored and mutations that are normally
introduced by replication errors would seldom occur. The
issue then is whether increasing complexity can occur in a
pre-replicase RNA World.

The requisite increases in complexity might be facilitated
by the wide variety of changing local environments on the
prebiotic Earth. An example is wet/dry cycles (Forsythe
et al. 2015). However, the potential effects of very long-term
changes are not readily studied on laboratory time scales. To
address this long-standing problem, a novel experimental
approach based on dynamic combinatorial chemistry (DCC)
has been discussed (Benner et al. 1996; Leal et al. 2006).
It is hypothesized here that when subjected to a persistent
equilibrium of ligation and cleavage, RNAs will naturally
increase in variety and complexity despite the absence of
frequent point mutations caused by replication errors. They
also may gain resistance to degradation over time.

To test this hypothesis, a two enzyme system was
employed to produce a dynamic equilibrium (Fig. 1). The

cleavage enzyme is Benzonase, which is a commercial
name for an extracellular endonuclease secreted by Ser-
ratia marcescens. This enzyme cleaves RNA, including
double-stranded and circular forms, to produce products
with a 3’ hydroxyl and 5' phosphate. The cleavage was
initially found to be non-specific resulting in products that
are primarily small fragments of 2—4 residues but seldom
monomers (Nestle and Roberts 1969). More recent stud-
ies have shown that within a single-stranded RNA there is
a significant preference for duplex (secondary structure)
regions (Meiss et al. 1999). This reflects the fact that the
enzyme prefers substrates in their A-form structure. As
a result, structures with significant secondary structure
may not accumulate as well as others. Given the termini
produced, Benzonase products are ideal for ligation by
T4 RNA ligase (Tessier et al. 1986), which connects frag-
ments with a 5" phosphate to those with a 3" OH non-
specifically and utilizes ATP as a source of energy. The
smallest acceptor is a trimer of the type NpNpN; (Aten-
cia et al. 2000). The smallest donor that will be ligated to
an available 3' OH is pNp. Hence, monomers including
ATP will not be incorporated into the system. An increase
in the chain length of either the acceptor or donor does not
impact the rate or extent of the ligation reaction. However,
it is reported that the presence of uridine in the acceptor
greatly reduces the amount of product formed. In general,
purines in the acceptor and pyrimidines in the donor have
been shown to result in higher reactions yields. In order
to monitor population changes, samples were extracted
from the reaction mix and millions of individual sequences
were determined using RNA-seq technology (http://suppo
rt.illumina.com/downloads/nextseq-500-user-guide-15046
563.html).

Fig.1 Overview of dynamic
equilibrium system. (Figure
adapted from https://www.
sigmaaldrich.com)
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Materials and Methods
Enzymes and Chemicals

Benzonase/Pierce Nuclease (~250U/ul), T4 RNA Ligase
1 (T4RL1) (high concentration of 30,000 units/ml) and
ATP (100 mM) were purchased from Sigma Aldrich/
Thermofisher Scientific, New England Biolabs, and Pro-
mega Corp, respectively. SYBR® Green IT RNA Gel Stain
(10,000X concentrate in DMSO) was purchased from
Thermofisher Scientific. Ribonuclease R (RNase R) was
purchased from Lucigen Corporation.

Seed RNAs

Custom RNA oligomers of pre-defined sequences were
purchased from Integrated DNA Technologies (http://
www.idtdna.com/). All sequences had a 5’ phosphate and
a 3’ OH. The following sequences were used:

1. A 20-mer with the sequence GAUACCCUACCCGGU
CGGAU.

2. Four 9-mers with the sequences GGGGCUAUA, GCG
GUUCGA, UCCCGCUUA, and GCUCCACCA.

3. A completely random RNA 20-mer.

Reaction Design

The original stock of Benzonase/Pierce Nuclease was
diluted to 0.5U/pl to be used in the reactions. The final
concentrations of the Benzonase, T4RL1, ATP, and the
RNA oligo were, 0.025 U/ul, 831U/ul, 2.77 mM, and
89.45 uM, respectively. The reactions were performed
at 37 °C in microfuge tubes. Aliquots of 10 ul were col-
lected and added to microfuge tubes (on ice) containing
gel loading dye (47.5% formamide, 0.01% SDS, 0.01%
bromophenol blue, 0.005% xylene cyanol, 0.5 mM EDTA
EDTA), for gel analysis. Aliquots of 10 pl were added to
microtubes on ice containing EDTA to inhibit the enzyme
action, and immediately transferred to minus 20 °C for
subsequent sequence analysis. The aliquots were removed
at 30, 60, 90, 120, 150, and 180 min. Samples were run on
a 20% polyacrylamide denaturing gel containing (18.5:1.5
acrylamide/bis-acrylamide and 7.7M urea) 200V/20 mA
for 3—4 h to allow sufficient resolution of the samples. The
gels were placed on 1X TBE buffer containing appropri-
ate dilutions of the SYBR® Green II RNA Gel Stain. The
gels were visualized under UV after 45 min of dye expo-
sure. The length distribution in each sample was separately
characterized using the Agilent 2100 Bioanalyzer. When
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required, aliquots of 5 ul were removed and frozen imme-
diately (—20 °C) for quantifying ATP levels later.

Determination of ATP Levels

A standard curve for ATP levels was derived using the ATP
Determination Kit (Thermofisher Scientific) using a Fem-
tomaster-FB12 luminometer (Zylux Corp., Oak Ridge, TN,
USA). EDTA is the only reaction component which could
have potentially interfered with the ATP assay. However,
while one aliquot was treated with EDTA to stop the reac-
tion, the aliquots removed for the ATP assay did not have
EDTA added to them. Instead, the samples were either fro-
zen immediately (for ATP assay at a later stage) or assayed
for ATP levels immediately.

Checking for Circularization

The entire RNA reaction mixtures that were run for
120-150 min were treated directly with the magnesium-
dependent 3'—5 exoribonuclease Ribonuclease R (RNase
R) overnight at 37 °C. The RNase R-treated samples were
then run on a 20% polyacrylamide denaturing gel to check
for RNase R activity and stained as described above. No
evidence of circularization was found.

Processing of Reaction Mixture Samples
for Sequencing

The concentration of RNA in each sample was determined
using a Qubit Fluorometer 2.0 with RNA HS Assay Kit (Inv-
itrogen), and RNA quality was assessed using an Agilent
2100 Bio analyzer with small RNA chips according to the
manufacturer’s protocol. A NEXTflex small RNA-Seq Kit
V3 (Bioo Scientific) was used to prepare the libraries follow-
ing the manufacturer’s modified No Size Selection Protocol.

For each small RNA library construction, RNA from
the reaction pool was diluted to a final quantity/volume of
1-10 ng in a total volume of 10.5 ul RNAse-free water. The
diluted RNA was then used as starting material and treated
with the reagents supplied with the NEXTflex® Small RNA
Sequencing Kit v3 for [llumina® Platforms (http://www.
biooscientific.com/Portals/0/Manuals/NGS/5132-05-NEXTf
lex-Small-RNA-Seq-v3 -16-06.pdf). The RNAs were first
treated for 3' 4N Adenylated Adapter ligation. Excess adapt-
ers were removed and inactivated, followed by 5’ 4N Adapter
Ligation. The RNAs containing the Adapters at the 5’ and
3’ ends were then subjected to Reverse Transcription-First
Strand Synthesis, on a Thermocycler (30 min 42 °C, 10 min
90 °C). The reverse transcribed products were processed
using the NEXTflex™ Small RNA Sequencing Kit v3 No
Size Selection Bead Cleanup Protocol which is designed to
retain larger (reverse transcribed DNA) products.
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The NEXTflex™ Barcode Primers and NEXTflex™ Uni-
versal Primer were then added to the reverse transcribed
DNA. A different barcoded primer was used for each sample
in order to allow multiplex sequencing. The DNA was then
subjected to 95 °C for 2 min on a Thermocycler followed
by PCR Amplification over 10-15 cycles of (20 s-95 °C,
30 s—60 °C, 15 s—72 °C). The PCR cycles were there fol-
lowed by a 2-min incubation at 72 °C. Following the PCR
amplification step, the libraries were further cleaned up
using NEXTflex Cleanup Beads to retain the cDNA while
discarding any of the remaining primer(s). The cleaned-up
libraries were cleaned up using NEXTflex Cleanup Beads
and were validated with an Agilent 2100 Bio analyzer to
check size and purity.

The concentration of each cDNA library was determined
using a Qubit Fluorometer. Libraries were diluted to 2 nM
separately and pooled together. Then the pooled samples
were denatured and diluted to 1.8 pM following Illumi-
na’s protocol, and sequenced by a mid-output 150 cycles
sequencing kit (Illumina) on [llumina NextSeq 500 platform
for 75/75 cycles. RNA sequencing applications often employ
RNA spike-in controls (Jiang et al. 2011). We adopted a
spike-in control in the form of the well-established ®X174
(Michel et al. 2010) in order to ensure quality sequencing
data at the end of the workflow, (Ledergerber and Dessimoz
2011).

Sequence Data Processing

All high-throughput sequencing reads obtained from the
Illumina NextSeq 500 sequencing protocol were processed
using a combination of in-house scripts and publicly avail-
able utility programs. Raw sequencing data were processed
with bcl2fastq Conversion Software (https://support.illum
ina.com/downloads/bcl2fastq-conversion-software-v2-18.
html) to convert to the FASTQ File format and produce
reads that had zero mismatches in their barcodes. The four
lanes for each barcode were merged with an in-house script.
Next, the barcode reads were filtered at 0.01% expected error
without N’s with vsearch. If the barcode reads did not pass
filter, then the associated forward and reverse reads were
also removed. The 3’ and 5’ end adapters were trimmed with
fastq-mcf v1.04.807 from ea-utils (Aronesty 2013). This step
reduces reads still having adapters to approximately 0.1%
of total reads. Residual adapters are searched with the use-
arch subcommand search_oligodb using the forward read-
through sequence (5-‘AACTCCAGTCACATCTCG-3’) and
reverse read-through sequence (5'-GTGTAGATCTCGGTG
GTCGCCGTATCATT-3") with a maximum difference of 3.
The search results were parsed and associated reads trimmed
with an in-house awk script. There were still some forward
reads that contained (5'-TGGAATT[A/T/C/G]*-3") or (5'-
AACTCCAGTCAC-3") and some reverse reads contained

(5'-GATCGTCG[AITICIG]*-3") so they were also removed
with another set of in-house awk scripts. This step reduced
reads still having adapters to approximately 0.000001% of
the total reads. Since the NEXTFlex Small RNA sequencing
kit introduced 4 random nucleotides to the ends of the reads,
these were then clipped off with in-house awk scripts. The
read length distributions were then computed at this point
using an in-house awk script. About 20% of the reads were
the result of a PhiX spike-in that was used. The reads were
thus filtered to remove all PhiX sequences using usearch.
Then they were filtered at 1% expected error, without N’s,
and minimum length of 1 nucleotide through vsearch® v2.4.4
subcommand fastq_filter. This step produced a mixture of
singletons and paired reads that were separated with fastq_
pair (https://github.com/linsalrob/fastq-pair). The paired
reads were then merged with usearch with minimum merge
length of 1 nucleotide, 1% expected error, zero difference,
and minimum overlap length of 6 nucleotides. The remain-
ing unmerged pairs from this step were then merged with
fastq-join v1.01.759 from ea-utils, filtered for N’s and only
reads with less than 1% expected error were kept through
the vsearch fastq filter subcommand. The first, second, and
unmerged reads from each step were kept separately and
their read distribution profiles were computed with vsearch
subcommand fastq_stats as well as a set of in-house awk
scripts. The resulting first, second, and unmerged reads from
each steps were concatenated into one file while discard-
ing any reads that contained stretches of homopolymer of
at least 6 nucleotides. The resulting file were then derepli-
cated through vsearch derep_fulllength subcommand while
conserving abundance information and relabeled to contain
source information. A similar post-processing approach was
applied for the 9-mer sequencing data minus the alignment.

Data Analysis

The dereplicated sequences were converted from FASTA
format into a tabular format. From there, they were collated
into one large table containing all sequences and their abun-
dance found within each set of experiments. These tables
were used to compute the information found in Tables 1,
2, 3,4, and 5 as well as supplementary Tables S1-S9. The
computation of first occurrence was simply the counting of
the appearance of a particular sequence at a certain time
point such that it did not appear in previous time points. The
summation of first occurrences at each time point gave the
sequence diversity of the experiment, which indeed equal
the non-redundant sequences found in the experiments.
The dereplicated sequences for the 20-mer seed-derived
sequences were also aligned against the DNA version of the
seed sequence (5-GATACCCTACCCGGTCGGAT-3") using
clustal-omega (Sievers et al. 2011) v1.2.4 at 1000 iterations
and muscle v3.8.31 (Edgar 2004). The results from both
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Table 1 Dominant sequences at

. . Total Seq Sequence Seq count  Fraction (%) 1d
the extreme time points

30 min 11,416,879 GATACCCTACCCGGTCGGAT 4,923,132 43.12 1
GGATGATACCCTACCCGGTCGGAT 909,169  7.96 3

CCTACCCGGTCGGAT 333,124 292 4
GATGATACCCTACCCGGTCGGAT 298,914  2.62 5

CTACCCGGTCGGAT 255,788  2.24 6
GTCGGATGATACCCTACCCGGTCGGAT 211,046 1.85 7
TCGGATGATACCCTACCCGGTCGGAT 204,044  1.79 8

TACCCGGTCGGAT 194,348 1.70 9

CCCGGTCGGAT 177,136 1.55 10
CCCTACCCGGTCGGAT 176,993 1.55 11
ATGATACCCTACCCGGTCGGAT 167,913 1.47 12
ATACCCTACCCGGTCGGAT 166,495 1.46 2
TGATACCCTACCCGGTCGGAT 144,227 1.26 13

180 Min 8,971,978 GGATGATACCCTACCCGGTCGGAT 249,720  2.78 3
GGAT 239,643  2.67 18
GATACCCTACCCGGTCGGAT 219,642 245 1

CCTACCCGGTCGGAT 203,940  2.27 4

CCGGTCGGAT 201,181 2.24 14

TCGGATGATACC 172,300  1.92 20
GATGATACCCTACCCGGTCGGAT 170,686 1.90 5
GGATGATACCCTACCCGGTC 168,297 1.88 16

GGATGATACC 130,617 1.46 21

CGGATGATACC 127,185 1.42 22
ATGATACCCTACCCGGTCGGAT 125,733 1.40 12

CGGAT 123,813 1.38 23
GATGATACCCTACCCG 123,592 1.38 24

CCTACCCGGTC 122,030  1.36 19
CCCTACCCGGTCGGATGATA 119,810  1.34 15

CGGTC 117,482 1.31 25
TGATACCCTACCCGGTCGGAT 113,600  1.27 13

ATGATACCCTACCCG 109,589 1.22 26

CTACCCGGTCGGAT 108,214  1.21 6

GGTCGGATGATACC 102,291 1.14 27

CCCGGTCGGAT 100,993 1.13 10
CCCTACCCGGTCGGAT 97,934  1.09 11

The seed oligo is in bold. All sequences that account for at least 1% of the pool are shown. Each sequence
is assigned a unique numerical id that allows it to be tracked throughout all time points. Similar tables for
all time points are provided as supplementary Tables S1-S7. Each sequence is aligned with as much over-
lap to the seed oligo as possible or to derivative oligos that were aligned to the seed oligo. (*) indicates that
an oligo could be aligned equally well at an alternative position

approaches were compared and collated to obtain a com-
prehensive picture.

In order to better understand the manner in which
sequence space is being explored, consecutive 10-mers
were derived from the non-redundant sequences. The seed
sequence contains 11 such 10-mers. This was done with an
in-house awk script. The total count, non-redundant count
(diversity), and first occurrence are shown in Table 3. The
un-weighted nucleotide bias was also compared between
the 11 10-mers that came from the seed sequence vs all of
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the 10-mers that were produced from the experiment. The
amount of G, C, A, and Ts were counted for the starting
oligomers and bias were computed as (base count / total
bases) — 25%. The same was done for each position of the
10-mers, i.e., [base count/ total oligomers (11 or 182,473)]
— 25%. This information is presented in Table 4. The count
of their occurrences in each sequence (frequency) as well
as their duplication count, the occurrence multiplied by the
sequence counts, were tallied and used to compute the pro-
portions shown in Table 5.
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Tal?le 2 The proporti.on of i Time (min) First occurrence First occur- Non-redundant  Non-redundant Total first
first occurrence of ohgome.rs rence (%) sequences sequences (%) occurrences
between 40 and 80 nucleotides (%)
in length, their non-redundant
count, and most importantly 0 3352 0.63 3352 0.63 17.46
their proportion with respect to
the total first occurrences with 30 21,231 3.97 22,028 412 22.67
respect to time 60 16,730 3.13 20,521 3.84 18.87

90 19,614 3.67 25,060 4.69 17.69

120 10,851 2.03 14,994 2.81 13.33

150 5377 1.01 7993 1.50 10.13

180 7829 1.46 10,887 2.04 8.93

The total first occurrence counts at each time points are reported in Table S9

Table 3 Consecutive 10-mers were counted among the non-redun-
dant sequences of all time points

Sum of occurrences for oligomers 9,952,856

Total count of unique 10-mers 182,473

Time (min) 10-mer diversity ~ 10-mer first ~ %10-mer first

occurrence  Occurrence

(%)

0 27,618 27,618 15.14

30 61,187 44,856 24.58

60 62,935 28,878 15.83

90 70,284 24,816 13.60

120 69,616 21,446 11.75

150 54,820 11,757 6.44

180 79,024 23,102 12.66

The total counts and unique counts (diversity) are in the first two
rows. For each time point, the diversity, first occurrence, and the pro-
portion of first occurrence of 10-mers with respect to total 10-mer
diversity are computed. The sum of 10-mer first occurrences must
always equal the 10-mer diversity

Results

Initially, the activity of each enzyme was verified and
a mutually compatible buffer system was established.
A dynamic evolution experiment was conducted over a
180-min period beginning with a single defined sequence
20-mer RNA, pPGAUACCCUACCCGGUCGGAU . Sam-
ples were taken at 30-min intervals, divided in half, and
either loaded on a 20% polyacrylamide denaturing gel for
visualization (Fig. 2) or sequenced using standard RNA-
seq protocols. The resulting DNA sequence information
was collected for samples at 30, 60, 90, 120, 150, and
180 min. The results at 30 min and at 180 min are sum-
marized in Table 1. Only sequences that are present in at
least 1% of the population are shown. Results from all six
time points are provided in Supplementary Tables S1-S7.

The most striking feature is the strong intensity of
bands in the length 40 region (Fig. 2) after only 30 min.
After 90 min, the intensity of this band begins to decline
as the available ATP decreases. By 180 min, the Benzo-
nase has become dominant and the larger RNAs are likely
being degraded. The percentage of the remaining original
20-mer decreased at each time point, while non-redundant
sequences continued to accumulate as a significant frac-
tion of the overall diversity at each time point (Fig. 3 and
Supplementary Tables S8 and S9).

The read size distribution seen in the sequencing
results, Fig. 1, at each time point appears to be inconsistent
with the distribution of RNA bands seen by gel electropho-
resis. This is likely the result of poor dye staining of small
oligomers. This interpretation is supported by studies with
the Agilent 2100 Bioanalyzer (Supplementary Figure S1),
in which the 40-mer peak was minimal. However, T4 RNA
ligase is well known to catalyze circularization (Tessier
et al. 1986) and it is known that standard RNA-Seq proto-
cols ignore the presence of such circular products (Szabo
and Salzman 2016). To eliminate the possibility of signifi-
cant circularization, the entire RNA pool produced by liga-
tion alone was completely digested by RNAse R which is
well known to be unable to digest circular RNAs (Suzuki
et al. 2006; Vincent and Deutscher 2006). No surviving
RNA was seen thereby indicating that significant circulari-
zation did not occur. The self-ligated 40-mer product that
would precede circularization was seen in the 30-min pool
but its frequency (0.96%) was less than the 1% needed to
make the list in Table 1.

The raw sequencing results for all reads were uniformly
75 nucleotides in length with approximately 7-10 million
reads at each time point. The pre-processing of sequence
data generated reads of very high quality. After merging
the forward and reverse reads, filtering for N’s and expected
error of 0.01%, approximately 98% of the input reads
remained. The read length after this step ranged from 4
through the 120’s with the majority of reads in the 1920s.
The stringent filtering step removed some longer reads in the
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Table 4 The base composition of the starting sequence 5'-GATACCCTACCCGGTCGGAT-3' and its 11 consecutive 10-mers are examined for

bias, un-weighted

A C T
Starting 5 4 7 4
Oligo
Bias | 0.00%
Before
Position G A T | Position
1 -6.82% 1
2 -6.82% 2
3 -6.82% 3
4 -15.91% 4
5 -6.82% 5
6 -6.82% 6
7 -6.82% 7
8 -6.82% 8
9 -15.91% 9
10 -6.82% 10
Avg -8.64% Avg

As indicated in the “Before” portion of the figure, there was initially a clear overrepresentation of cytosine. The “After” portion of the table rep-
resents the bias that are seen in the un-weighted nucleotide distribution in the consecutive 10-mer from all time points. Overall, the competing
actions of the enzymes have decreased the overrepresentation of cytosine and improved the representation of the other bases such that all of the

bases are now much more evenly represented on average. The values are

colored in a dynamic range beginning with red for the most negative

bias and ending with blue for the most positive values of bias. It should be noted that the range of the color scale is dynamic and depends on the
values in the data set. Hence, the color ranges are different between the Before and After values. The ranges are much narrower in the After case.
This explains why the value of -2.06% for T (position 1) is red on the After portion of the table

110’s—120’s range. However, there were very few of these
to begin with.

Initially, the most common sequence was the original
20-mer seed. With the progression of time, the quantity of
the original sequence decreased from 45.86% at 30 min to
2.45% at 180 min, Fig. 3 and Table 1. It was in fact replaced
as the most common sequence beginning at 90 min by the
sequence 5'-GGATGATACCCTACCCGGTCGGAT-3', in
which the fragment GGAT was ligated to the original seed.
The third most common sequence after 30 min was CCT
ACCCGGTCGGAT in which the fragment GATAC was
removed. This sequence remained fourth after 180 min.
A comparison of the most common sequences at 30 and
180 min make it clear that the dominant products have
changed considerably. At 30 min, all the dominant sequences
end in GGTCGGAT, whereas by 180 min only 8 of 22 domi-
nant sequences have this terminal sequence.

In order for cycles of ligation and degradation to facilitate
increased complexity in the prebiotic world, it is essential
that larger sequence products are produced. It is not suf-
ficient to be reproducing endless variants of similar size to
the original seed. In fact, larger sequences are produced at
modest but significant numbers. Thus, an analysis of the
data shows that non-redundant sequences in the size range
of 40-80 residues continue to accumulate throughout all
180 min, typically representing over 2% of the unique
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sequences (Table 2). There is a decline near the end, likely
as a result of decreased ligase activity.

The cluster alignments produced by clustal-omega (Siev-
ers et al. 2011) and muscle (Edgar 2004) were quite dif-
ferent upon cursory inspections. The clustal-omega align-
ments centered on the two core sequences 5'-GATACCCTA
CCC-3', and 5'-CCCGGTCGGAT-3', which unsurprisingly
are the two halves of the template. These two sequences
appeared repeatedly in the many expansions on either ends
of the core. The cluster alignments generated by MUSCLE
(Edgar 2004) showed distinct zones within the template
where sequence expansions were occurring. This took the
pattern of 5'-GAT*ACC*CTACCCGG*TCGGAT-3'. The
rest of the alignments were structured such that sequence
variations and expansions occurred on the ends or in
between these core sequences.

The 10-mer analysis allowed a better characterization
of how and the extent to which sequence space was being
explored in the 20-mer studies. With seven cytosines, the
seed sequence had a clear bias for cytosine. This meant that
the original eleven 10-mers that were derived from the start-
ing sequence were also heavily biased in cytosine, Table 4.
This bias was reduced from 22.27% to just 1.69% over the
course of the experiment. This indicates that the compe-
tition between ligase and benzonase did mix up the iden-
tity of the nuclear bases at each of the ten positions in the
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Table 5 The top 38 consecutive 10-mers

Duplication Level in Sequence

Oligomer Frequency | Start | 30 Min

GTCCGACGAT
AGTCCGACGA
CAGTCCGACG
CCTACCCGGG
ACAGTCCGAC
TACAGTCCGA
GGATACCCTA
TGATGATACC
CTACAGTCCG
TCTACAGTCC
AGATACCCTA
GGGATGATAC
TCGATACCCT
CGGGTCGGAT
CCCGGTCGGG
TTCTACAGTC

60

GATACCCTAC 3.18% 38.38%
ATACCCTACC 3.09% 38.06%
TACCCTACCC 3.00% 36.55%
ACCCTACCCG 2.93% 35.99%
CCCTACCCGG 2.87% 35.93%
CTACCCGGTC 2.75% 41.87%
CCTACCCGGT 2.67% 39.93%
TACCCGGTCG 2.52% 35.51%
TGATACCCTA 2.45% 31.63%
ACCCGGTCGG 2.40% 33.69%
ATGATACCCT 2.30% 28.48%
CCCGGTCGGA 2.26% 31.80%
CCGGTCGGAT 2.24% 34.08%
GATGATACCC 2.17% 36.30% | 30.95% | 26.42%
GGATGATACC 1.99% 23.33% | 35.59% | 37.70% | 35.43% | 31.28%| 29.21%
CGGATGATAC 1.71% 13.02% | 21.07% | 23.95% | 24.60% | 23.17%| 22.58%
TCGGATGATA 1.64% 13.22% | 22.57% | 26.02% | 26.84% | 25.25% | 23.04%
GTCGGATGAT 1.45% 10.46% | 18.91% | 22.09% | 22.84% | 21.16%| 18.16%
CGGTCGGATG 1.36% 7.87% | 15.27% | 17.68% | 18.25% | 17.01%| 12.46%
GGTCGGATGA 1.30% 8.02% | 15.72% | 18.82% | 20.04% | 18.96%| 15.53%
CGATACCCTA 1.49% | 1.34%| 1.14%
TCCGACGATC

Min | 90 Min | 120 Min | 150 Min | 180 Min

0.79%

0.85%

0.78%

0.96%
0.66%
0.74%

0.79% 0.65%
0.94%

The frequency is the proportion of times that such a 10-mer was encountered with respect to the total consecutive 10-mers that existed within the
non-redundant sequences. The duplication level in sequence is the proportion of sequences that contained such 10-mer. In bold are the original
11 consecutive 10-mers that existed in the seed sequence 5’-GATACCCTACCCGGTCGGAT-3’ while the remaining oligomers are novel 10-mers
that resulted from the activities of the enzymes. It should be noted that the frequency abruptly dropped below 1% and remained low after the
20th entry. The color gradually scales between red for values closer to 0%, and blue, for values closer approaching 100%

10-mer. Overall, there were 182,473 non-redundant 10-mers
at 9,952,856 occurrences from all time points, Table 4. For
the most part, each time point had about the same amount
of new 10-mers except for the 30- and 150-min mark. The

30-min mark had about double the amount of 10-mer first
occurrences, while the 150-min mark had about half that on
average. It is not clear what happened at the 150-min mark.
Speculatively, this could reflect the loss of ATP activity or
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Controf 30 60 120 150 180

Fig.2 Denaturing polyacrylamide gel of samples obtained from com-
petition experiment between 0.5 U/uL of Benzonase and T4 RNA
ligase with ATP. Control is the seed oligo only, while the remain-
ing lanes correspond to increasing time point in minutes when the
reaction was stopped. The asterisk (*) represents the band that cor-
responded to a single end-to-end ligation of the control to form a
40-mer, which became lighter as the reaction progressed

Fig.3 The fraction of seed
oligo and unique sequences are

simply be an artifact of library loading as indeed there were
fewer reads that came from this time point versus the other
time points.

With respect to sequence space exploration, the enzyme
combination is not so adept. As can be seen in Table 5, the
majority of the oligomers, the top 20, are from the origi-
nal 11 10-mers and the various consecutive 10-mer found
around the joint sequences between two end-to-end ligated
starting sequences, e.g., TGATACCCTA or ATGATACCCT
. After this, there is a precipitous drop in frequency due
to the fact that any other oligomers must come from novel
mixing and joining of the ligation and digestion fragments.
However, this is not to say that this experimental technique
is a dead end as novel recombination is definitely achieved
and exploration would likely continue if the period of com-
petition were extended.

In an actual prebiotic environment, there would likely be
a mixture of many seed oligomers rather than just one. To
begin to understand what would happen, four 9-mers (5'-
pGGGGCUAUAG,-3', 5'-pGCGGUUCGAy-3', 5'-pUCC
CGCUUAgy-3', and 5'-,GCUCCACCAy-3") were mixed
together and exposed to the same conditions as the 20-mer.
This included exposure to T4 RNA ligase only and T4 RNA

Seed Oligo as Percentage of Total Sequence Count and Nonredundant Sequences as
Percentage of Diversity Count v.s. Time

inversely related with time. As
the seed oligo is diminished,

35

the unique sequences increased 90
until the 150-min mark after
which unique sequences began

30

to diminish as a result of the 80
activity of Benzonase enzyme

overtaking the activity of T4 20

RNA ligase. The percentage
for both seed oligo and unique

sequences were calculated with 60

25

respect to the total sequence

count at each time point and
total diversity, respectively. The

50

20

total sequence count was not
constant due to sample loading

variations during sequenc-

ing. The total diversity was
computed from the total unique
sequences found in all time

Remaining Seed Oligo (%)

Nonredundant Sequences (%)

points
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ligase and Benzonase together. When the four individual
9-mers are ligated in the indicated order (1-2-3-4), the
resulting 36mer corresponds to the alanine tRNA minihe-
lix (Francklyn and Schimmel 1989). This sequence was in
fact found, but alternative 36-mers were far more common.
After control sequences were removed, the most common
sequence with and without Benzonase was 5'-GGGGCU
AUAGCGGUUCGAUCCCGCUUA-3'. This is a ligation of
the first, second, and third 9-mer. A variety of products were
formed containing sequences containing portions of two or
more 9-mers. Some representative examples are shown in
Fig. 4.

Finally, a completely random 20-mer was used as the
initial seed. Following 120 min of exposure to the ligase/
Benzonase regimen, the RNA pool was sequenced. No accu-
mulation of specific sequences was observed.

Discussion

The immediate observation is that a system of simultaneous
RNA ligation and degradation is in fact achievable. Analysis
of the products, Table 2, makes it clear that as time contin-
ued, the diversity of the sequences in the pool continued
to increase. By the end of the run 245,170 sequences were
found to have occurred in one or more samples. Most impor-
tantly large numbers of new unique sequences were con-
tinuing to accumulate by well over 10% at each time point
including 180 min. This indicates that the sequencing had
not yet fully captured the number of individual sequences
actually encountered during the experiment. To do so would
require multiple sequencing runs at each time point until the
number of unique sequences in each new sequencing run
significantly declined. Although the resulting number would
likely be very large, the ultimate total of unique 20-mer vari-
ants would be unlikely to approach the 42° examples that
would occur if the entire sequence space were explored.

In order to better understand the extent of sequence space
exploration, the fate of 10-mers embedded in the original

@ (T4 RNA ligase)

0-GGGGCUAUA
0-GCGGUUCGA
0UCCCGCUUA E[Il:' ‘
0-GCUCCACCA
(Benzonase)
2929 ¢ 0-GGGGCUAUAGGGGCUAUAGCGGUUCGAUCCCGCUUA
136 | 0-GGGGCUAUAGCGGUUCGAGCGGUUCGAUCCCGCUUA
156 0-UCCCGCUUAGCGGUUCGAUCCCGCUUAGCGGUUCGA !
20} 0-CUAUAGCUCCACCA
87 1 0-GGUUCGAUCCC
221 0-GGUUCGAUCC i
981 | o-GCGGUUCGAUCC
81 0-CCCGCUUAGCGGUUCGA
24 0-CCGCUUAGCGGUUCGA i
18 o UUAGCGGUUCGA
4 0-GGGGCU_UAGCGGUUCGA
197 0-GGUUCGAUCCCGCUUAGCUCCACCA :
1 0-CAGAGUUCUACAGUCCGACGAUCACUC |
1
1

2 | OUUCAGAGUUCUACAGUCCGACGAUCAGUCGGGGCUAUAGGGGCUAUA |

Fig.4 Diagram of the 9-mer reactions. The four 9-mer seed oligom-
ers are represented in the orange box and colored for ease of track-
ing in the reaction products. The 5’ phosphate is characterized with
a small yellow key. Although the figure includes both the T4 RNA
ligase and Benzonase enzymes, there were two separate reactions,
one with T4 RNA ligase only and one with both enzymes. The bot-
tom right blue box shows a selection of representative reaction prod-

ucts found in deep sequencing of the RNAs. Most RNA products are
simply ligations of one or more of the original 9-mers or ligation of
partial 9-mers with fully complete 9-mers. However, there were a few
examples where the shuffling and re-ligation resulted in sequences
with little resemblance to the original 9-mers. An example is high-
lighted in purple. The count for each sequence are shown on the left
of the bounding box
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seed and the 10-mers derived from them was examined. It is
important to stress that this analysis was done un-weighted,
that is without accounting for the duplication level of the oli-
gomers. The reason for this being that each time point could
not be scaled to one another because the library loading
amount (mass) for each time point were not known. Despite
this limitation, overall exploration of sequence space could
be assessed and found to be modest in that many oligomers
produced early on continued to be major components of the
population after 180 min. This suggests that longer run time
would be useful. The analysis also showed initial cytosine
bias at individual positions in the 10-mers was already dra-
matically reduced at 180 min.

Of special interest are the products formed. An examina-
tion of the primary fragments produced (Table 1) shows that
the sequences are not changing by point mutations. This is
expected as the experimental plan is devoid of any compo-
nent, which would be expected to introduce point mutations.
The changes are almost completely additions and subtrac-
tion of fragments with the result that small K-mers in the
original seed (GATAC, CCTACCC, and GGTCGGAT) tend
to persist. This may in part reflect the fact that Benzonase
does not cleave to monomers but instead leaves fragments
of 3-5 residues, which can then be utilized by the ligase.
Thus, diversity in the present system is only introduced by
cleavage of end—end ligation products. However, in nature
novel sequences might also be derived from random cleav-
age of circularized products. So while circular RNAs were
apparently not a significant product in the current system,
they would, if present, provide another path to diversity. It
is also clear that Benzonase is not an agnostic enzyme as it
will likely make it difficult for RNAs containing regions of
secondary structure to accumulate.

In a prebiotic world, the seed sequence would almost cer-
tainly be a mixture of many sequences. In the present case,
we focused primarily on the consequences of the offspring
of one initial seed sequence. If, however, there are two or
more seed sequences in the starting mixture, there will likely
be interactions between them essentially immediately. As
a result, the ease of producing a wide diversity of RNAs
irrespective of any bias in either the ligation or degradation
reactions will be increased. In order to test this hypothesis,
the core experiment was repeated with four 9-mers as the
seed. It was in fact found that as predicted, large numbers
of sequences derived from parts or all of two or more indi-
vidual 9-mers were found in significant numbers. Some
examples are shown in Fig. 4.

One might expect that all possible ligations of the four
9-mers might occur. In fact, 357 unique 36-mers were seen
among the reads. The actual numbers are likely higher as
only a small portion of the mixture was actually sequenced.
Additional sequencing runs would reveal the presence of
additional sequences. However, most of the 256 possible
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ligations of the original four 9-mers are in fact already rep-
resented. The most common example was 1-1-2-3 which
occurred 1772 times, while the combination 1-2-3-4
occurred just once. It is clear from this result that either or
both the Benzonas-ligase system or sequencing system is
biased in ways that have not yet been fully characterized.

Further experimental work will be necessary to better
understand what the biases are and how sequence space is
being explored by the Benzonase/ligase system. It is, how-
ever, extremely likely that a true prebiotic system would also
explore sequence space in a biased way. Since we do not
currently have a good understanding of what that prebiotic
system would be, we therefore cannot fully understand what
the bias would be. It is, however, unlikely to be the same as
that seen in the Benzonase/ligase system. What is clear is
that although bias will effect which areas of sequence space
initially get explored, large regions of sequence space will
nevertheless be explored. This will be especially true when
there are multiple seed sequences present as would likely be
the prebiotic case. As a result, the effect of bias will likely
be quickly minimized.

It has previously been argued that in the hypothetical
prebiotic RNA World, high rates of mutation would be
expected to negatively impact the emergence of functional
sequences (Higgs 1998; Leu et al. 2011; Rajamani et al.
2010). The system described here provides a plausible alter-
nate pathway towards exploration of RNA sequence space
that is largely devoid of point mutations. Indeed, from an
origins perspective, the present system demonstrates that
cycles of ligation and degradation can rapidly produce
RNAs of increasing diversity and size despite the absence
of a replicase.

A key issue for future studies is the question of an RNA
World vs an RNA/Peptide World. It remains to be seen if
the composition of the pools produced in response to a sin-
gle or multiple seed are different when small peptides are
present. However, the present experimental system includes
two modern proteins and in that respect is not an ideal model
of the prebiotic world. It would be preferable to develop a
system devoid of such proteins. This might be possible. RNA
degradation can be achieved in a variety of ways including
exposure to metals such as ferric iron or alkaline hydroly-
sis. Ligation is more problematic but can occur, for exam-
ple, with the artificial L1 ligase (Robertson et al. 2001). A
challenge will be obtaining the correct termini so that both
reactions work.
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