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Below are the detailed descriptions of step-by-step procedures we performed to get complete or higher-quality
genomes as illustrated as case studies in the main text.

Case one, a CPR genome curated to completion. In the step-by-step procedures shown below, we first obtained the
mapped reads file for ALT_04162018_0_2um_scaffold_13 (hereafter referred to as “ALT_scaffold_13"). The graph of
the coverage of paired reads mapped to ALT_scaffold_13 is shown below.
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The ends of a scaffold could be extended as shown in Figure S6. After the extension of the scaffold, we searched the
extended parts of against the whole metagenome scaffold set to retrieve fragments missed from the genome using
BLASTn. Short pieces were identified that link the two ends of ALT_scaffold_13. However, the solutions were not
unique due to the presence of SNVs. MetaSPades chose one path whereas IDBA_UD broke the assembly at this
position.

Confirmation of circularization: The two ends of the scaffold shared the same sequence. We mapped reads to the
scaffold (after trimming duplicated sequence) and confirmed the circularization by the detection of paired reads
spanning the two ends (see below). Arrows underlining reads with the same color are paired reads (examples shown
only).
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3 IDBA_UD contigs (retrieved from all the contigs by comparing against the scaffold using BLASTn)
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Diagram showing that local assembly errors often correspond to scaffolding joins made by the IDBA_UD assembler. 1.
The scaffolds produced by IDBA_UD. 2. A total of 13 local assembly errors were reported by ra2.py (boxes). 3. The
contigs generated by IDBA_UD (no scaffolding step) mapped to the scaffold. Three examples comparing the scaffolds
and contigs are shown below. Errors that could not be fixed by ra2 were reported and curated manually. 12 of 13 local
assembly errors were fixed as illustrated in Figures S3 and S4.

The thirteenth error is in a protein-coding gene that contains multiple repeats (see below). We used the coverage of
the repeat region to approximate the repeat copy number, as the problem could not be solved directly.
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Final check and adjust based on the origin of replication: after all errors were fixed, paired reads were mapped to the
genome with no mismatch allowed. As expected, all bases of the genome were well covered by reads and the
coverage of the genome by reads was consistent throughout. One region had somewhat lower coverage due to the
presence of prophage genome in a subset of cells. The GC skew and cumulative GC skew were calculated and the
scaffold start changed to correspond with an intergenic region close to the location of the origin of replication.

Final genome size: 1,133,667 bp Region of a prophage
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Case two, curation of a Betaproteobacteria genome from a MAG comprised of 7 scaffolds.

The scaffolds were extended for the 1st run (see the extended part in blue in Figure below).
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Two of the scaffolds (scaffold_21 and scaffold_25) could be assembled based on overlap and confirmed by read
mapping (see below).
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The linkage of scaffolds in the bin using fragments from the whole metagenome. Linking scaffolds were identified by
BLASTn of newly extended parts of scaffolds to the full data. Possible linkages were established using “overlap-based
assembly” and confirmed by reads mapping. We also considered constraints provided by the Sulfuricella denitrificans
skB26 genome. When all the scaffolds were combined into two large genome fragments, there were two choices of
how they could be arrayed. One choice, “assembled_scaffold_1 + assembled_scaffold_2" has the expected GC skew
and is likely the correct solution.
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assembled_scaffold_1 + Ns + assembled_scaffold_2 represents the likely correct linkage of the resulting large
genome fragment, the GC skew patten indicated that the genome is near complete after curation.



Case three. the curation of a published incomplete genome to completion was achieved by filling two closely spaced
gaps. In this diagram, bars of the same length and color have the same sequence.
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Scaffold Extension and Gap Closing

A blog by Lin-Xing Chen, Karthik Anantharaman, Alon Shaiber, A. Murat Eren, and Jillian F. Banfield.

Why?

This workflow describes the detailed step-by-step procedures for scaffold extension and gap closing as described in
the paper entitled “Accurate and Complete Genomes from Metagenomes” ("CGM" for short hereafter), the preprint is
available at https://doi.org/10.1101/808410.

The CGM paper summarizes the history of genome-resolved metagenomics, with examples from publications, to show
the necessity of genome binning and manual curation of binned genomes (or metagenome-assembled genomes;
MAGSs) to avoid misleading conclusions. The paper provided a step-by-step procedure of how to curate a draft MAG
generated by manual or automatic binning tools to prevent errors (e.g., misbinned scaffolds, local assembly errors),
close scaffolding gaps and thus generate high-quality or complete MAGs (CMAGs). Here, we provide a more detailed
procedure.

What is “scaffold extension”?

Scaffold extension uses the paired-end reads mapped to a given scaffold to extend its ends, (1) to get the complete
sequence of a protein-coding gene or rRNA gene at the ends, (2) to assemble it with another scaffold based on overlap
sequences at the end, (3) to obtain a complete genome of bacteria, archaea, virus, phage, etc.

In the CGM paper, we wrote:

“Scaffolds within a bin that do not overlap at the start of curation may be joined after one or more rounds of scaffold
extension. This process of extending, joining and remapping may continue until all fragments comprise a single
circularized sequence. It should be noted that read by read scaffold extension is very time-consuming. If an extended
scaffold cannot be joined to another scaffold after a few rounds of extension it may be worth testing for an additional
scaffold (possibly small, thus easily missed by binning) by searching the full metagenome for overlaps. Sometimes, the
failure of scaffold extension is due to missing paired reads, which may be found at the end of another fragment. If
they are pointing out but the sequences cannot be joined based on end overlap, a scaffolding gap can be inserted in
the joined sequence (reverse complementing one of the scaffolds may be necessary).”

- which means that sometimes it is possible to link all the scaffolds of a draft MAG into a circular genome by scaffold
extension followed by overlap-based assembly of the extended scaffolds. However, it should be noted that a manual
scaffold extension is time-consuming and often does not lead to a circular MAG genome sequence. Additional tests
should be performed to verify the accuracy of the final product (see CGM).

How can scaffold extension be performed?

In the CGM paper, we manually extended the scaffolds in a given bin to be curated using Geneious. There are several

steps for this, including (1) mapping of reads to the scaffolds that comprise a bin, (2) visualization in Geneious and (3)

manual extension in Geneious. Note that the reads used for extension should be appropriately placed relative to their
already mapped pair, in the right orientation, and the originally mapped pair should support the consensus sequence
at the scaffold end (see below for details).

(1) Read mapping

Read mapping can be performed with available tools, for example, bowtie2. Here, we illustrate using the first genome
bin (comprising a single scaffold) described in the section of "Case studies illustrating the curation of draft MAGs" in
CGM, i.e., ALT_04162018_0_2um_scaffold_13. The scaffold was assembled from paired-end reads
(ALT_04162018_0_2um.1.fastq.gz and ALT_04162018 0 _2um.2.fastg.gz) and in fasta format. Two steps are needed
for read mapping using bowtie2.


https://doi.org/10.1101/808410

First, build the database for mapping.

bowtie2-build ALT_04162018_0_2um_scaffold_13.fasta ALT_04162018 0 _2um_scaffold_13.fasta

Second, map the reads to the scaffold

bowtie2 -p 6 -X 2000 -x ALT_04162018_0_2um_scaffold_13.fasta -1 ALT_04162018_0_2um.1.fastq.gz -2
ALT_04162018_0_2um.2.fastq.gz | shrinksam -v > ALT_04162018 0 2um_scaffold_13.fasta.mapped.sam

Note: "-p 6" is the number of cores used for mapping, "-X 2000" is the largest insert length allowed when mapping
paired-end reads, which could be modified based on the study. Shrinksam is a tool to filter the original sam file from
bowtie2, which will only write the mapped reads to the file and thus save a lot of storage room. Shrinksam could be
downloaded from Github (https://github.com/bcthomas/shrinksam).

(2) Visualization in Geneious

Prepare the scaffold file (.fasta) and the bowtie2 mapping file (.sam), using the function in Geneious, "File" -> "Import"
->"From File".
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Once the fasta file is imported, select it and import the sam file.

Name Color & Sequence Length
ALT_04162018_0_2um_scaffold_13 - 1,128,909

Select the appropriate .fasta sequence used for mapping:

[ [ Found Matching File
? Geneious found a FASTA file matching the name of the selected file:

ALT_04162018_0_2um_scaffold_13.fasta

Does this file contain the sequence that is referred to in the selected file?

Cancel No, select a different sequence M

Two files are generated, one (the middle one in the screenshot below) shows the reads that are mapped to the
scaffold, the other (the bottom one) includes the unplaced reads from pairs (means the other reads in those pairs
were mapped to the scaffold via bowtie2).
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Name Sequence Length #Sequences
ALT_04162018_0_2um_scaffold_13 & 1,128,909 =

ALT 04162018_0_2um_scaffold 13 - ALT 04162018 0_2um_scaffold_13 - % 1,131,351 239,160
ALT_04162018_0_2um_scaffold_13 - Unmapped sequences from ALT_04162018_0_2um_scaffold_13 - & - 3,888

Color &

Below is the overview of all reads mapped to the scaffold, the coverage profile is generally even (excepting a region
between 700,000 and 800,000 bp, which is a prophage region).
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(3) Manual extension of scaffold

The next step is to extend the scaffold manually in Geneious. Firstly, select the fasta file and the unplace reads file
(mentioned above), and use the Geneious function "Align/Assemble" -> "Map to Reference".
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For sensitivity, use "Custom Sensitivity" and set “Maximum Mismatches Per Read” as 2%, do not change any other
parameters. You can check "Save list of unused reads" so that the saved reads will be used for the next run of

extension.



® e Map to Reference
Data
Reference Sequence: ALT_04162018_0_2um_scaffold_13 - [T Choose... ?

ALT_04162018_0_2um_scaffold_13 - Unmapped sequences from ALT_04162018 0_2um_scaffold_13
will be mapped to ALT_04162018_0_2um_scaffold_13

Assemble by:  1st C  part of name, separated by - (Hyphen) <

Assemble each sequence list separately

Method
Mapper: Geneious | T} ?
Sensitivity: Custom Sensitivity | T ?
Find structural variants and deletions of any size  ?
Find large deletions up to 1,000 C bp
Fine Tuning: None (fast / read mapping) S 2
Memory Required: Between 86 MB and 88 MB of 13 GB

Note: Paired reads can be set up or changed using Sequence > Set Paired Reads

Trim Before Mapping Results
Assembly Name {Reads Name} to {Reference Name}

i . . Save assembly report
Use existing trim regions Yilep

— ; ; Save list of unused reads
Remove existing trim regions from sequences

Save list of used reads Include mates

Re-trim sequences Options
° & Save in sub-folder

Do not trim (discard trim annotations) Save contigs
Save consensus sequences Options
Advanced
Minimum mapping quality: 3012 Map multiple best matches: Randomly B
v Trim paired read overhangs Only map paired reads which ~ both map ]
Minimum support for structural variant discovery: 2 Z reads
Allow Gaps  Maximum Per Read: 15/|2)% Maximum Gap Size: 50 C
Minimum Overlap: 25 Minimum Overlap Identity: 80||l)%
Word Length: 14 Index Word Length: 12|12
Ignore words repeated more than 20 C times
Maximum Mismatches Per Read: 2 0% Maximum Ambiguity: 4(C
v Accurately map reads with errors to repeat regions Search more thoroughly for poor matching reads
# A Fewer Options Cancel oK

Two files are generated by this step (at the bottom of the screenshot below), with 605 unplaced reads from bowtie2
mapping mapped to the scaffold, and 3,284 still unmapped.

Name Color & Sequence Length #Sequences
ALT_04162018_0_2um_scaffold_13 = & 1,128,909 =
ALT_04162018_0_2um_scaffold_13 - ALT_04162018_0_2um_scaffold_13 - % 1,131,351 239,160
ALT_04162018_0_2um_scaffold_13 - Unmapped sequences from ALT_04162018_0_2um_scaffold_13 - & - 3,888
ALT_04162018_0_2um_scaffold_13 - Unmapped sequences from ALT_04162018_0_2um_scaffold_13 to ALT_04162018_0_2um_scaffold_13 - = 1,129,382 605
ALT_04162018_0_2um_scaffold_13 - Unmapped sequences from ALT_04162018_0_2um_scaffold_13 to ALT_04162018_0_2um_scaffold_13 Unused Reads - & - 3,284

Check the reads mapped to the ends of the scaffold. The consensus sequences of reads that only partially mapped to
the scaffold should be used for extension (see Left and Right ends, below: copy and paste the read sequence into the
consensus sequence line above them).
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Before extending the scaffold, the reads in the pairs that already mapped to the scaffold should be checked to see if
they are placed at an appropriate distance away, given the library size information. This can be done by searching the
names of the reads. For example, the name of the most bottom read on the right end is
"SNL153:233:HYKNYBCX2:1:1109:2879:14634/1 (reversed)", which could be copied as shown in the screenshot below.
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Thus, we should search "SNL153:233:HYKNYBCX2:1:1109:2879:14634/2" in the original sam file from bowtie2 to check
its mapping location and orientation (see below).
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The extended scaffold sequence can be saved as "ALT_04162018_0 2um_scaffold_13_extended" (from 1,128,909 bp

to 1,129,134 bp in length).
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800,000

900,000 1,000,000

1,129,24¢

Consensus

Coverage l |

O+ ALT_04162018_0_2um_scaffold_13

“WeSNL153:230:HY)JNBCX2:1:2207:1466:42008/1
FWoSNL153:230:HY|JNBCX2:1:2209:49852:44438/1
W SNL153:233:HYKNYBCX2:1:2104:12689:654..
“Wp SNL153:230:HY|JNBCX2:2:2105:14877:9432...

Name

ALT_04162018_0_2um_scaffold_13

ALT_04162018_0_2um_scaffold_13_extended

ALT_04162018_0_2um_scaffold_13 - ALT_04162018_0_2um_scaffold_13

ALT_04162018_0_2um_scaffold_13 - Unmapped sequences from ALT_04162018_0_2um_scaffold_13

ALT_04162018_0_2um_scaffold_13 - Unmapped sequences from ALT_04162018_0_2um_scaffold_13 to ALT_04162018_0_2um_scaffold_13

ALT_04162018_0_2um_scaffold_13 - Unmapped sequences from ALT_04162018_0_2um_scaffold_13 to ALT_04162018_0_2um_scaffold_13 Unused Reads

Color &

Ly hgny

Sequence Length
1,128,909
1,129,134
1,131,351

1,129,382

# Sequences
239,160
3,888

605

3,284

Then, map the unused reads set from the last mapping run to the extended scaffold. This should be repeated until no
more unplaced reads are recruited. If necessary, the full metagenome read dataset can be remapped to the extended

scaffold sequence to continue the process.

B 7 Lr QOO

BLAST Agents  Align/Assemble Tree Primers Cloning = Back Up Support Help

£Z Multiple Align... 1+ 38A
Name Map to Reference Color & Sequence Length # Sequences
ALT_0416: e No* mmmemalala = & 1,128,909 =
‘ Ahgn sequences or reads to a reference. Can be used for re-assembly, variant finding, locating a sub-sequence etc _ _
ALT_0416! == plign writre Genomes.. & 1,129,134
ALT 04160 g Map Primers... 018_0_2um_scaffold_13 = % 1,131,351 239,160
ALT_0416: P . sequences from ALT_04162018_0_2um_scaffold_13 - & - 3,888
ALT_04162018. 0 Zum s:aﬁ’o!d 13 - Unmapped sequences from ALT_04162018_0_2um_scaffold_13 to ALT_04162018_0_2um_scaffold_13 - %= 1,129,382 605
ALT_04162018_0_2um_scaffold_13 - Unmapped sequences from ALT_04162018_0_2um_scaffold_13 to ALT_04162018_0_2um_scaffold_13 Unused Reads - & - 3,284
1 100,000 200,000 300,000 400,000 500,000 600,000 800,000 900,000 1,000,000 1,129,385
Consensus
18
Coverage | |

b+ ALT_04162018_0_2um_scaffold_1...

REVSNL153:227:HW3LKBCX2:2:1203:...
FEWSNL153:230:HY)JNBCX2:2:2107:1...
FUIDSNL153:227:HW3LKBCX2:1:1216:
FUDSNL153:227:HW3LKBCX2:2:2102
REVSNL153:233:HYKNYBCX2:2:1106:...

Often, we will see variations in the reads mapped to scaffold ends. These may indicate distinct paths or sequence
variants (possibly subpopulations). As above, in some cases, it may be possible to determine the correct path because

only one of two variants has a paired read that supports the consensus. If this isn’t the case, some curators may
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choose to follow the variant path with the most appropriate coverage (or the majority of reads), others may terminate
the extension effort.

1,129,200 1,129,220 1,129,240 1,129,260 1,129,280 1,129,300 1,129,320 1,129,340 1,129,360 1,129,385
L L
HEEE NN  EEEEE . N N BN NN §  SEEEE DS N S .- N BN N SN SES—— N NN — . —_— - el e - .
L] L} L] am
L] [ L] LN
Ll L
L] L3 L] LN
L]
L] L} L] LN
L} LN | ] LN
=

After a round of scaffold extension it may be possible to find scaffolds in the genome bin that can be joined (in some
cases, spanned by paired reads). If no scaffold is found, the sequence of the new scaffold end can be searched
against the entire metagenome to find a fragment that was not included in the bin (with the right GC content,
coverage and phylogenetic profile). This sequence can be used to extend the scaffold, and reads remapped for
further validation.

What is gap closing?

When scaffolding is a step of de novo assembly (assemblers like IDBA_UD, metaSPAdes) of a given metagenomic
dataset, Ns are inserted between contigs spanned by paired-end reads. CMAGs represent genomes without Ns, thus
the N gaps in the scaffolds should filled by the appropriate sequence

How can gap closing be performed?

The first step should be to check whether the N gap is indeed spanned by paired reads (if not, the assembly may be
chimeric). The second step should be to see whether the sequence in the gap region is already present but duplicated
on either side of the Ns (thus, the gap can be closed by removing the duplicated region and the Ns).

Gap closing can be performed by automatic tools like Gapfiller (Nadalin et al. 2012) but the performance has not been
evaluated by us. Here, we describe how this can be done in Geneious.

To illustrate, we use another scaffold from the same sample as the one we described above, i.e.,
ALT_04162018_0_2um_scaffold_30, which contains a scaffolding gap (these gaps can be quickly located by searching
llell).

4,590 4,600 4,610 4,620 4,630 4,640 4,650 4,660 4,670 4,680 4,690 4,700
CTGTGGCGTCTGCTGCTGGCGGAACAGCCAGCACACCGGGATGCGGGTTGCGCNNNNNNNNNTCCCATGCCGGGCTGATTAATGCCGCTATATGCAAARAACGCCGAGGCGATGAGCGCT

This is how the read mapping profiles from bowtie2 look like.
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4,400 4,500 4,600 4,700 4,800 4,900

Consensus o
39
0.
L& ALT_04 1620]_8_0_2um_5caffo|d_30 0RO W 1000 V0V TE W R0 UE 100 WY 0 I 00N W N 0]~ — Sl | 00U )0 O ) O N I ) VAN 1)) R N
. Wi
NETEE W

LI,

The first step to fix the scaffolding gap is to open the gap, by adding a suitable number of "-" into the Consensus
sequence (the grey line in the screenshot below shows the right place to add the "-").

20 Q.GIUD 4,6}0 4,6'20 4,§iw 4‘6‘40 4.@49 4@60 4.6.70 4.§BD 4.q90 4,ZGU 4‘7‘10 4,ZZD 4‘7‘30 4,7.40 4“{50
Consensus iCTATTT CGGATAGTGGATTTG CTTCT GTGG COT CTG crcmcu:ssgnms:ucca*mcc GATGCGGE  TT I 6 cOEFs Ime T cc CATGC CGGGCTGATTAATGCCG CTATATG CAA ARA CG CCGAG G CGATGA
3
e ALT_04162018_0_2um_scaffold_30 T 80- - - BRI B
Fup=- SNL153:228:HWWJLBCX2:2: 2110_,, T cc CATGC CGGGCTGATTAATGCCG CTATATG CAA AAA CG COGAG G CGATGA
Fp - SNL153:227:HW3LKBCX. [selele] 4 & R b kY KRG CGTIGE BAG AT cc CATGC CGGGCTGATTAATGCCG CTATATG CARAAA CG COGAG G CGATGA
FuDes- SNL153:228:HWWJLBCX2: CTATTT CGGATAGTGG ATTTG CTT CT GTGG CGT CTG CTGCTGG CGG AR CAG CCAG CACACGGE GATGCGEG — TT 6
Fupm- SNL153:228; HWW]LBD( GGGCTGATTAATGCCG CTATATG CAA ARA CG CCGAG G CGATGA.
REV =1 SNL153:22 GG N €C- - -CATGC CGGGCTGATTAATGCCG CTATATG CAA AAA CG CCGAG G CGATGA!
FuD=- SNL153:23 TGATTAATGCCG CTATATG CAAAAA CG CCGAG G CGATGA
Fup = SNL153: 223 HWW]L,BO( ARAARCG CCGAG G CGATGA.
T GOCTIGEEAG ! €c - caTGe CGGGCTGATTAATG CCG CTATATG CAA AAA CG COGAG G CGATGA
iCTATTT CGGATAGTGGATTTG CJJr CTGTGG CGT CTG CTG CTGG CGG AJICAG CCAG CACACGGG GA TG CGGG 7 G
233 AACGCCGAG G CGATGA
53:2 iCTATTT CGGATAGTGG ATTTG CT'T CTGTGG CGT TG CTGCT! e €C- - -CATGC CGGGCTGATTAATG ECG CTATATG CAR AAA CG CCGAG G CGATGA
REU = SNL153:2 ACG CCGAG G CGATGA
REV = SNL153:2 GGEAG AT €C - CATGC (CGGG CTGATTARTG CCG CTATATG CAR ARA CG CCGAG G CGATGA
REV —wm SNL153:2 CTATTT CGGATAGTGGATTTG CTTCT GTGG CGT CTG CTG CTGG CGG AACAG CCAG CACACGG A
Fup = SNL153:2 CTATTT CGGATAGTGGATTTG CTT CT GTGG CGT CTG CTG CTGG CGG AACAG CCAGCACACGGG GATGCGGG  TT G
REV = SNL153:2 iCTATTT CGGATAGTGG ATTTG CTT CT GTG A
REV = SNL153:2 iCTATTT CGGATAG
Fupm- SNL153:227:HW3LKBCX2:2:2111... icrarTr
FuDm- SNL153:230:HYIJNBCX2:1:2202:... :CT@TITT CGGATAGTGGATTTG CTTCT GTGG CGT CTG CIGCTGG CGGAACAGCCAGCACACGGE GATGCGEE  TT G G CHEGGTGTGGT ] TG ATTAATG CCG CTATATG CAA AAR CG COGAG G CGATGA|
FUD me- SNL153:227:HW3LKBCX2:2:2110... iCTATTT CGGATAGTGGATTTG CTTCTGTGG CGT CTG CTGCTGG O
REV - SNL153:230:HY)JNBCX2:1:1106:... c CATGC CGGGCTGATTAATGCCG CTATATG CAA ARA CG CCGAG G CGATGA

FREU = SNL153:228:HWWJLBCX|
FREU = SNL153:233:HYKNYBCX:

iCTATTT CGGATAGT!
iCTATTT CGGATAS

ATTTGCTTCTGTGECET CTG CTGCTGG CGG
ATTTGCTTCTG

This is what looks like after adding the "-" to the left of the region of confusion.
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6§40 4,650 4,660 4,670 4,680 4,690 4,700 4,710 4725 4,730 4,740 4,750 4,760 4,770 4,780 4,790 4,800

Consensus AGCCAGCAC pcccc GATGCGGG  TT T T cofEs 3G B cc  caTGe CGGGCTIGATTAATG COG
3
A :I ]
P& ALT_04162018_0_2um_scaffold_30 LT E- -- - -G EEETEEEN- - - £E- - - BATG -
[ |
FUD =~ SNL153:228:HWWJLBCX2:2:. 2110». T cc - CATGC CGGGCTGATTAATG CCG
FUD = SNL153:227:HW3 e CGGCMMEracNsG N N A CGREGGEAGAT ce CATGC CGGGCTGATTAATGCOG,
FUD = SNL153:228:H . AGCCAGCAC ACGGG GATGCGGG  TT G MIGGGEGCN  GAGG
FUD = 5NL153:228‘H GGGCTGATTAATGCCG
REV = SNL153:227 08. -CGG G T ATTANG CGRNGG BAGAT cc - CATGE CGGGCTGATTAATGCCG
Fupm- SNL153:230 HYJ_INBO(Z 1 2115 TGATTAATG CCG.
FEV -« SNL153:233: HYKNYECXZ 1:2215... AGCCAGCAC ACGGG GATGCGGG T G CErGC
REV - SNL153:227:HW3LKBCX2:1:2214. & LR ] G CORNGE G BT cc- - cATGE CGGGCTGATTARTGCCG
FUD=- SNL153:230:HY/JNBCX2:2:1209:... “GCCAGCAC AOGGG GATGCGGG - TT - -G G L}
FUD = SNL153:228:HWWJLBCX2:1:2103... “AGCCAGCAC ACGGG GATGCGGG  TT
REV -m SNL153:233:HYKNYBCX2:1:2103... encEr €C - CATGC CGGGCTGATTAATGCOG
REV - SNL153:233: HYKNY!CXZ i1 22[)3... GG A cc- - -CATGE CGGGCTGATTARTGCCG
FEV - SNL153:230:HYJNBCX2:2:2107:... AGCCAGeAC hose
FUD=- SNL153:228: HWWJLBCX2 2:1206... AGCCAGCAC ACGGG GATGCGGG - TT
FUID - SNL]_S3;230;H‘(J_|NECX2;];ZZOZ;". ‘AGCCAGCAC ACGGG GATGCGGG T G G CNEG GIGIGGT i 3 TGATTAATGCCG
FEJ = SNL153:230:HYJJNBCX2:1:1106:... cATGE TARTGCOG
FEV -m SNL153:228:HWWJLBCX2:1:2111...
Then we should move reads in this region to the appropriate side:

§40 4‘6‘50 4.[7:60 4@70 l,b:ﬂl) 4,690 l,7|0() 4.7]“! 4, 72(! 4, 730 4, ?40 4,750 l,7‘1l) A,VIEG I‘TIQ(J 4.?!0(!

Consensus. AGCCAGCACKEGGG GNNGEGGG N ¢ I3 AG L SRR < G B W G T~ ST <! cc  carGe GGG CTGATTAATG COG
3

R | ———— - ]
P+ ALT_04162018_0_2um_scaffold_30 -ATG - == == -G EIEEEIEEREN- - - 8- - - BTG B-
FUD =~ SNL153:228:HWWJLBCX2:2:2110... T cc - CATGE CGGGCTGATTAATGCCG
FUD = SNL153:227:HW3LKBCX2 212... cocCEmErficlsc T N &S CORIGGEAGAT €C---CATGC CGGGCTGATTAATGCOG
FUD = SNL153:228: H . 'AGCCAGCACHEGGG GAENGESGE N G
Fup=- SNL153:228:H GGG CTGATTAATG COG
REV - SNL153:227: H 08. GG [T T GG NIIRAS CGNGG ERG AT cc- - -cATGE CGGGCTGATTAATGCOG
FUD=- SNL153:230: HYJ_INBCXZ 1 2115 TGATTAATG CCG.
FEV = SNL153:233: HYKNYBO(Z i3 2215... AGCCAGCACAEGGE GNEGEGGE W 6
REV -m SNL153:227:HW3LKBCX 3 666 TT AN G COMNGG BAG @1 cc - CATGE CGGGCTGATTAATGCCG
FuD=- SNL153:230:HY)JNBCX2:. 2 1209 v, CAGCCAGCACAEGGG GAEGESGE ®® 6 o
Fup=- SNL153:228:HWWJLBCX2:1:2103... AcccaccachEss -
FEV -m SNL153:233:HYKNYBCX2:1:2103... ecEr cc - carGe CGGGCTGATTAATGCCG
REV - SNL153:233:HYKNYBCX2:1:2203... GG AT cc. - -cATGe CGGGCTGATTAATG CCG
REV —m SNL153:230:HY)JNBCX2:2:210 ‘AGCCAGCA CARBG
FUD = SNL153:228: HW\!\ULBCXZ 2:1206... AGCCAGCACKEGGE -
FUID = SNLl53:230;HYJ_|NBCX2;1;2202;_“ AGCCAGCACHESGE GAEGESGE - o GEATGGIGIGGT ] TGATTAATGCCG

FEV - SNL153:230:HY)JNBCX2:1:1106:...
FEV - SNL153:228:HWWJLBCX2:1:2111...

Then delete the columns without any base.
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Consensus.
3
Coverage 91
0

4,630 4.640 4,650 4,660 4,670 4,680 4,690

*CTG CTG CTGE CEE AA CAG CCAG CA CHIESCCC TG BSCOTIGG BCTC AT IEC NG G B G SaENG BCCCC!

4,720 4,730 4,740 4,750 4,760 4770 4,780
Fccc o [N T GG ENAR CORICG QG IIr CCCAT G CCOCGCTGATTARTG CCG CTATATG

0+ ALT_04162018_0_2um_scaffold_30

------ GG - PinNNN NN L

Fib=- SNL153:228:HWWJLBCX2:2:
FUD=- SNL153:227:HW3LKBCX2
Fup - SNL153:228:HWWJLBCX2
FUD=- SNL153:228:HWWJLBCX2
REY =8 SNL153:227:HW3LKBCX2.
FUD=- SNL153:230:HYJNBCX2:
FID=- SNL153:228:HWWJLBCX2
REV = SNL153:233:HYKNYBCX2
REY = SNL153:227:HW3LKBCX2:1:2 oo
Fup=- SNL153:230:HYJNBCX2:2:1209:...
REVSNL153:233:HYKNYBCX2:1:2107:11...
Filb=- SNL153:228:HWWJLBCX2:1:2103...
REYVSNL153:233:HYKNYBCX2:1:2115:19...
REY = SNL153:233:HYKNYBCX2:1:2103...

REY = SNL153:230:| HYJ]NBCXZ 2; 2210 -
REY = SNL153:233:H'
REY = SNL153:230:| HVJ]NB

Fup =- SNL153:228: HWWJI.BCXZ 2 1206‘..

Fib=- SNL153:230:HYJ)JNBCX2:1:2202:...

Filb=- SNL153:227:HW3LKBCX2:2:2110...

REY -= SNL153:230:HY)JNBCX2:1:1106:...
REY = SNL153:228:HWWJLBCX2:1:2111...

CTG CTG CTGG CGG AR CAG CCAG CA CABGG6G6 MG B56.6 GG BAG 6 Ac it 6 TIc 6 G G BAG AGG BIAETG

TCCCAT GCCGGG CTGA TTARTG CCG CTATATG,
GGG ST T ENGC NN CGINGG BAGAI CCCAT G CCOCG CTGATTAATG CCG CTATATG

GGGCTGATTAATG CCG CTATATG,

*CTG CTG CTGGCGGAA CAG CCAGCA

e CCAT 6 CCGGE CTGA TTARTG CCG CTATATE
TGATTAATG CCGCTATATG

BEGEr CCCAT GCCGGGCTGATTARTG COG CTATATG

*CTG CTG CTGG CGGAA CAG CCAG CA T 113

1CTG CTG CTGE CGG A JICAC CCAG CA Rl

*CTG CTG C

mcEr T GCCGGGCTGA TTARTG COGCTATATG)

CTG CTG CTGG CGGAA CAG CCAG CA CHIESE.
» AA AGCA

-GG INGHET CCCAT GCCGGG CTGATTAATG CCG CTATATG

*CTG CTG CTGGCGE AR CAG CCAG C A CHEGGGG MG EGGC IIGG BATCE TG TCE I

CTG CTG CTGG KX

TGATTAATGCOG CTATATG

*CTG CTG CTGG GG

GCCGGG CTGATTAATG CCG CTATATG,

As we can see from the screenshot above, there are sequences shared by the reads that can be copied and pasted
into the scaffold sequence to partially fill the gap.

Although the reads in the gap regions shared high sequence similarity, we can also see some single nucleotide variants

(SNVs). We choose the consensus sequences shared by majority reads.

Consensus
3
Coverage j

4,630 4,640 4,650 4,660 4,670 4,650 4,690 4,700

4,720 4,730 4,740 4,750 4,760 4,770 4,780 4,790

TG CTGGCOG AR T et

TCTTCAGG B TARG CGTTGG CAGTIT CCCAT G CCGGG CTGA TTAATG CCG CTATATG CAAAAACGC

_—

te ALT_04162018_0_2um_scaffold_30

BEG BTG 856 ARIBAG BEAG BABAES GGG ATG B56GTIGG BG TG ATG TG 1ITG

:HWWILBCX
THW3LKBCX?2
B CX

O

53 X
Fe0 = SNLIS3 227 HW3 LKBEX 2
rio=- SNLLS3 230:HVINBOX
FUD = SNL153:228: HWWILB

R SNL133 233 HYKNVBCX

SReNG e

-

~
Monwn =
Ut intp
Wit Ao GG

o

Fupm- SNL153:228: HWWJLBO(
REVSNL153:233:HYKNYBCX2:1
FEV —= SNL153:233:HYKNYBCX

REV = SNL153:230:HY)JNBCX2
FEV - SNL153:233:HYKNYBCX
REV = SNL153:230:HYNBCX2
FUp =~ SNL153:228:HWW)JLBCX

i
o

FUD=- SNL153:230:HY)JNBCX2:1:2202:...

FuD=- SNL153:227;HW3LKBCX2:2:2110...

FEV = SNL153:230:HYJJNBCX2:1:1106:...
FEV <= SNL153:228: HWWJLBCX2:

replace with Ns

-REGGG -G ATCCCATG L
e

TCCCATGCCGGG CTGA TTAATG CCG CTATATG CAAAAACGC
€GGGCTCTT CAGGAT TAAG CGTTGG CAGAT CCCAT G CCGGG CTGATTAATG CCG CTATATG CAAAAACG C,

TGCTGE CGG AR CAG CCAG CACACGEGEAT D 16l

GGGETGATTAATG CCGCTATATG CAAAAACGC

TG CTGG CGG AR CAG CCAG CACA T TGATGTGGT TTGGGTG CGGAGCTTG CTG CGGGGAG

5GG CT CTT CAGGAT TARG CGTTGG CAGAT CCCATG CCGGG CTGA TTAATG CCG CTATATG CAARAACGC
TGATTAATG CCG CTATATG CAARAACGC.
AARARCGC

TAAG CGTTGG CAGT CCCATGCCGGG CTGA TTAATG CCG CTATATG CAARARCGC

TGCTGE CGG AR CAG CCAG CACACGGGGAT T

TG CTGG CGG AICAG CCAG CACA CGGGGAT G CGGET1

AACGC

TG CTGE

ARCGC
CAGIT CCCAT GCCGGG ETGATTARTG COG CTATATG CAAR AACGC

c
CAGATCCCAT GCCGGG CTGATTAATG CCG CTATATG CAAAAACGC,

TG CTGE CGG AR CAG CCAG CACACGE
TG CTGG CGG AR CAG CCAG CACACGGGGAT G CGGGT!

TGCTGG 066 AMCAG CCAG CACACGGGGAT G CGGGTTGG CTGETGTGRT T

TGCTGG

TGATTAATG CCG CTATATG CAAAAACGC.

TGCTGGCEG

Unsupported consensus sequence should be replaced by Ns.

TGCCGGG CTGATTAATG CCG CTATATG CAAAAACGC

17



4,630 4,840 4,650 4,660 4,670 4,680 4,690 4,700 4,710 4,720 4,730 4,740 4,750 4,760 4,770 4,780 4,790

Consensus 16 CTGG 06G AR CAG CCAG CA CA CGGGGAT G CGGGTTGG CGTGATGTGGT TTGGGTG (s AGr i 111 CAGG BT TAAG CGTTGG CAG I CCCAT G CCGGG CTGA TTARTG CCG CTATATG CRARAACGC.
3

coverage e — #

Ce ALT_04162018_0_2um_scaffold_30 ... GG B6TC ATG 166 IITC GGG 056 AG BTG BTG BGCGGAG AL T ITIERL]

ey

CGGGCT CTT CAGGAT TAAG CGTTGG CAGAT CCCAT G CCGGG CTGA TTAATG CCG CTATATG CAAAAACGC

FUD = SNL153:2 1121,
Fup = SNL153:2 ‘21] TCCCATGCCGGG CTGA TTAATG CCG CTATATG CAAAAACGC.
Fupm- SNL153:2 120 TG CTGG CGG AR CAG CCAG CA CA CGGGGAT G CGGGTTGG CHBGATGTGGT TTGGGTG CliG A
Fupm- SNL153:22 111 GGGCTGATTAATG CCG CTATATG CRARAACGC
FEV = SNL153:2 220, GGG CT CTT CAGGAT TAAG CGTTGG CAGAT CCCAT G CCG TATATG CRARRACGC
FuD=- SNL153:2 115 CTATATG CAARAACGC.
FuD - SNL153:2 121 AARARCGC
REV -m SNL153:2 221 TG CTGG CGG A CAG CCAG CA CA CGGGGAT G CGGGTTGG CGTGATGTGGT TTGGGTG GG AG CTTG CTGCGGGGAG
FEV = SNL153:2 1221 TAAGCGTTGG CAG N CCCAT GCCGGG CTGA TTAATG CCG CTATATG CAAAAA CGC
FuDm- SNL153:2 11209 TG CTGG CGG AR CAG CCAG CA CA CGGGGAT G CGGGTTGG CG GTGGT
FEVSNL153:233:HYl 7:1 ARCGC
Fup=- SNL153:228: HWW)LI 1:210 TG CTGG GG A ICAG CCAG CA CA CGGGGAT G CGGGT TG
FEVSNL153:233: HYKNYBCX2:1:2115:1 RAACGC,
EV = SNL153:233:HYKNYBCX2:1:2103... ‘mecree CAGT CCCAT G CCGGG CTGA TTARTG CCG CTATATG CRARAACGC
REV - SNL153:230:HYJJNBCX2:2:2210:...
REV -m SNL153:233:HYKNYBCX2:1: 220 CAGATCCCATGCCGGG CTGA TTARTG COG CTATATG CAARAACGC
FEV = SNL153:230:HYJJNBCX2:2: TG CTGG CGG AR CAG CCAG CACACGG
Fup - SNL153:228: HWWJLBCXZ:Z:IZO ... TMGCTGGOGGARCAGCCAGCACACGEGGAT G CGGGTTG
FUD m- SNL153:230:HYJJNBCX2:1:2202:... :TGCTGGCGGAACAG CCAG CACACGGGGAT G CGGGTTGG CRTGGTGTGGT T TGATTAATG CCG CTATATG CAAARACGC

FUD®- SNL153:227:HW3LKBCX2:2:2110... ‘T6CT66C6

REV -m SNL153:230:HYJJNBCX2:1:1106:... CATGCCGGG CTGA TTAATG CCG CTATATG CAAAAACGC

FEV = SNL153:228: HWWJLBCX2:1:2111:... mecrceees

We then save the modified scaffold as "ALT_04162018 0 2um_scaffold_30_modified". We map the unplaced paired
reads (same as used to extend scaffold ends, see above) with the "Medium Sensitivity / Fast" to the modified

scaffold.

Name Sequence Length # Sequences
ALT_04162018_0_2um_scaffold_30 - Unmapped sequences from ALT_04162018_0_2um_scaffold_30 -
LT_04162018_0_2um_scaffold_30 - ALT_04162018_0_2um_scaffold_30 369,272

ALT_04162018_0_2um_scaffold_30 £ 368,569 =
LT_04162018_0_2um_scaffold_30_modified 368,645

The output mapping profile of the region with the scaffolding gap is shown below:.

4,650 4,675 4,700 4,725 4,750 4775 4,800 4,825 4,850 4,875 4,900 4,925 4,950
Consensus . T iy me '
3
Caverage y ]
e ALT_04162018_0_2um_scaffold_30_modified 't mmm = msmmm om1 o 6 e s (5SS 0SS 50 8 0IS0 S 005 E] O | S 0 ]

Open the gap and sort the reads as performed above.

Consensus

Coverage

[+ ALT_04162018_0_2um_scaffold_30_modified = s s vmmm o o s

18



Add consensus sequences shared by the reads to the scaffold. Do not worry about the SNVs we can see now, we will
figure out what is happening once the gap is closed.

700 4,725 4750 4,775 4,800 4,825 4,850 4,875 4,900 4,925 4,950 4,975 5,000 5,025
Consensus ] — ]

39
e [ ——
0.

e ALT_04162018_0_2um_scaffold_30_modified = ms mmmmms imem s somms o1 5 S5m0 m 150 Sy 50m s s @ o o oo S—— i S —

Run of mapping with unplaced paired reads until the gap can be closed:

4,860 4,680 4,700 4,720 4,740 4,760 4,780 4,800 4,820 4,840 4,860 4,880 4,900 4920 4940
Consensus — -

Coverage

0e ALT_04162018_0_2um_scaffold_30_modified

- . ]
' .
0
- .
[ ] [ [ ]
.
=
. .
v
=
- .
= . v
d B

The mapping profiles indicate the gap will be closed once we delete the bases in the scaffolds without read support:

4,600 4,650 4,700 4,750 4,800 4,850 4,900 4,950
Consensus ' '
3
o .
e ALT_04162018_0_2um_scaffold_30_modified ' mmm rmm r5 smmem s s o 1 s o mm (mE 0 o0 Wi 20 8 S0 E IEIEEI CIEIEEI S SN WE M ETEEEEERET R ETE EEEE RN R NS S
—
- [ '
'
' '
' 0
= '
[ [ .
'
-
' ' '
'
. .
w1 ]

Next, map the reads to the scaffold with the gap closed allowing no mismatch (custom sensitivity, zero mismatch
allowed), to see if the region is covered throughout.
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3,250 3,500 3,750 4,000 4,250 4,500 4,750 5,000 5,250 5,500 5,750 6,000 6,250

Consensus
Coverage

[+ ALT_04162018_0_2um_scaffold_30_modified

By closing the gap, we obtain the whole protein sequence of the relevant gene, which is confirmed by the BLASTp
search.

1,000 1,500 2,600 2,500 3,000 3,500 4,000 4,500 5,000 5,500 6,000 6,500 7,600 7,500 8,000
1. ALT_04162018_0_2um_scaffold_30_modified
1.000 1.500 2,600 2,500 3.000 3,500 4.000 4500 5,000 5,500 6,000 6,500 7,000 7,500 8,000
2. ALT_04162018_0_2um_scaffold_30
hypothetical protein PG1C_07250 [Rugosibacter aromaticivorans] hypothetical protein PG1C_07250 [Rugosibacter aromaticivorans]
Sequence ID: AJP48312.1 Length: 360 Number of Matches: 1 Sequence ID: AJP48312.1 Length: 360 Number of Matches: 1
See 1 more title(s) ¥ See 1 more title(s) ¥

Range 1: 1 to 360 GenPept

Range 1: 76 to 360 GenPept Graphics

Score Expect Method Identities Positives Gaps Score Expect Method Identities Positives Gaps
536 bits(1382) 0.0 Compositional matrix adjust. 284/364(78%) 300/364(82%) 17/364(4%) 453 bits(1166) 7e-158 Compositional matrix adjust, 235/289(81%) 246/289(85%) 13/289(4%)
Query 1 MPFALALIASAFLHIAALISPAWDLPTLNPEEPASRLDAVLVPAVPNSPSVAIRPH-VTA 59 Query & ANPHPRVLAVPPAADATEANPLSETARVAUPPA=~===-—=~| PTSEEPAPVEPPASEPAP 56
MPFALAL+AS FLHIAAL+SPAW+LP L EEPA RLDAVL PA P+#+ V IRP V A ANPHPRVLAVPPAA+ATE+- +E AA V PA 3 P PVEP A+EP P
Sbjet 1 MPFALALVASVFLHIAALVSPAWELPALGHESZPAPRLDAVLTPAAPDTTRVTIRFSPVVA 60 Sbjct 76  ANPHPRVLAVPPAAEATESSLPAETAAATVSBALPVGSTLGVPTFDGPPPVEPTAAERTP 135
Query 60  LPAVASA---PKPHHANPHPRVLAVPPAADATEANPLSEIARVAVPPA--———===-] PTS 107 Query 57  TSPTASPPATPPSAIPFSLPEKGRMRFIVIRGENGLIIGQSINTWTHDGIHY¥TFTNITET 116
P SA PKPH ANPHFRVLAVPPAA+ATE++ +E AA V PA PT T +PP SA+P SLP KGRMRFIVTRGENGLIIGQSINTW HDGIHYTFTNITET
sbjct 61  APPATSALPPPKPHRANPHPRVLAVPPAAFATESSLPAETARATVSPALEVGSTLGVETF 120 Sbjct 136 LPATTTPP SAVPVSLPNKGRMRE IVTRGENGLIIGOSINTWAHDGIHYTETNITET 191
Query 108 EEPAPV PTSPTASPPATPPSATPFSLPEKGRMRFIVTRGENGLITGQSINTH 167 Query 117 TGLAALFRPARIVQESQGEITAAGLRPLSFSNERKNKKDTANFDWVEHLITYADRTEPVA 176
+ P PVEP A+EP P T +PP SAtP SLP KGRMRFIVIRGENGLIIGQSINTW TGLAALFRPARIVQESQG, AGLRPLSFSNERK KKDTA+FDW HLITYADR EPVA
Sbjet 121 DGRPPVEPTAAEPTPLPATITPP----SAVPVSLPNKGRMRFIVIRGENGLIIGOSINTW 176 Sbjct 192 TGLAALFRPARIVQESQGEITPAGLRPL DTADFDWAAHLITYADRIEPVA 251
Query 168 THDGIHYTFTNITETTGLAALFRPARIVOESQGEITAAGLRPLSFSNERKNKKDTANFDW 227 Query 177 DGTEDMLSMYYQLAT.GVATDOPMKATDLFIATGRKLERYHFELTGEETLTYCGREHVIOH 236
HDGTHYTFTHITETTGLAALFRPARTVOESQGEIT AGLRPLSFSNERK KKDTA+FDW DETQDMLSMYYQLALQVA DQPM AIDL IATGRKLERYHFELIGEETLTYQG H TQH
Sbjct 177 AHDGIHYTFINITETTGLAALFRPARIVQESQGEITPAGLRPLSFSNERKGKKDTADFDW 236 Sbjct 252 DETQDMLSMYYQLALQVALDQPMTAIDLSIATGRKLERYHFELIGEETLTYQGSAHATQH 311
Query 228 VEHELITYADRTEPVADGTQDMLSMYYQLALQVATDQPMKAIDLFIATGRKLERYHFELIG 287 Query 237 LRTKNGEDTIDLWIAKTVHGLPLKIRFTDHKCGIFDOQIADDANTENTHE 285
HLITYADR EPVADGTQDMLSMYYQLALQVA DQPM AIDL IATGRKLERYHFELIG . _ .. LRTKNGEDTIDLWIAKTVHGLPLKIRFTDHKG IFDQ+ADDA#+TENTHE
Sbjct 237 AAHLITYADRIEPVADGTQDMLSMYYQLALQVALDQPMTAIDLSIATGRKLERYHFELIC 296 Sbjet 312 LRTKNGEDTIDLWIAKTVHGLPLKIRFTDHKGDIFDQLADDASTENTHE 360
Query 288 EETLIYQGREHVTQHLRTKNGEDTIDLWIAKTVHGLPLKIRFTDHKGGIFDQIADDANTE 347 O T Tl I
EETLTYQG H TQHLRTKNGEDTIDLWIAKTVHGLPLKI. DHEKG IFDQ+ADDA+TE rlglna

Sbjct 297 EETLIYQGSAHATQHLRTKNGEDTIDLWIAKTVEGLPLKIRFTDEKGDIFDQLACDASTE 356

Query 348 NTHE 351

sbjct 357 NEHE 360 Modified

Conclusion

In this blog, we show how the scaffold extension and scaffolding gap closing can be in Geneious (as an example).
Automatic tools should be developed in the future to perform these curation steps.
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