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Figure 3:

Figure 3. Ends of human mRNAs are universally close. (a) Distribution of computationally
predicted average end-to-end distances in ~22,000 mRNA sequences from the HelLa cell
transcriptome. (b) Distribution of average end-to-end distances in 10,000 GAPDH mRNA variants,
in which 106 3’ terminal nucleotides were shuffled. Predicted end-to-end distances in wild-type
and shuffled_1 GAPDH mRNAs are indicated by blue and pink arrows. (¢) Ensemble FRET
values measured in wild-type (blue) and shuffled_1 (pink) GAPDH mRNA variants. Each FRET
value represents the mean x SD of three independent experiments. The difference between FRET
values was not statistically significant (n.s.) as determined by the Student t-test with a of 0.05.
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Figure 4. Sequence features of intrinsically-unstructured RNA sequences. The entire 1327-
nt long GAPDH mRNA sequence was evolved in silico by a genetic algorithm to minimize average
basepairing probability and produce intrinsically unstructured sequences. (a) End-to-end distance
(blue), sequence complexity (red), and mean basepair probability (green) as functions of iteration
number are shown for a single representative in silico sequence evolution experiment. The
distance predicted for a 1327-nt long RNA in a random coil conformation is shown by the magenta
line. (b) Evolution of nucleotide composition in a single representative in silico sequence
transformation experiment shown in (a). Frequency of adenosine (A), cytidine (C), guanosine (G),
and uridine (U) are shown in magenta, blue, red, and green, respectively. (¢) Surface contour
plots generated from 500 independent in silico sequence evolution experiments show changes of
sequence complexity (y-axis) as a function of end-to-end distance (x-axis). The range of
sequence complexity from 0 to 0.6 was separated into 2,000 bins. The range of end-to-end
distance from 1.6 to 46 nm was separated into 500 bins. The resulting heat map shows the
frequency count.
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Figure 5. Manipulation of end-to-end distances in GAPDH mRNAs in silico with a genetic
algorithm. 106 nucleotides in the 3’ end of the 3’ UTR in GAPDH mRNA are computationally
evolved in silico by a genetic algorithm. (a) End-to-end distance (blue), sequence complexity
(red), and basepair probability (green) as functions of iteration number are shown for a single in
silico sequence evolution experiment. (b) Evolution of nucleotide composition in the sequence
evolution in silico experiment shown in (a). Frequency of adenosine (A), cytidine (C), guanosine
(G), and uridine (U) are shown in magenta, blue, red, and green, respectively. (¢) FRET values
were measured in wild-type GAPDH mRNA (blue) and the GAPDH mRNA variant with the non-
repetitive unstructured (NUS) 106 nucleotide sequence in the 3’ end of the 3’ UTR (red) designed
by a genetic algorithm. Each FRET value represents the mean = SD of three independent
experiments. A star indicates that FRET values are different, as p-values determined by the
Student t-test were below 0.05.
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METHODS

Cloning of mMRNA-encoding sequences

Human cDNA was used to clone mRNA-encoding sequences. To prepare human cDNA,

total RNA was first extracted from Hela cells using TRIzol® reagent (Invitrogen Life

Technologies) according to the manufacturer's protocol. Genomic DNA was removed from the

sample by DNase treatment (NEB). RT-PCR was performed to synthesize cDNA using 5 ug of

RNA, SuperScript Ill Reverse Transcriptase (Invitrogen Life Technologies) and oligo d T3

(Sigma), following the manufacturers’ protocols. The target genes were amplified by PCR using

Q5 DNA polymerase (NEB) and 5’ and 3’ primers listed in Table 1. All 5’ primers contain a

restriction site for cloning, a T7 promoter sequence (5 TTCTAATACGACTCACTATAGG 3'),

and the sequence complementary to the 5’ end of the 5’ UTR. All 3’ primers contain the

sequence complementary to the 3’ end of the 3’ UTR and a restriction site for cloning.

Table 1. Primers used for cloning of mRNA-encoding sequences from HeLa cDNA

Gene Genebank 5 3 Sequence (5’ and 3’ primers)
ID restriction | restriction
site site
HSBP1 | NM_001537. | Hindlll Sacl 5CCGAAGCTTTTCTAATACGACTCACTATAGGAC
1 GGAAGTGTAGGTTACGGT 3’ and

5’GCCGAGCTCATGCAAGAACCGCCAAAGTTTTA

G3%
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GAPDH

NM_002046

BamHl

Sacl

5’CCGGGATCCTTCTAATACGACTCACTATAGGGC
CTCAAGACCTTGGGCT 3’ and

5’GCCGAGCTCAACTGGTTGAGCACAGGGTAC 3’

MIF

NM_002415.

1

Hindlll

EcoRI

5’CCGAAGCTTTTCTAATACGACTCACTATAGGAC

CACAGTGGTGTCCGAGAAGTC 3’ and

5GCCGAATTCAGTCTCTAAACCGTTTATTTCTCC

C3

ATP5J2

BC003678

Hindlll

Sacl

5CCGAAGCTTTTCTAATACGACTCACTATAGGGC

ACAGCGGACACCAG 3 and 5’

GCCGAGCTCACCAGTCATGTTTTATTTGGAGGTT

AATTC 3

MRPL5

NM_016497.

3

Xbal

Sacl

5’CCGCCGTCTAGATTCTAATACGACTCACTATAG

GGCTCGTGGCTGTTGCGGAT 3’ and 5°

GCCGCCGAGCTCCCAAAGAAGCCCCATTTTATTA

CAG 3

Primers were designed based on general guidelines using the IDT OligoAnalyzer tool. The

optimal annealing temperature for each primer pair was determined using the NEB Tm

Calculator to set the PCR conditions. A 30 second annealing step 3°C above the Tm was used

after the initial denaturation step of 30 seconds at 95°C. The extension temperature was set to

72°C for 1 min per kb. The PCR products were cloned into polylinker sites of the pSP64A vector

(Promega), where the 3’ cloning site has a stretch of 30 dA:dT residues inserted between the

Sacl and EcoRl restriction sites. Linearization of the recombinant plasmid with EcoRI was

performed for the use of run-off in vitro transcription by T7 RNA polymerase to prepare RNA

with a synthetic 30-nt poly(A) tail.
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The rabbit B-globin gene was amplified directly from rabbit globin mRNA purchased from
Sigma using the forward (5° TCGAGTAAGCTTACACTTGCTTTTGACACAACTGTG 3’) and
reverse (5 CATACAGAGCTCGCAATGAAAATAAATTTCCTTTATTAGC 3’) primers and cloned
into the pSP64A vector using Hindlll and Sacl. Because an EcoRl restriction site is present in
the sequence encoding B-globin mRNA, the second EcoRl site positioned downstream of the
poly(A) track was mutated into an Agel restriction site via the QuikChange Site-Directed
Mutagenesis System (Stratagene) using internal mutagenic primers by the Agel site (5’
AAAAAAAAAACCGGTTTCTGCAGATATCCATCACACTGGCGGCCG 3’ and &
CGGCCGCCAGTGTGATGGATATCTGCAGAAACCGGTTTTTTTTTT 3'). The pcDNA3-FLUC
plasmid containing the coding sequence of Firefly luciferase was a gift from Prof. Nahum
Sonenberg*®. The plasmid encoding yeast RPL41A was a gift from Prof. Jon Lorsch®. All
plasmids were propagated in E. coli strain TOP10F’ competent cells.

Construction of GAPDH variants

To obtain the construct containing 53 CA repeats in the 5° UTR of the GAPDH mRNA
[abbreviated: GAPDH_5 UTR (CA)s3], the T7 promoter and 106 bp in the 5’ end of the 5 UTR
were excised from the GAPDH-encoding plasmid via digestion with BamHI and Bst36] and
replaced with a fragment listed in Table 2 (GAPDH_5’ UTR (CA)s3), which contained the T7
promoter sequence and 53 CA repeats. The fragment was PCR amplified using forward (5’
GTCTGTGGATCCTTCTAATACG 3’) and reverse (5’ ACAGACCTGAGGTGTGTG 3’) primers
and digested using BamHI| and Bst36l. The construct containing 53 CA repeats in the GAPDH 3’
UTR [GAPDH_3’' UTR (CA)s3] was generated by replacing the 152 bp Kpnl-Sacl sequence in
the 3’ end of the 3° UTR with a fragment containing the original 46 bp sequence downstream of
the Kpnl site and 53 CA repeats (indicated in Table 2). The latter fragment was PCR amplified
using forward (5" AAGAGAGGTACCCTCACTGCT 3’) and reverse

(5GGAAACAGCTATGAGAGCTC 3’) primers and digested using Kpnl and Sacl. The GAPDH
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constructs containing randomized or genetic sequences [GAPDH_3’ UTR shuffle; GAPDH_3’

UTR Genetic] in the GAPDH 3’ UTR were generated as described above by replacing the 152

bp Kpnl-Sacl sequence at the 3’ UTR of GAPDH with the fragments indicated in Table 2.

Table 2. PCR templates for cloning unstructured or randomized sequences (underlined)

into the UTRs of GAPDH mRNA.

pSP64A | 5 3 DNA sequence of PCR templates

GAPDH restriction | restriction

variants | site site

GAPDH_ | BamHI Bst36I 5GTCTGTGGATCCTTCTAATACGACTCACTATAGGCACACAC

5 UTR ACACACACACACACACACACACACACACACACACACACACAC

(CA)s3 ACACACACACACACACACACACACACACACACACACACACAC
ACACACACACACACACCTCAGGTCTGT &

GAPDH_ | Kpnl Sacl 5 GGAAGAGAGGTACCCTCACTGCTGGGGAGTCCCTGCCACA

3 UTR CTCAGTCCCCCACCACACTGCACACACACACACACACACACA

(CA)s3 CACACACACACACACACACACACACACACACACACACACACA
CACACACACACACACACACACACACACACACACACACACACA
GAGCTCTCATAGCTGTTTCC &

GAPDH_ | Kpnl Sacl 5GGAAGAGAGGTACCCTCACTGCTGGGGAGTCCCTGCCACA

3'UTR CTCAGTCCCCCACCACACTGATCCCATCTCGAAAATCACAGC

shuffle TCCGAAGGTTCCAGCGAGCCGCGGGCGCTGCAACCATCGTT

CACACTGGAATTGGCAGTGATATTACAGAACCTCGTTCCCGT

GGAGCTCTCATAGCTGTTTCC &
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GAPDH_
3 UTR

Genetic

Kpnl

Sacl

5GGAAGAGAGGTACCCTCACTGCTGGGGAGTCCCTGCCACA

CTCAGTCCCCCACCACACTGCACATTTACCCTACACATTACA

TTCACTTACACATTACTTACATTCCCATTCCCATACACATCCT

ACATACACTAACACATACATCCCACTCTAAAATACATACAAGA

GCTCTCATAGCTGTTTCC &

mRNA preparation

To prepare mRNAs, we employed run-off in vitro transcription catalyzed by 6-His-tagged T7

RNA polymerase. With the exception of the pcDNA3-FLUC plasmid containing the T3 promoter

for transcription, all MRNA encoding sequences were cloned downstream of a T7 promoter. To

obtain the transcripts with or without a 30-nt poly(A) tail, plasmid DNAs were digested by EcoRI

or Sacl, respectively, and precipitated with ethanol. To obtain the rabbit -globin transcript with

or without a 30-nt poly(A) tail, plasmid DNAs were digested by Agel or Sacl, respectively. 10 ug

of linearized plasmid DNA was added to a 1 mL transcription reaction mixture containing 80 mM

HEPES-KOH pH 7.5, 2 mM spermidine, 30 mM dithiothreitol, 25 mM NaCl, 8 mM MgCl,, and

0.8 mM each of ATP, UTP, GTP and CTP. The reaction was initiated by adding homemade T7

RNA polymerase to a final concentration of 2 uM and then incubated at 37°C for 4-6 hours.

After the transcription reaction, the synthesized RNA was precipitated with 0.3 M sodium

acetate pH 5.3 and 2.5 volumes of ethanol. The precipitated RNA was purified from a

denaturing RNA gel (20 cm x 16 cm x 1.5 mm) in 7 M Urea, 1x TBE, and 5% acrylamide. The

gel was pre-run at 20 mA for 30 min. An equal volume of formamide was added to the RNA

before electrophoresis to aid denaturation of the RNA sample. RNA was run on the gel at 20 mA

for at least 2 hours until the tracking dye, Bromophenol blue, migrated three-fourths of the way

through the gel. RNA bands were visualized on a TLC plate by briefly exposing the gel to short

wave (254 nm) UV light. The RNA was eluted/recovered from the gel slab in gel extraction
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buffer (0.3 M sodium acetate pH 5.3, 0.5% SDS, and 5 mM EDTA) followed by phenol-
chloroform extraction and ethanol precipitation.

mRNA labeling with Cy3 and Cy5 fluorophores

The 5’ phosphate of the RNA was labeled using cystamine and a maleimide derivative of
Cy5 (or Cy3, Click Chemistry) in the following steps as previously described®': (i) the 5’ y
phosphate of RNA was reacted with 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDC, Thermo Scientific) and imidazole; (ii) the phosphorimidazolide derivative of
RNA was reacted with cystamine; (iii) the product was reduced with TCEP to release the
thiophosphate group, which was subsequently modified by Cy5 (or Cy3) maleimide for 2 hours
at room temperature (RT). Labeled RNA molecules were purified using a 1 mL G-25 spin
column equilibrated with ddH>O. We can reproducibly achieve 100% yield of 5’ phosphate
labeling. The 5’-labeled RNAs were then subjected to 3’ end labeling. The RNA 3’ OH group
was conjugated to pCp-Cy3 (or Cy5, Jena Bioscience) by T4 RNA ligase | in 20 mM MgCly, 3.3
mM DTT, and 50 mM Tris-HCI pH 8.5 in the presence of 5 mM ATP and 10% DMSOQO. The
efficiency of Cy3/5-pCp labeling of transcripts typically does not exceed 15-30%. To perform
ensemble FRET experiments, the 5’ end of mRNAs was labeled with Cy3 to ensure that all
acceptor (Cy5)-labeled RNAs were also labeled with a donor fluorophore. To perform single-
molecule FRET experiments, the 5’ end of mMRNAs was labeled with Cy5 to ensure that all
donor (Cy3)-labeled RNAs, imaged using the green (532 nm) laser, were also labeled with an
acceptor (Cy5) fluorophore. All labeled RNA molecules were gel purified by denaturing PAGE
as described above and stored in ddH»O after desalting via a 1 mL G-25 spin column.

RNA folding

To measure the end-to-end distances of mMRNAs by ensemble FRET, 300 nM doubly-labeled
(5’-Cy3, 3’-Cy5) RNA samples were refolded in 30 pl of folding buffer (50 mM HEPES-KOH pH
7.5 and 100 mM KCI) by first heating RNA at 90 °C for 2 min and slowly cooling to 37 °C. At 37

°C, MgCl; was added to a final concentration of 0.5 to 8 mM depending on the experiment and
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cooled to RT for 5 min. In most experiments, folding buffer contained 1 mM MgCl,. To disrupt
the basepairing interactions between the 5’ and 3' UTR in GAPDH or 3-globin mRNAs (shown in
Fig. 2), a 50-nucleotide long DNA oligomer complementary to the 3’ end of the 3’ UTR of mRNA
was added during mRNA refolding (GAPDH: 5’
CCTGGTTGAGCACAGGGTACTTTATTGATGGTACATGACAAGGTGCGGCT 3’ and B-globin:
5 CGCAATGAAAATAAATTTCCTTTATTAGCCAGAAGTCAGATGCTGAAGGG 3)).

For single-molecule experiments, 100 nM doubly-labeled RNA samples (5’-Cy5, 3’-Cy3) and
150 nM biotinylated anchor DNA oligomers in 5 pl folding buffer were annealed as described
above. Anchor DNA oligomers were designed to have a minimal effect on the overall secondary
structure using OligoWalk software'®: GAPDH: 5’- biotin/ GATGATCTTGAGGCTGTTG 3’; B-
globin: 5’-biotin/  TAGGATTGTTCATAACAGCA 3’; and MIF: 5'-
biotin/ CATGTCGTAATAGTTGATGT 3.

Ensemble FRET measurements

The fluorescence emission of Cy3 and Cy5 were measured using a FluoroMax-4 (Horiba)
spectrofluorometer at RT. A 12.5 mm x 45 mm quartz cuvette with a 10 mm path length (Starna
Cells) was used for a sample volume of 30 ul. All measurements were performed in folding
buffer (50 mM HEPES-KOH pH 7.5 and 100 mM KCl) in the presence of 0.5 to 8 mM MgCl,
depending on the experiment. Cy3 emission spectra (555-800 nm) were taken by exciting
fluorescence at 540 nm. Cy5 emission spectra (645-800 nm) were taken by exciting
fluorescence at 635 nm. The slit-widths for excitation and emission were set to 5 nm of spectral
bandwidth. FRET efficiencies (E) between the 5’ and 3’ end-labeled mMRNAs were determined
from Cy3 and Cy5 emission spectra using the ratioA method®2. RatioA for each experiment was
calculated from the ratio of the extracted integrated intensity of the acceptor (Cy5) fluorescence,

which is excited both directly by 540 nm light and by energy transfer, divided by the integrated
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intensity of the acceptor excited directly by 635 nm light. FRET efficiency (E) was determined
according to the following equation:

. (%) (%) (ratioA - %)

where d* is the fraction of molecules labeled with donor. The donor labeling efficiency was
determined from absorbance spectra. 1/d* indicates the fraction of acceptor-labeled RNA that is
also labeled with donor by assuming that the labeling of each fluorophore was random. ¢ is the
extinction coefficient at the indicated wavelength, and the subscripts D and A denote donor or
acceptor. The distance between donor and acceptor (R) was calculated from experimentally

determined E values using the equation below:

_ 1
=R
+Gy°

where R is the inter-dye distance and Ry is the Forster radius at which E = 0.5. Calculations
of R were performed assuming Ro= 56 A53.

Single-molecule FRET measurements

100 nM biotin-conjugated Cy3/Cy5 doubly-labeled RNA samples were diluted in imaging
buffer (50 mM HEPES pH 7.5, 100 mM KCI, 1mM MgCl,, 0.625% glucose, and 1.5 mM Trolox)
to a final concentration of 50 pM and immobilized on quartz slides coated with biotinylated BSA
(0.2 mg/mL, Sigma) and pre-treated with NeutrAvidin (0.2 mg/mL, Thermo Scientific). Imaging
buffer with an oxygen-scavenging system (0.8 mg/mL glucose oxidase and 0.02 mg/mL
catalase) was injected into the slide chambers before imaging to prevent photo-bleaching.

smFRET traces were recorded using a prism-based total internal reflection fluorescence
(TIRF) microscope as previously described®*%. The flow chamber was imaged using an
Olympus IX71 inverted microscope equipped with a 532 nm laser (Spectra-Physics) and 642
nm laser (Spectra-Physics) for Cy3 and Cy5 excitation, respectively. Fluorescence emission

was collected by a water immersion objective (60x%/1.20 w, Olympus). Fluorescence signals
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were split into Cy3 and Cy5 channels by a 630 nm dichroic beam splitter and recorded by
EMCCD camera (iXon*, Andor Technology). Movies were recorded using Single software
(downloaded from Prof. Taekjip Ha’s laboratory website at the Center for the Physics of Living
Cells, University of lllinois at Urbana-Champaign (https://cplc.illinois.edu/software/)'? with the
time resolution of 0.1 s for 10 min. All experiments were performed at RT.

Single-molecule data analysis

Collected datasets were processed and trajectories for individual molecules were extracted
with IDL, using scripts downloaded from https://cplc.illinois.edu/software/. Apparent FRET
efficiencies (Eapp) Were calculated from the emission intensities of donor (lcy3) and acceptor (lcys)
as follows: Eapp = lcys/ [lcys + Icys]. The FRET distribution histograms were built from more than
200 trajectories that showed single-step disappearance for both Cy3 and Cy5 fluorescence
intensities using a Matlab script provided by Prof. Peter Cornish (University of Missouri,
Columbia). Single-step photobleaching of the acceptor dye resulting in a reciprocal increase in
donor fluorescence indicated the presence of an energy transfer before acceptor
photobleaching. FRET histograms were fitted to Gaussians using Origin (OriginLab). Among all
collected traces, 20% of B-globin and GAPDH individual smFRET traces showed spontaneous
interconversions between multiple FRET states. The state-to-state transitions in each fluctuating
trace in GAPDH mRNA (N= 266) were determined using hidden Markov modeling (HMM) via
HaMMy software?°. smFRET traces showing apparent fluctuation were fit using HMM to 2, 3,
and 4-state models. 99% of smFRET traces were best fit by 2-state models. Idealized FRET
traces obtained by HMM were examined using transition density plot (TDP) analysis. To obtain
TDP, the range of FRET efficiencies from 0 to 1 was separated into 200 bins. The resulting TDP
heat map was normalized to the most populated bin in the plot. The lower- and upper-bound
thresholds were set to 5% and 100% of the most populated bin, respectively.

Computational procedures

Estimating end-to-end distance
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To estimate end-to-end distance distributions and mean end-to-end distances for each RNA
sequence, we used a two-scale freely jointed chain approximation'® for each structure in a
Boltzmann ensemble of structures. We generate 1000 structures using stochastic sampling?*
(program stochastic) in RNAstructure??. In stochastic sampling, structures are selected at
random with the probability equal to their Boltzmann probability. Because the sample is
Boltzmann weighted, the mean of a quantity across the sample has the proper Boltzmann
weighting. For each structure, we count the number of branches and unpaired nucleotides in

the exterior loop, i.e. the loop that contains the 5’ and 3’ ends, and use:

o
ull oy

D =./a?n5 + b*m

where D is the end-to-end distance, n is the number of unpaired nucleotides, m is the
number of helical branches, a=6.2 A, and b = 15 A, where a and b were from a previous
parameterization'®. The mean end to end distance is the arithmetic mean across structures in
the sample.

Sequence Complexity

Sequence complexity is a measure of diversity for the nucleotide content of a sequence. In
this work, we use Linguistic complexity as introduced by Trifonov®¢, and calculated using the
algorithm from Gabrielian et al®®. The complexity is the product of vocabulary size across k-

mers:

w
C = HUk
k=1

where the vocabulary size, U, is the fraction of possible sequences observed for that k-mer.
The number of possible sequences for a k-mer is the minimum of 4<or N-k+1, where N is the
sequence length. For example, k = 3 has a possible sequence space of 42 for sequences of 64
or more nucleotides, and Us is the fraction of these 3-mer sequences observed across the

sequence. The maximum k-mer size, w, is a function of length. Here we used w = 5 for the 106
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nucleotide region of GAPDH mRNA and w = 7 for the full length GAPDH mRNA, following
Gabrielian et al?®.

Genetic Algorithm

We developed a genetic algorithm program to optimize features in a given RNA sequence.
In this work, our goal was to evolve sequences to increase the end-to-end distance of the input
sequences.

The genetic algorithm is an iterative process inspired by evolution in which an initial
population is evolved to optimize features represented in the objective function®”. A population
of 10 sequences was used in this work, and these ten sequences were initialized uniformly as
the starting sequence. In each iteration, sequences in the population are either mutated or new
sequences are generated by recombining two sequences (called crossover) to generate 10 new
sequences. The optimal 10 sequences (from the set of 10 at the start of the iteration and the 10
new sequences) are kept for subsequent iterations, where optimality is defined as maximizing
the value of the objective function. In the mutation steps, each of the ten sequences was
mutated independently. Sweeping along the portion of the sequence that is being evolved,
there is a probability of 0.03 that a nucleotide will mutate to equal probability of A, C, G, or U. In
our algorithm, crossover occurred every 6 steps. For crossover, 5 pairs of sequences are
selected at random without replacement from the population of 10 sequences. For each
sequence pair, the algorithm scans through the portion of the sequence that is being evolved
and each nucleotide position has a probability of 0.03 to be selected as a recombination marker;
therefore, on average, the number of recombination markers is 0.03xN. Then, the pair of
sequences is recombined by the exchange of homologous segments to make two new
sequences. The generation of the two sequences by crossover from the sequence pair is
illustrated by the schematics shown below.

We used two objective functions in this work. In calculations shown in Fig. 4, the objective

function was the mean probability of each nucleotide being unpaired as determined with a
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partition function calculation®®. The mean is taken across only nucleotides that are in the region
of the sequence being evolved. In calculations shown in Fig. 5, we summed the mean

probability of each nucleotide being unpaired and the sequence complexity.

Before recombination:

Sequence 1 _ a _
Sequence 2
recombination recombination recombination
marker 1 marker 2 marker 3

After recombination:

Sequence 1

Sequence 2

Genetic Algorithm Crossover. In crossover, two new sequences are generated from two
sequences in the population. The black and orange colors indicate the sequence origin and
final sequences. Recombination markers are chosen at random with frequency of 0.03 per

nucleotide.
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