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Abstract:

The shape of rice seeds affects not onlvy the grain vield but also grain quality. Cloning
more seed development related genes and studying their mechanisms will benefit the
understanding of the formation of rice grain shape, and provide important genetic
resource and theoretical guidance for breeding high—vield and superior—quality elite
varieties. In this proposal, we identified a new QTL gene, GL3n, which controls the grain
length in rice using forward genetics method. The gene is able to increase the grain
length and also the quality. On the basis of our previous studies, we will focus on the
cloning of GL3n and studving its molecular mechanism in controlling the grain length. The
main contents include follows: the map-based cloning and validation of GL3n; elucidation
of GL3n function in the development of grain shape through cvtological observation,
expression analysis, screening of interaction factors, molecular and biochemical
analysis, further evaluation of the potential of GL3n for promoting the field yield and
quality
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Letter to the Editor

CelPress

PARTNER JOURNAL

DSDecode: A Web-Based Tool for Decoding of
Sequencing Chromatograms for Genotyping of

Targeted Mutations

Dear Editor,

The transcription activator-like effector nucleases (TALENS)
and clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 genome editing systems have greatly improved
the efficiency for generating targeted mutations in various organ-
isms including plants (Li et al., 2012; Cong et al., 2013; Li et al.,
2013; Feng et al., 2014; Ma et al., 2015b; Zhang et al., 2014,
2015). In some plant species, the majority of mutations induced
by TALENs and CRISPR/Cas9 systems are in uniform biallelic
and heterozygous status in the first transgenic generation,
although in some other plant species, chimeric mutations {with
three or more allelic edited events within a single individual)
may frequently occur (Li et al., 2013; Feng et al., 2014; Zhang
et al, 2014, 2015; Ma et al., 2015b). In many cases, it is
necessary to determine the mutated sequences of the targeted
alleles. However, direct sequencing (with the Sanger method)
of PCR amplicons containing such biallelic or heterozygous
mutations results in superimposed sequencing peaks starting
from the mutation sites. Therefore, cloning of the mutation
containing amplicons and sequencing of multiple clones for
each target editing site are required to determine the mutated
sequences of the targeted alleles, which is tedious, time
consuming, and expensive. Aimed at this problem, we have
racently developed a highly reliable Degenerate Sequence De-
coding (DSD) method (Ma et al, 2015a) and applied it to
decode hundreds of targeted mutation events in rice and
Arabidopsis (Ma et al, 2015b). The DSD method decodes
superimposed seguencing chromatograms in the following
steps: (1) starting from the first overlapping-peak position on
the chromatogram, manually generate a short degenerate
sequence (OS) that is adjacent to the anchor sequence (AS),
which sits upstreamn of the first overlapping-peak; (2) query the
DS against the intact reference sequence twice with a sequence
analysis program to find the matched sequence(s); and (3) link the
AS with the query-matched sequences to generate the allele
sequences or, if detecting only one matching hit, generate the
second allele sequence by subtracting the allele 1 nucleotides
from the degenerate bases. Even though simple and highly effi-
cient, manual operation of this DSD method is still time
consuming when decoding a large number of superimposed
sequencing chromatograms.

Here, we describe a web-based tool, DSDecode, for automatic
decoding of superimposed and regular sequencing chromato
grams derived from PCR amplicons containing various types
of mutations. Based on the DSD method, DSDecode can
manipulate the whole decoding process mentioned above
automatically, including reading and generating the AS and
DS nuclectides from a corresponding sequencing chromato

gram file. DSDecode is available from SCAU/SCGene (http://
dsdecode.scgense.com/).

The workflow of DSDecode is illustrated in Figure 1A. The first
step in initiating a new task iz to paste an intact reference
sequence derived from sequencing of the non-edited parental
ling, which contains the target site and flanking sequences and
completely covers the range of the sequencing chromatogram,
into the text area. If the reference sequence is obtained from a
public database of the species, this sequence must be identical
to that of the parental line for genome editing. The second step
ig to upload a sequencing chromatogram file in .ab1 format for
each decoding job. The parameters for the base numbers of AS
(default 20 nt) and DS (default 15 nt) can be adjusted if necessary.
The decoding process is started by clicking the “Decode”
button (Figure 1B}). Behind the scenes, the program carries out
the following decoding steps automatically. (1) Read the
sequencing digital information from the ab1 file and locate the
boundary between regular single-peak signals and overlapping-
peak signals. (2) Generate an AS and a DS from the sequencing
information. (3) Query the DS against the reference sequence
for the first hit. (4) Connect the AS and the first query-matched
sequence to yield allele 1 sequence. (5) Subtract the nucleotides
of allele 1 (in the degenerate part) from the degenerate bases;
then join the resulting nucleotides with the AS to yield allsle 2
sequence. (6) Align the decoded allele 1 and allele 2 sequences
with the reference sequence. (7} Output the decoding results,
including the AS and D5, decoded allele 1 and allele 2 sequences,
and their alignments with the reference sequence {Figure 1C). In
most cases the time for a decoding task, from data upload to
display of the result, requires about 13-15 s. One unique 1D is
generated simultansously for each decoding job and it can be
used for reviewing the comresponding decoding results in the
“QUERY" page within a week.

A search with 13-15 bases of a DS usually produces enough
uniqueness, while a query with longer DS may increase the risk
of interference with the decoding from the high-level noise signals
present within the DS region. However, in some instances, one
mutated allele may possess a relatively large deletion that is
longer than the primary set DS length; in such cases, some
base mutations, if any, present at the other allele may not be
detected because the mutation site is not completely covered
by the primary shorter DS (Supplemental Figure 14 and 1B). To
resolve this problem, the program is designed to recognize this
type of mutation and automatically reset a longer DS (the bases

Published by the Molecular Plant Shanghai Editorial Office in asscciation with
Cell Press, an imprint of Elsevier Inc., on behall of CSPB and IPPE, SIBS, CAS.
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[chromatogram (ab1) ﬂle] Enter AS & DS
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& -‘
Adjust the lengths of | SaDSDecode
AS & DS if necessary | /
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DSDecode
Upload & reference sequence

Please enter an intact reference sequence
n cover the

range of the ab1 file

CTTAGCT

CAAGGAGT TITCGAT

TACT

Tne kengtn of reference sequence should not be more than 5,000 bp

Upload a chromatogram file
File
c Ou[ .. )

L-DS=DB+5 [P |

;" .’_'[ Decoding failure ]
Run decoding |~ i

[Enter a ehrematogram (*.an ) file )

Set optional paramelers
Length of anchor sequence (10-20 nt) M0

T o )
reference & ab1 file "Decode |
c

D SaDSDecode

STEF 1 - Uplcad a reference sequence
Please enfer an Intact reference sequence

It must completely cover the sequencing range of the ab1 file Clear

The lenglh of reference sequence shoukd not be more than 8,000 bp

STEP 2 - Enter the anchor sequence
Piease enler an anchor sequence (10-20 ).
ciggecticeggt

STEP 3 - Enter the degenerate sequence
Piease enler a degenerale sequente (10-20 nl) as the following case formal

eg.: TAIGC, T
COICHCIC0:08 3C,00,09 Eg.Ca CRegACCg
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Dogensats sequarce: [GT] [TC] [TA] (5] [€T] [£T] [CT] [C6)G [AC] [TA]G [AT] [CA] [TA]C[C6] [AT] [TA)G
Adein: TTTAATGGCANGGAGTTCCGGCAGTCTCGATGAAACCTAG

AaeieZ TTTA TTCCTOGEE G

Abgaments of Alele1, Abole? and rofaresce seaance

Allelel: TTTAATGGCARGGAGTTOCG - =~ =~ ~~GCAGTCTCGATGRAACCTAG (deletion)

Allelel: TTTAATGGCAAGGAGTTCCGTTTCCTOGGCAGTCTCGATG (1nserticon)

Reference: TTTANTGGCAAGGAGTTCOG-TTCC CCTAGAGTTGAGATTGETGGIGATGATT

E
Decoding resul

Anches sequence: CTGGCCTTCCGGT
Degenerate sequence: (O3] [CT]C[CG] [G6] [AC] [0G] [GA]T [C6] [CA] [CG] [C6] [TC] [CG]

Alede: CIGGCCTICCGGTCCCGGAGGT GAGECE
Adeie? CTGGCCTICCGGTGTOOGCCATCCOCTC

Abgrenents of Allsle 1, Alsle2, and relerence sequence

Allalel: CTGGCCTTCCGET- (45-bp deletion) CCCGEAGETGAGSCG (deletion)

Allele2: CTGECCTTCCGETGTCOGCCATCCCCTC (dnsertion)

Reference: CTGGOCTTCCGGTG-COGCCATCCCCTOGOCCOGTCGATCGATCGACCGACCGACCGGTCCOGE

Figure 1. The Workflow of DSDecode/SaDSDecode and the Resulting Output.
(A} The main steps of the DSDecode/SaDSDecode workflow. AS, anchor sequence; DS, degenerate sequence; DB, deleted bases; L-DS, long DS. If a
large deletion equal to or longer than the primary DS is detected in an allele, a new L-DS is reset by the program for decoding again. If automatic decoding

fails, semi-automatic decoding (SaDSDecode) can be used.

(B and C) Data input areas of DSDecode and the resulting display. Additional "-" indicates a base deletion in the decoded allele(s) or the correspending
position of a base insertion in the reference sequence. In most cases, it is not necessary to change the default settings of 20 nt for AS and 15 nt for DS.
(D and E) Data input areas of SaDSDecode and the resulting display. This case was derived from a chromatogram shown in Supplemental Figure 2C (3).

of large deletion plus 5 nt, see Figure 1A), then run the decoding
process again to produce a new result (Supplemental Figure 1C).
If a decoding task fails, an inspection is displayed to direct
the resolution of possible causes and links to a sub-program
Semi-automatic DSDecode (see below).

Sequencing chromatograms with low or intermediate noise signals
(Supplemental Figure 2A and 2B) can be effectively decoded by
DSDecode. However, high-level noise signals in some low-
quality sequencing chromatograms (Supplemental Figure 2C)
could interfere with the identification of AS and DS, leading to
decoding failure. To decode such low-quality sequencing chro-
matograms, a sub-program page, Semi-automatic DSDecode
(SaDSDecods), is available (Figure 1D), which can be visited
directly via http://dsdecode.scgene.com/home/semidecode. By
inputting the manually generated AS and DS from a sequencing
chromatogram as described (Ma et al., 2015a) into the text area,
decoding results can be obtained with the sub-program
(Figure 1E). To obtain high-quality sequencing chromatograms
for DSDecode-based automatic decoding, we recommend that

targeted genomic sequences of about 400-700 bp, in which the
targeted sites are located on the center regions, are PCR amplified
and purified with a gel purfication kit. Then the amplicons
are sequenced with internal (nested) specific primers, with the
binding positions preferably at 150-300 bp (no less than 100 bp
and no more than 400 bp) upstream of the targeted sites.
The primers used for the PCR amplification are not suitable
for sequencing because they often produce high-level noise sig-
nals, which may interfere with the decoding by DSDecode. For
multiplex targeting involving two or more closely arrayed sites,
an amplicon containing these target sites can be obtained by a
single PCR amplification, but independent sequencing for each
target site (from both sides) is recommended, although fragmental
deletions between two close target sites can be detected by
DSDecode.

DSDecode and SaDSDecode can genotype various types of bial-
lelic and heterozygous mutations in dipleid organisms as shown
previously (Ma et al.,, 2015a). In addition, the simple types of
biallelic and homozygous mutations with single-base insertions
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in both alleles and homozygous base deletions can also be
analyzed with DSDecode {Supplemental Figure 3). However,
chimeric mutations and the rare type, if any, of biallelic
mutations with insertion or substitution of two or more bases in
both alleles cannot be decoded by this program. To verify the
efficiency and accuracy of DSDecode, we tested more than
150 sequencing chromatograms derived from various types of
mutations in rice and Arabidopsis with DSDecode and further
compared the results (Ma et al., 2015b) decoded with the
manual DS method (Ma et al., 2015a). The results showed
that 125 chromatograms of high and ordinary quality were
successfully and correctly decoded by DSDecode. The
remaining chromatograms of low quality, while unable to be
properly decoded with DSDecode, could be completely
decoded by SaDSDecode or by the manual DSD method. The
manual DSD method is also useful for verifying the results
obtained with DSDecode or SaDSDecode.

In summary, we present a versatile and user friendly tool for
genotyping of various types of uniform mutations by direct
sequencing of PCR amplicons containing targsted sites.
Although developed for genome targeting analysis, DSDecode
can also be used for genotyping of other source-derived
nuclectide variations at single sites of sequencing chromato
grams. This tool, in combination with the TALEN and CRISPR/
Cas9 technologies, will greatly facilitate basic and applied biolog
ical research.
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ABSTRACT

Despite continuous improvements, it is difficult to efficiently amplify large sequences from complex tem-
plates using current PCR methods. Here, we developed a suppression thermo-interlaced {STI) PCR method
for the efficient and specific amplification of long DNA sequences from genomes and synthetic DNA pools.
This method uses site-specific primers containing a common 5’ tag to generate a stem-loop structure,
thereby repressing the amplification of smaller non-specific products through PCR suppression (PS). How-
ever, large target products are less affected by PS and show enhanced amplification when the competitive
amplification of non-specific products is suppressed. Furthermore, this method uses nested thermo-
interlaced cycling with varied temperatures to optimize strand extension of long sequences with an uneven
GC distribution. The combination of these two factors in STl PCR produces a multiplier effect, markedly
increasing specificity and amplification capacity. We also developed a webtool, calGC, for analyzing the
GC distribution of target DNA sequences and selecting suitable thermo-cycling programs for STl PCR.
Using this method, we stably amplified very long genomic fragments {(up to 38 kb) from plants and
human and greatly increased the length of de novo DNA synthesis, which has many applications such as
cloning, expression, and targeted genomic sequencing. Our method greatly extends PCR capacity and
has great potential for use in biological fields.

Key words: STl PCR, PCR suppression, thermo-interlaced cycling. long genomic fragments, de novo DNA
synthesis

Zhao Z., Xie X., LiuW., Huang J., Tan J., Yu H,, Zong W,, Tang J., Zhao Y., Xue Y., Chu Z., Chen L., and Liu
Y.-G. (2022). STl PCR: An efficient method for amplification and de novo synthesis of long DNA sequences. Mol.
Plant. 15, 620-629.

INTRODUCTION

PCR for DNA amplification is a foundational, powerful technique
with widespread applications in molecular biclogy, biotech
nology, synthetic biology, diagnostics, detection, identification,
and forensic analysis (Moore, 2005). Since the invention of PCR
(Mullis et al., 1986; Mullis and Faloona, 1987), numerous PCR
derived techniques have been devsloped. However, some
challenges remain. In particular, the efficient and specific ampli-
fication of long DNA fragments from complex genomes and
synthetic DNA pools, which is often required for analyzing the
functions of large genes, multigene clusters, and genomic struc-
tural variations and for constructing large functional structures,
has long been a vexing problem. In addition, synthetic biology
is emerging as an important discipline with the potential to impact

620 Molecular Plant 15, 620-629, April 4 2022 @ 2021 The Author.

many academic and industrial applications. The engineering of
biclogical systems in synthstic biology often requires de novo
synthesis of long DNA sequences (synthons) that comprise
complete functional units, but current technologies are ineffi-
cient for building large DNA synthons (Hughes and Ellington,
2017).

A number of long PCR (or long range PCR) approaches have
been developed to improve the amplification of long DNA frag-
ments, including the use of engineered high-fidslity/high-
performance thermo-stable DNA polymerases and secondary

Published by the Mclecular Plant Shanghai Editorial Office in association with
Cell Press, an imprint of Elsevier Inc., on behall of CSPB and CEMPS, CAS.
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proofreading-compstent polymerases, optimized buffer compo-
sitions, additives, decreased denaturation times, higher anneal
ing temperatures, and longer strand extension times {Cheng
et al., 1994a, 1994h; Villbrandt et al., 2000; Davidson et al.,
2003; Wang et al., 2004; Hogrefe and Borns, 2011; Ignatov
et al., 2014; Chua et al., 201/). Although some cases of the
amplification of large fragments {~20 kb or larger) from the
human genome have been reported, it is usually difficult to
stably and specifically amplify genomic DNA fragments greater
than ~10 kb in ordinary PCR experiments. This is especially
trus for the amplification of long genomic DNA in plants.

In our attempts to amplify long genomic DNA fragments using ex-
isting long PCR methods, which generally require more PCR cy
cles (35-40 cycles), we found that the PCRs often generated non-
specific products, which were usually shorter than the target
products. Because short non-specific products can be amplified
more efficiently than longer target products, we reasoned that
these products may strongly compete with the large target
products for amplification, thus greatly reducing the amplification
efficiency of the target. We therefore speculated that the devel-
opment of a new long PCR method that avoids amplification of
nan-specific products could improve both the capacity and the
specificity of amplifying long DNA sequences from genomes.

When a DNA fragment contains inverted terminal repeats (ITRs)
of a certain length {which have a relatively higher melting
temperature [T,,]), the self-complementary ends of the denatured
single strands can pair during PCR to form duplex stems or
panhandle-like structures, blocking primer binding and produc-
ing an effect termed PCR suppression (PS) (Lukyanov et al.,
1995, 1999; Siebert et al., 1995; Diatchenko et al, 1996).
Shorter fragment strands with ITRs of certain lengths are
especially prone to forming such stem-loop structures, thus pro
ducing a stronger PS effect (Shagin et al., 1999). This PS effect
has been utilized in some methods to construct subtracted or
size-balanced cDNA libraries (Lukyanov et al, 1995;
Diatchenkeo et al.,, 1996; Dai et al., 2007}, isolate cDNA ends
(Matz et al., 1999), and recover unknown flanking DNA
seguences by thermal asymmetric interlaced PCR (Liu and
Chen, 2007; Tan st al., 2019).

In most natural DNA sequences, the levels of G and C nucleotides
(GC content) are unevenly distributed, especially for long se

guences. Regions with low GC contents have low T, values, and
during the strand extension step of PCR at higher temperatures
(e.g., 68°C-72°C), the base paring in these regions is therefore un

stable, decreasing the sfficiency of strand synthesis. However, for
high-GC regions, the activity of the DNA polymerase used and the
strand extension are mostly optimal at higher temperatures (e.g.,
72°C). A recently developed nested-loop PCR method improves
the amplification efficiency of genomic sequences to some extent
by changing the temperatures (58°C-68°C) for strand extension
within PCR cycles {Long et al., 2019), but this method often
produces non-specific products that impair the amplification of
long fragments from complex genomes.

In this study, we developed a suppression thermo-interlaced (STI)
PCR method that uses modified site-specific primers ta generate
the PS5 effect and a thermo-interlaced cycling (TIC) strategy with
varied temperatures for strand extension to efficiently amplify
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long DMNA sequences with high specificity from complex ge-
nomes of various organisms for various applications. This
method is also powerful for increasing the capacity for in vitro as-
sembly and amplification of long de novo-synthesized DNA.

RESULTS

Design of STI PCR

The first principle underlying ST| PCR is the use of the PS effect to
suppress the amplification of non-specific PCR products, which
are usually smaller than target products, to avoid their competi

tive amplification along with the specific products and thus to
enhance the amplification of the target sequence. PCR ampli

cons with ITRs that have higher T, values produce stronger PS
(Lukyanov st al., 1995; Shagin st al., 1999). For this purpose,
the forward and reverse site-specific primers for STl PCR, de-
noted PS primers, contain 3' regions that can specifically bind
to genomic sites (with calculated T, values of ~62°C-64°C for
these initial binding sites) and an identical non-target 5 tail (&'
tag) consisting of an arbitrary GC-rich sequence (20-25 nt) with
a higher T, of 68°C-72°C (Figure 1A). Examples include the 5
tags 5'-gcctggetecacgetecgagt-3' with 7, = 68°C, 5'-gectggcetee
acgctcegagtg -3’ with 7, = 69.6°C, and 5'-gectggetccacgote
cgagtgg-3' with T, = 71.3°C used in this study (Supplemental
Table 1). The higher T, values ensurs the stable pairing of ITRs
at 68°C-72°C during the annealing and extension steps.

Primer concentration is another factor that affects PS (Lukyanov
et al., 1995; Shagin et al., 1999). When primers are used at lower
concentrations (such as 0.1-0.15 uM used in this
study compared with 0.3-0.5 pM used in conventional PCR),
the strands of non-specific products < ~3 kb easily form stem-
loop structures, and theiramplification is blocked or strongly sup
pressed. This occurs because intra-molecular annealing of the
complementary ends of shorter product strands is kinetically
favored over inter-molecular annealing between the primers
and templates at lower primer concentrations. However, the PS
effect is relatively weak for longer {(e.g., >~4 kb) products
because the longer distances between the complementary
ends sffectively decrease stem formation. Thus, the primers
can bind to the template ends for priming and amplification
(Figure 1B).

During ST1 PCR, non-specific products (including primer-dimers)
may initially be generated by mispairing and priming, but most of
these are smaller than the large target products. Although some
large non-specific products may also be generated initially,
they are amplified poorly because the efficiency of their initial
off-target mispairing/priming is much lower than that of the on-
target pairing/priming to target sequences. Therefore, these
differential PS effects suppress the amplification of smaller
non-specific products while simultanecusly allowing sfficient
amplification of long target sequences. We reasoned that this
PCR design could sliminate the competitive amplification of
non-specific products, thus greatly promoting efficient, specific
amplification of large target fragments.

The second principle is the use of nested TIC programs with step
wise- or ramping-varied temperature ranges (e.g., 60°C-70°C,
65°C-72°C, or 60°C-72°C) to optimize strand extension of target

Molecular Plant 15, 620-629, April 4 2022 @ 2021 The Author. 621
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A Arbitrary 5'-tag (T, = 68—72°C)

Site-specific region (7, = 62-64°C)
5 -nnnnnn.nnnnn (RE) NNNNNN.. NNNNNN-3*
Unique restriction site(s) for cloning (optional)

Amplification and de novo synthesis of long DNA sequences

Figure 1. Diagrams illustrating STl PCR.

(A) Constitution of typical PCR suppression (PS5}
forward and reverse primers. The &' tag sequence
(GC rich) is identical in the forward and reverse PS
primers.

(B) During the primer-kinding and strand extension
steps of STI PCR with PS primers (in relatively low

B
Small PCR products (< ~3 kb) Large PCR products (> ~4 kb)
— —_— — 7 —
— 1 Strong PS o—] l Weak or no PS
PS primers
o
No or less amplification Efficient amplification
c op  35—40 super-cycles (V) opp  35-40 super-cycles (N)
100 1 100 1

90 a0

a0 80

concentrations, such as 0.1-0.15 pM), denatured
single strands of smaller, non-specific praducts
(<~3 kb, including primer-dimers) tend to form
stable stem-loop structures with a strong PS effect,
whereas those of large target products (-4 kb)
form stems much less efficiently. Thus, the ampli-
fication favors large target products.

(C) Representative thermo-cyeling program pat-
terns for STI PCR. An STI PCR program contains a
total of 35-40 (M) super-cycles (complete thermo-
cycles with denaturing, annealing and extension
steps). In each super-cycle, the annealing and
extension steps consist of repeated, multiple cycles
() of nested thermo-interlaced cycling (TIC) with
stepwise (left) or ramping (right) changes in tem-
perature, thus optimizing the strand extension of
target sequences with different GC nucleotide
contents and distributions. The number n is mainly
kased on the sequence length.

70 i 70

60| A 60

50 - Nested TIC (n) sol Nested TIC (n)
1 2 (min) 1 2 (min)'

sequences with unevenly distributed GC nuclectide content
(Figure 1C). This approach works because relatively lower
temperatures (e.g., 60°C-65°C) promote strand extension of
regions with lower GC content or AT-rich stretches, whereas
higher temperatures (e.g., 68°C-72°C), at which the selected
DMNA polymerase has higher activity, are optimal for the extension
of regions with higher GC content. Importantly, the combination
of both the PS effect and TIC in our STI PCR produces a multiplier
effect that scales up both the specificity and amplification ability
for long target sequences.

In amplifying some long genomic fragments (e.g., >~30 kb), it
may still be difficult to stably amplify target products to high con
centrations by one-round STI PCR. Thus, we performed a second
PCR with nested site-specific primers that do not need to have
the PS effect because of the limited number {18-23) of thermo
cycles used {using TIC for strand extension) to obtain long target
products with high specificity at high concentrations.

STI PCR program conditions

To test the effectiveness of this method, we first designed several
pairs of specific P3 primers {Supplemental Table 1) to amplify
genomic fragments (single copy in the genome) of various sizes
from rice (Oryza sativa with genome size of 466 Mb). For
comparison, we also prepared six sets of standard specific
primers {with 7, values of ~65°C) {Supplemental Table 1) with
the same 3’ site-specific regions as the above PS primers and
used them to amplify the same 4.9-14.0 kb fragments.

To simplify the PCR program settings for targst sequences with
various GC content distributions, we designed four basic pro
grams for STI PCR {Supplemental Figure 1). These programs
have about 35 40 super-cycles (complete thermo-cycles with

622 Molecular Plant 15, 620-629, April 4 2022 @ 2021 The Author.
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denaturing, annealing, and extension steps), and in each super-cy

cle, the annealing/extension steps consist of specific numbers of
nested thermo-interlaced cycles. Program | is for target sequences
with a moderate GC content distribution (average 45%-55% GC
with or without less GC-rich and/or AT-rich stretches). Program Il
is for target sequences in which some regions (=200 bp) have
higher GC contents (= 70% GC). A higher denaturing temperatura
{9/°C, or 98°C if very GC-rich regions are present) is used in this
program for complete DNA denaturing. Program Il is for target se-
quences in which some regions (=100 bp) have a lower GC con-
tent (<25% GC) or contain some long AT-rich stretches. Program
IV is for target sequences that contain both high-GC regions
(=200 bp, =70% GC) and low-GC regions {=100 bp, <25%
GC). We used stepwise changes in extension temperature in the
nested TIC, although changes in extension temperature could
also be ramped. A fifth program, program V, is also provided for
two-round 3TI PCR based on the selection of one of the basic pro-
grams {|-IV) described above.

We used the high-fidelity/high-performance thermo-stable DNA
polymerase KOD FX Neo (Toyobo, Japan) and ApexHF HS DNA
Polymerase CL (Accurate Biotech, Hunan, China) kits to perform
our PCRs. Because the use of high-quality genomic DNA (large
size and high purity) as a template is important for long PCR, we
prepared high-guality total DNA from rice, maize (£ea mays), and
human cell lines. Most sequence fragments in the prepared DNA
samples were larger than ~70 kb, as measured by pulsed-field
gel electrophoresis (Supplemental Figure 2).

Development of a web-based tool, calGC

To facilitate analysis of GC content and distribution in target se
quences, we developed the user-friendly web-based tool calGC
{http://skl.scau.edu.cn/calGCY) in Python. After a targst sequence
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Figure 2. The calGC webtool for analyzing
GC contents and distribution features in
DNA sequences.

(A) Seguence submission page with a rice
sequence as input. The settings for scan window
and overlap size can be adjusted if necessary. The
calGC webtool can be accessed via http://skl scau.
edu.cn/calGC.

(B) Result output page. The calGC tool can auto-

I[(~ ~

v matically recommend a suitable program for STI
# FCR, with a calculated TIC number (n) for the target
sequence.

manual hot-start operation. PCRs that used

primers specific for the functional fertility-

restorer Rf4 allele (Tang et al, 2014)

produced non-specific products from non-

restorer lines that lacked Rf4. The second

group of PCRs used the same standard

| primers and TIC conditions. They produced
the same target bands of up to 10.5 kb (a
12.5-kb target fragment was amplified very
weakly), and the target bands were some
what stronger than those in the first group.

IJ However, many non-specific products were
also generated (including those in the non

restorer lines; Figure 3B), pointing to the
lower specificity of PCR using the standard
primers. The third group of PCRs, which
used PS primers and conventional thermo

v 22e Age. T, Kz Pre. R R W0, T1o 18, Tap Trr 85 T2 12
<y 35y My M7y Ny sy Mgy iy W Nag Rag Mg Mg Mo Pa T,
Fosition (kb)

Recommended program for STI PCR: IV with n = 47
Click here to obtain the detailed programs.

is entered in the sequence submission window (Figure 24), the tool
displays the average GC content and GC distribution along the
target sequence. It automatically selects one of the STI PCR
programs (Supplemental Figure 1) suitable for the sequence, with
a calculated TIC number based on its length and GC distribution
(Figure 2B}.

STI PCR has a multiplier effect on specificity and
amplification ability

To compare the performance of different long PCR methods for
large DNA amplification, we performed four groups of long
PCRs using standard primers and PS primers in combination
with either conventional thermo-cycling conditions or TIC condi-
tions. Programs used for STl PCR of various genomic DNA frag
ments are given in Supplemental Table 2.

The first group of PCRs {conventional long PCR) used standard
primer sets and conventional thermo-cycling conditions of an-
nealing at 66°C for 30 s and strand extension at r2°C for ~40
s/kb. Extension at 68°C was also tested, but the PCR efficiency
was not improved compared with that at 72°C. These PCRs
amplified only target fragments of up to 10.5 kb, at relatively lower
amounts, along with many non-specific products (Figure 3A4),
despite the use of both hot-start- competent KOD FX Neo and
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cycling conditions, yielded improved amplifi
cation of target fragments of up to 12.5 kb,
with relatively few non-specific products. No
non-specific products were generated in
either the restorer or non-restorer
lines (Figure 3C). By contrast, the fourth
group, which used STl PCR, successfully amplified target
fragments as large as 26.2 kb without generating detectable
amounts of non-specific products (Figure 3D). We also tested
STl PCR for the amplification of long genomic fragments from
rice, maize, and human cell lines using another high-fidelity
DMNA polymerase kit, ApexHF HS DNA Polymerase CL, and we
successfully amplified these fragments up to 34.3 kb (Figure 2E).
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These results demonstrate that the use of PS primers only {with
conventional thermo-cycling) can markedly increase the speci-
ficity of amplification (Figure 3C), and the usse of TIC only for
strand extension (with standard primers) also somewhat
improves PCR efficacy (Figure 3B), confirming the role of the
PS effect in the suppression of non-specific products and of in
terlaced different temperatures in the promotion of strand
extension. However, the combination of TIC with the PS effect
from the PS primers in our STl PCR (Figure 3D) produces an
obvious multiplier effect that scales up both the specificity
and amplification capacity for long target sequences. This is
because, under the optimized strand extension conditions of
TIC, the high specificity of STI PCR completely eliminates the
competitive amplification of non-specific products, thus
greatly enhancing the amplification efficiency for targst
saquUeNces.
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Figure 3. STI PCR enables specific amplification of long genomic DNA fragments.

(A-C} (A) PCRs using standard primers and conventional thermo-cycling conditions. The target fragments in (A-C) are indicated by arrows, and the
others are non-specific products. The standard (and PS) primers for the 4.9-kb fragment were designed to amplify the Rf4 restorer gene in restorer lines
R498 and ZSRS but not the non-functional 74 allele in non-restorer lines J23 and 9311, The bands in J23 and 9311 (A and B) therefore represent non-
specific products. 9522 and 9311 are japonica and indica rice lines, respectively, which are the same in (B and C). These PCR products (each 3—4 ul} were
separated by conventional electrophoresis on 0.8% agarose gel (A-D). M, molecular weight marker »-Hind 11l. (B) PCRs using standard primers and TIC.
(C) PCRs using PS primers and conventional thermo-cycling.

(D) STI PCRs using PS primers and TIC. The fragments of 4.9, 10.5, 12.5, and 14.0 kb are the same target sequences used in (A-C). The sizes of all
amplified target fragments in (A-D} fit the known sequences in the rice genome {note that DNA fragments of =~20 kb could not be effectively separated by
conventional agarose gel electrophoresis). The PCRs in (A-D) were performed using KOD FX Neo.

(E} Additional one-round ST| PCR {using ApexHF HS CL) for amplification of very long genomic sequences from rice, maize, and a human cell line. These
PCR products (3-4 ul each} were separated by pulsed-field gel (1.0% agarose) electrophoresis. M, mixed size markers of intact 3 (48.5 kb) and h-Hind IIl.
(F) Two-round STI PCR for amplification of very long genomic fragments with high specificity. After the first-round STI PCR (using KOD FX Neo), a small
amount (0.3-0.5 ul) of the reaction was used as a template for the second PCR using nested specific primers, These can contain an additional 5 tag for
cloning or barcoded sequencing. The second-round PCR products were separated by pulsed-field gel electrophoresis. An internal repeat sequence
(~5.8 or ~6.0 kb} that was present in the 38.0- and 38.2-kb target sequences (at the CYPTAT/CYP1A2 locus) of the human cell lines could be efficiently
amplified by the nested primers.

Although one-round STI PCR can amplify long genomic se-
guences, we also cammed out a two-round PCR procedure con-
sisting of a first-round STI PCR (32-33 super-cycles) to greatly
enrich the long target sequences and a second PCR (using
~0.3-0.5 pl first-round PCR product as the template) with nested
specific primers (without the PS tag and with T, values of 64°C-
66°C for the specific binding sites). In the second-round nested
PCR with such a limited cycle number (18-23 super-cycles),
only specific sequences can be amplified to high concentrations.
This approach could amplify long genomic fragments (up to 38.2
kb) from rice, maize (with a genome size of ~2.3 Gb), and human
cell lines (with a genome size of ~3.0 Gb) (Figure 3F). In the
second PCR, the primers can also be modified with 5’ tags for
various purposes, such as cloning (e.g., introducing Gibson
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Assembly [Gibson et al., 2009] tags or restriction enzyme sites)
and sequencing (e.g., introducing adaptors/barcodes for
pooled single-molecule sequencing).

To confirm the specificity of the amplified fragments, we selected
10 fragments from one-round and two-round STI PCR for DNA
restriction analysis. The restriction patterns of all analyzed frag-
ments matched the patterns expected based on their known
sequences (Supplemental Figure 3).

DNA sequences with relatively high or low GC contents or that
contain intermal forward and/or reverse repeats may show
impaired PCR amplification. Sequence analysis showed that
our amplified genomic sequences included high-GC and/or
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(A) STI PCR using a forward primer (S58-Frn} modified from the PS primer 858-F by changing seven bases (G-to-C or C-to-G) in the &' tag without
changing the total primer T,,. The primer pairs S58-Fm/858-12 5R and 858-Fm/858-14R (.15 uM each) (Supplemental Table 1) were used to amplify the
same target fragments (12.5 and 14.0 kb) shown in Figure 3D that used the PS primer pairs 558-F/558-12 5R and S58-F/558-14R, respectively. These
reactions produced weaker target fragment bands (arrowed), along with many non-specific products.

{B) One-round ST1 PCR using different concentrations of PS primers (and ApexHF HS CL) to amplify two genomic sequences of 8522 (arrowed, the same
as those shown in Figure 3E). Weaker target bands and rany non-specific products (in smear or bands) were produced in the reactions that used

0.25 and 0.4 uM primers.

{C) One-round STI PCR using modified PS primers (and ApexHF H3 CL) with a lower T, (57°C) in a shartened 5’ tag (16 nt, Supplemental Table 1) to
amplify the same genomic sequences shown in (B). Weaker or no target bands and many non-specific products (in smear or bands) were produced

in these reactions.

low-GC regions (Supplemental Figure 4), and some contained
internal forward and/or reverse repeats of various sizes
{Supplemental Figure 5). Therefore, STl PCR is capable of
amplifying PCR-recalcitrant genomic sequences.

Factors affecting the performance of STI PCR

Toconfirmthat the high performance of ST PCR could be attributed
to the PS sffect rather than simply to the increased primer T, of the
longer primer with the additional 5’ tag, we changed seven G and C
nucleotides in the 5' tag of the forward primer S58-F to generate
S58-Fm (Supplemental Table 1) while retaining the same total T,
valuse. The strand ends of PCR products obtained using this
primer pair cannot form a stable stem structurs. Two PCR tests
using 558-Fm (in combination with the reverse primers 558-12.5R
and S58-14R, primarily used for STI PCR) and TIC conditions pro-
duced much lower amounts of the target products {12.5 and 14.0
kb) and many non-specific products (Figure 4A) compared with
the same pure target products (Figure 30) amplified using the PS
primer pairs 358-F/358 12.5R and 858 F/358-14R.

Todetermine whether primer concentration affects PS, amplifica-
tion specificity, and amplification ability in STI PCR, we amplified
two rice genomic fragments (30.0 and 31.8 kb) using different
primer concentrations. Compared with the good performance
obtained with PS primer concentrations of 0.1 or 0.15 uM,
many non-specific products of various sizes and much weaker
target sequence bands were obtained with primer concentrations
of 0.25 or 0.4 uM (Figure 4B).

We next modified two PS primers with a lower T, (5/°C) ina
shortened 5' tag (16 nt, Supplemental Table 1) for amplification
of the same 30- and 31.8-kb sequences. STI PCR with thess
modified primers (at different concentrations) also produced
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more non-specific products and weaker {or no) target bands
(Figure 4C). These tests confirmed that PS strength is
negatively related to primer concentration and demonstrated
the important role of strong PS for enhancing the specific
amplification of long DNA sequences.

STI PCR markedly increases the capacity for de novo
DNA synthesis

Current de novo DNA synthesis technologies mainly include
steps for design and synthesis of DNA oligonucleotides that
cover target sequences, in vitro assembly of oligonuclectides
into primary templates of specific lengths, PCR amplification of
the fragments {synthons), cloning and sequencing verification of
the synthons, and, if necessary, further assembly (in vitro or
in viva) of the synthons into larger assemblies or functional de-
vices (Hughes and Ellington, 2017). Because of current
technical limitations on the efficiency of synthesis of long DNA
oligonucleotides (=200 nt, usually much shorter for quality
assurance), oligonucleotide assembly, and amplification of
assembled templates from the multi-oligonucleotide reaction
pool, the length of synthons built by such one-round in vitro syn-
thesis/assembly is usually limited to approximately 3 kb {Hughes
and Ellington, 2017).

To test whether STI PCR can be used to overcome these limita-
tions, we designed three synthons of 3.4, 4.2, and 7.0 kb with un

even GC distributions. Based on polymerase cycling assembly
(PCA, also called overlapping PCR) (Stemmer et al., 1995), the
most widely used and cost-effective method for in vitro assembly
of DNA synthons (Hughes and Ellington, 201 /), we designed 32,
38, and 58 dligonuclectides {each 110-150 nt in length with
overlapped ends of 16-18 nt} (Figure 5) and synthesized them
by the chemical method for assembly of 3.4, 4.2, and 7.0 kb
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Figure 5. The use of modified polymerase
cycling assembly and STI PCR markedly in-

creases the capacity to perform de novo
DNA synthesis.

) modified PCA (A) Diagram of de novo synthesis of a long target
PS primer (forward) DNA {synthon) from multiple overlapping oligonu-
Full-length product > clectides using modified polymerase cycling as-

& sembly (mPCA) and STI PCR.
Intermediated products PS primer (B} For de novo synthesis of 3.4-, 4.2-, and 7.0-kb

—_— ) .

P E—— P — (reverse) DNA sequences, 32, 38, and 58 oligonucleotides
— - = -+ - {each 110-150 nt long with overapped ends of 16—
<+ 18 nt} were used for mPCA reactions {using ApexHF
STIPCR HS CL) with nested TIC {ranging from 62°C to 72°C)

Amplified full-length product

for strand extension and conventional PCA reactions
— with strand extension at 72°C to serve as controls.

Cloning and sequencing

Cc

8 34kb 42kb 7.0kb

Gene fragment

Connected
fragment

The mPCA and conventional PCA products (1.5-2 ul
each) were then used for STIPCR (using PS primers)
and conventional (C) PCR (using standard primers),
respectively, to amplify the synthons.

(C) Assembly of four DNA fragments into a large

C STl _C STl _C_ STl

kb 7.0 43 7.8 5.3

synthons, respectively. We carried out modified PCA (mPCA) re-
actions (with ApexHF HS CL and the pocled oligenucleotides) us-
ing nested TIC (ranging from 62°C to 72°C) for strand extension
(Figure 5A), and we performed conventional PCA reactions with
strand extension at 72°C for comparison. Small amounts of the
mPCA and conventional PCA products were then used for STl
PCR (using PS primers) and conventional PCR (using standard
primers), respectively, to amplify the synthons. Using the
improved PCA and STI PCR methods, the 3.4-, 4.2-, and 7.0-
kb synthons were generated and specifically amplified to high
concentrations, whereas the conventional PCA and PCR
methods produced only the 3.4- and 4.2-kb synthons, the latter
at very low concentrations and accompanied with large amounts
of intermediate products (Figure 5B). We cloned and sequenced
the synthons and confirmed that all the oligonuclectides
were comectly assembled into the synthetic sequences as
designed.

To assess the usefulness of STI PCR for amplification of large
DNA sequences assembled from multiple fragments, we PCR
amplified four DNA fragments (7.0, 4.3, 7.8, and 5.3 kb) with over-
laps of 25-30 bp (Figure 5C), linked them by mPCA, and then
amplified the templates using STl PCR (and conventional PCR
for comparison). ST PCR could amplify the assembled target
sequence (24.4 kb), but conventional PCR could not
(Figure 5C). These tests demonstrate that STI PCR (and the TIC
used in mPCA) is very useful for markedly increasing the
capacity for DNA synthesis and assembly.
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fragment by mPCA and STl PCR. Left, the PCR-
amplified DNA fragments with overlaps of 25-
30 bp. Right: after mPCA and conventional PCA of
the four fragments, the templates were amplified
using STI PCR (STl) and conventional PCR (C),
respectively. The targst 24.4-kb sequence (arrowed)
was produced only by mPCA/STI PCR.

Other applications of STI PCR

In functional gencmics and biotechnology
studies, it is often necessary to clone large
genomic fragments in vectors for transforma-
tion, expression, and functional analyses.
Gibson Assembly is an efficient method for DNA fragment linking
and cloning without the need for restriction enzyme digestion to
generate cohesive ends in insert sequences (Gibson et al,
2009). Therefore, we prepared nested specific primers that
contained additional unigue sequences (20 and 25 bases) at
the 5' tags (Supplemental Table 1) for Gibson Assembly
cloning. We amplified two rice genomic sequences of 9.8 kb
(containing one gene) and 22.9 kb (containing four functionally
related genes) by two-round STI PCR (Supplemental Figure 6A).
Using Gibson Assembly, we cloned these fragments into a
binary vector (modified from pCAMBIA-1300) and a transforma-
tion-competent artificial chromosome (TAC)-based vector (Zhu
et al., 2017), respectively (Supplemental Figure 6B}, and we
transferred these constructs into the rice genome for functional
studies.

Current targeted genomic sequencing systems typically use syn-
thetic oligonucleotides fixed on chips as capture reagents to
enrich the genomic sequences of target regions. Another strategy
for targeted genomic sequencing is based on PCR amplification
of target genomic regions, with amplified fragments usually <10
kb. Here, we used one-round STI PCR (with KOD FX Meo) to
amplify a target genomic region of ~84 kb in a rice mutant
line {and a wild-type line) into four overlapping fragments (19.8,
20.8, 12.8, and 12.7 kb in the wild-type genome), and we de-
tected a 5.8-kb insertion in this region of the mutant
(Supplemental Figure 7A). We pocled these fragments from the
mutant to construct an lllumina sequencing library for deep
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seguencing. Based on the sequencing data, we estimated that
the nucleotide mutation rate of the amplified products was
0.00012, about 1/12 of that obtained using the Tag DNA
polymerase (Supplemental Figure 7B), thus demonstrating the
high fidelity of DNA synthesis during the PCR.

DISCUSSION

Although numerous PCR-derived techniques have besen devsl-
oped and widely used in many fields of biology and biotech-
nalogy, amplification and specificity limitations of current PCR
methods hinder the potential wider uses of related techniques.
In this study, we utilized the principles of PCR suppression and
TIC to develop a simple, robust, and powerful method, STI
PCR, that enables efficient and specific amplification of long se-
guences from complex genomes and synthetic DNA pools.

In long PCR methods, a number of factors affect the ability to spe-
cifically amplify long DNA sequences from complex templates,
and many efforts have been made to improve PCR performance
(Cheng et al., 1994a, 1994b; Villbrandt et al., 2000; Davidson
et al., 2003; Wang et al., 2004; Hogrefe and Borns, 2011; Ignatov
et al, 2014; Chua et al., 2017). Monetheless, the potential for
long PCR has not been fully realized, and in practice, it is stil
often difficult to amplify large DNA in many applications. We
assumed that the gensration of non specific products and their
competitive amplification during PCR might substantially decrease
the amplification efficiency of long target sequences and that
blocking this competitive amplification would enhance the amplifi
cation of target sequences. In this study, we utilized a strong PS
effect (through the use of PS primers with high ITR T, and relatively
low primer concentrations) to effectively suppress non-specific
praducts, eliminating their competition with target products. In
thermal asymmetric interlaced PCR, TIC is used for differential an
nealing of long, specific primers and short, arbitrary primers that
have high and low T, values to target and non-target sequences,
respectively (Liu and Whittier, 1995). In nested-loop PCR (Long
et al., 2019) and STl PCR, a similar TIC principle is used for
optimal strand extension. We found that the use of either nested
TIC or the PS effect alone improved the amplification efficiency
and/or specificity to some extent (Figure 3B and 3C), but these
individual effects were not sufficient to greatly scale up the
amplification performance. However, the combination of thesse
two factors in our STI PCR produces an obvious multiplier effect,
enhancing both the amplification ability and specificity for long
target sequences. For PCR amplification of DNA sequences of
several kb using standard primers, we recommend using nested
TIC to improve amplification effectivensess.

The limited capacity for amplification of long genomic DNA by
current long PCR methods is generally attributed to the limited
DNA synthesie activities of the DNA polymerases used. It is true
that different thermo-stable DNA polymerases may have different
performances in long PCR. We tested several thermo stable
high-fidelity DMNA polymerases and found that KOD FX MNeo
and ApexHF HS CL had relatively higher amplification
performance in STl PCR, but other thermo-stable high-fidelity
DNA polymerases that we did not test may also be suitable for
this method. However, our results showed that these same
DMNA polymerases (KOD FX Neo and ApexHF HS CL) could not
efficiently amplify long DNA sequences when conventionally de
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signed primers and normal thermo-cycling conditions were used
(Figures 3A-3C, 5B, and 5C).

Our STI PCR overcomes the limitations of current PCR methods
interms of amplicon size and specificity. Importantly, this method
can also greatly scals up the capacity for de novo DNA synthesis.
Cur one-round in vitro synthesis tests successfully created large
de novo DNA synthons up to 7.0 kb, but this may not be the size
limit of the synthons, as this 7.0-kb sequence was produced at a
high concentration with high specificity (Figure 5B). This method
can algo assemble multiple DNA fragments into large ones, as
shown in Figure 5C, and is therefore useful for the preparation
of multigene stacking constructs for genetic engineering of
complex pathways and multiple traits. The large products
amplified by STI PCR can be used for cloning, functional
analysis, and direct sequencing (Sanger sequencing, next-
generation sequencing, and single-molecule sequencing), and
they may also enable other new applications. The associated
webtool, calGC, also facilitates the analysis of DNA GC content
and distribution features in routine molecular biclogy studies.
Together with STI PCR, it represents an important technical
advance that will greatly promote the development of synthetic
biology, molecular biology, and biotechnology.

METHODS

Preparation of genomic DNA

High-quality genomic DNA was prepared from fresh leaves of ~30-day-
old rice and maize plants using the CTAB method (Mazars et al., 1981;
Zhou et al., 2076). High-quality genomic DNA was isclated from human
cell lines (Q8G-7701 and HEK293T) using a Universal Genomic DNA Kit
(CW2298M, CoWin Biosciences, Beijing, China) according to the manu-
facturer's instructions.

Sequence analysis and primer design

The specificity of the primers to the corresponding reference genomes
was examined by nucleotide BLAST (https:/blast.ncbi.nlm.nih.gov/
Blast.coi/} using the algorithm “Somewhat similar sequences
(blastn)” or by Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/
primer-blastindex cgi? LINK_LOG=Blastllome). T, values of the primers
were caleulated according to the formula T, = 62.2 + 41 x GG% -
BSO/L (L = primer length) (Mazars et al., 1281). The primers used in this
study (Supplemental Table 1) were synthesized and purified (with
desalting) by Tsingke Biotechnology (China).

Development of calGC

The web-based tool calGC was developed in Python 3.8, The interface of
calGC was implemented using Django as a backend program. The distri-
bution of GC content along a given sequence is plotted by JavaScript of
ECharts.

PCR conditions

High-fidelityhigh-performance DMNA polymerase kits of KOD FX Neo
(Toyobo, Japan) and ApexHF HS DNA Polymerase CL (Accurate Biotech,
Hunan, China), include buffers, were used for PCR tests with an enzyme
concentration of 1 unit per 100 pl reaction for <20-kb target sequences
(such as 0.4 Uin 40 ul reaction/tube) or 1 unit per 80 ul reaction for >20-
kb target sequences (such as 0.45 U in a 40 pl reaction/tube). It is notable
that these reduced enzyme concentrations for STl PCR produced better
amplification efficicney than that obtained using the standard concentra-
tion {1 wunit per 50 ul reaction} recommended by the manufacturers.
Therefore, for STI PCR using other DNA polymerases, different enzyme
concentrations should be tested. One-round PCR (30 or 40 pl per reaction
in 1% buffer with 200 uM each of dNTPs, DNA polymerase as above, and
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~40ng genomic DNA but without the primers) was run on a Biometra TAd-
vanced 96 5/5G thermocycler (Biometra, Germany) with a suitable
thermo-cycling program. When the temperature reached ~80°C, 2.5 pul
{or 3.0 iy of the primer mix (2.0 uM each) was added (~0.1-0.1% uM final
concentration) for rmanual hot start. Preliminary tests using different con-
centrations of PS primers (such as 0.1, 0.15, and 2.0 M) may be cartied
out. For two-round PCR, the first-round STI PCR (20 ul per reaction) con-
taining ~20-30 ng genomic DNA and the primers (0.1-0.15 pM each) was
performed (using hot start) for 32-33 super-cycles. Then the first-round
PCR product {0.3-0.5 pl) was used as the template for second-round
FPCR (30-40 yl) with nested site-specific primers {0.2 pM each, using hot
stant) for 18-23 super-cycles. The PCR products (each 3-4 ul) were run
on 0.8% agarose gels for conventional electrophoresis or on 1.0%
agarose gels for pulsed-field gel electrophoresis using a clamped homao-
gencous electric fields device (Bio-Rad, USA).

in vitro DNA synthesis and assembly

Oligonuclectides (110-150 nt each with overlapped ends of 16-18 nt and
T = 56°C-58°C) were designed (Figure 5) and synthesized by the
chemical method (using de-salt purification) by Vazyme Biotech. The
first-round oligonucleotide assembly reactions (20 ul each) by mPCA
and conventional PCA were prepared using the ApexHF HS CL kit and
contained sets of oligonuclectides {0.01-0.015 uM each). The mPCA reac-
tions for the assembly of the 3.4-, 4.2-, and 7.0-kb synthons were per-
formed using 22, 25, and 32 super-cycles of basic program IV. Each
super-cycle included annealing at 57°C for 15 s and TIC numbers of 4,
6, and 10, respectively. The corresponding coniral PCA reactions were
performed using 22, 25, and 32 cycles with annealing at 57°C for 15 s
and extension at /2°C for 2, 3, and 5 min, respectively. The mPCA and
cantral PCA products (1.5-2.0 jl each) were then used for STl PCR and
conventional PCR {40 ul each using the ApexHF HS CL kit), respectively,
to amplify the synthons. The STl PCRs (using 0.15 pM PS primers,
Supplemental Table 1) were performed using 26 (for 3.4- and 4.2-kb
synthons) or 30 (for the 7 0-kb synthon) super-cycles as described above
for mPCA (basic program V). The control PCRs (using 0.15 pM standard
primers, Supplemental Table 1) were performed using 26 (for 3.4- and 4.2-
kb synthons) or 30 (for the 7.0-kb synthon) cycles with annealing at 62°C
for 15 sand extension at 72°C for 2, 3, and 5 min, respectively. For assem-
kly of the four PCR-amplified fragments, about 30 ng of the fragments
(each 6-8 ng) were added in 15 pl mPCA (15 super-cycles of program
I} or conventional PCA reactions {15 cycles with annealing at 85°C for
1 min and extension at 7/2°C for 18 min). Then 1.5 ul of the template
was used for amplification by STI PCR (33 super-cycles of program IV)
ar conventional PCR (33 cycles with annealing at 65°C for 1 min and
extension at 72°C for 22 min).

Agarose gel electrophoresis

The PCGR products (3-4 pl each) were separated on 0.8% agarose gels by
standard electrophoresis or on 1.0% agarose gels (for some products »20
kk} by pulsed-field gel electrophoresis using a clamped homogensous
electric fields device (Bio-Rad).

Cloning of long fragments

The rice genomic fragments amplified by two-round STI PCR were cloned
into the modified pCAMBIA-1300 binary vector (vector 1) or the TAC vec-
tor (vector 2) (Zhu et al., 2017) by the Gibson Assembly method using our
homemade Gibson reaction as described previously (Gibson et al., 2002,
Jiang et al, 2013).
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