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[bookmark: _Toc47687300][bookmark: _Toc47687295][bookmark: _Ref516772448]Table S1 – Comparison of gRNA design software
	Name (CITATION)
	Spacer
motifs
	3’-adjacent
PAM motifs
	5’-adjacent
PAM motifs
	Command
line
	Web
	Interactive
output
	Integrated
ranking
	Scoring
algorithms
	Genomes
	cPCR
Primers
	Ambiguous
bases
	Knock-in
design

	AddTag (This study)
	Any
	Any
	Any
	✓
	✗
	✗
	✓
	13
	Any
	✓
	✓
	✓

	Benchling (2019)
	N{16,24}
	N{2,8}
	N{2,8}
	✗
	✓
	✓
	✗
	2
	163
	Limited
	✗
	✗

	Breaking-Cas (Oliveros et al. 2016)
	N{18,25}
	Any
	Any
	✗
	✓
	✓
	✗
	1
	1457
	✗
	Limited
	✗

	Cas9 Target Finder (Kondo and Ueda 2013)
	GN{19}
	NGG
	✗
	✗
	✓
	✗
	✗
	1
	✗
	✗
	Limited
	✗

	Cas-Designer (Park et al. 2015)
	Any
	Any
	Any
	✓
	✓
	✗
	✗
	4
	Any*
	✗
	Limited
	✗

	CasFinder (Aach et al. 2014)
	N{1,}
	Any
	✗
	✓
	✗
	✗
	✗
	1
	Any
	✗
	Limited
	✗

	CCTOP (Stemmer et al. 2015; Stemmer et al. 2017)
	Any
	Any
	✗
	✓
	✓
	✗
	✗
	2
	Any
	✗
	Limited
	✗

	CHOPCHOP (Montague et al. 2014; Labun et al. 2016)
	N{1,}*
	Any*
	Any*
	✓
	✓
	✓
	✓
	9
	Any*
	✓
	Limited
	✗

	CRISPOR (Haeussler et al. 2016)
	N{20,24)
	20
	13
	✗
	✓
	✓
	✗
	16
	Any*
	✓
	✗
	✗

	[bookmark: _Hlk37772070]CRISPR4P (Rodríguez-López et al. 2017)
	N{20}
	NGG
	✗
	✓
	✓
	✗
	✗
	0
	1
	✓
	✗
	✓

	CRISPR Design Tool  &
CRISPR Specificity Analysis 
	N{18,22}
	Any
	Any
	✗
	✓
	✓
	✗
	1
	39
	✗
	✗
	✗

	[bookmark: _Hlk37772092]CRISPRdirect (Naito et al. 2014)
	N{20}
	Any
	✗
	✗
	✓
	✓
	✓
	4
	671
	✗
	✗
	✗

	CRISPR-P (Lei et al. 2014; Liu et al. 2017)
	N{20,22}
	6
	8
	✗
	✓
	✓
	✗
	4
	75 plants
	✗
	✗
	✗

	CRISPRscan (Moreno-Mateos et al. 2015)
	2
	NGG
	2
	✗
	✓
	✗
	✗
	2
	14 animals
	✗
	✗
	✗

	GuideScan (Perez et al. 2017)
	N{20}
	NGG
	TTTN
	✓
	✓
	✗
	✗
	2
	Any*
	✗
	Limited
	✗

	sgRNA Design Tool (Doench et al. 2014; Broad Institute 2015)
	2
	2
	2
	✗
	✓
	✗
	✓
	6
	4
	✗
	✗
	✗

	Synthego CRISPR
Design Tool
	N{20}
	NGG
	✗
	✗
	✓
	✓
	✗
	1
	>120,000
	✗
	✗
	✗

	[bookmark: _Hlk37772120]VARSCOT (Wilson et al. 2019)
	N{20}
	NGG
	✗
	✓
	✗
	✗
	✗
	3
	Any
	✗
	✓
	✗



In the columns containing motif descriptions or quantifiers, the text “Any” refers to motifs >0 nt in length. Motifs are defined by a string of (possibly ambiguous) nucleotide characters. Repeated characters are followed by braces ({}) containing comma-separated numbers representing the minimum and maximum number of repeats, respectively. If only one number is listed, then the minimum and maximum are equal. If the second number is omitted, then no maximum exists. Motifs are specified when possible, otherwise a number representing the total number of different motifs allowed is given. Any element that could not be evaluated is given “NA”. The asterisk (*) indicates that this element differs between the web and command line versions. The column “Ambiguous bases” refers to the ability to identify Targets from regions in the genome that contain ambiguous nucleotides. The column “Integrated ranking” means that results are ordered based on a combination of metrics, and not just one algorithm score.
[bookmark: _Toc47687296]Table S2 – Plasmids used in this study
	Identifier
	Purpose
	Ordering information
	Sequence
	Source

	pADH110
	NAT-marked pSNR52 promoter fragment for use in gRNA expression cassette stitching PCR; for use with pADH119 to generate Target-specific gRNA expression cassette.
	https://www.addgene.org/90982/
	GBK
	(Nguyen et al. 2017)

	pADH119
	NAT-marked “empty” gRNA construct for use in gRNA expression cassette stitching PCR. Use with pADH110 to generate Target-specific part 2 of 2 for C. albicans LEUpOUT CRISPR system.
	https://www.addgene.org/90985/
	GBK
	(Nguyen et al. 2017)

	pADH137
	NAT-marked Cas9 expression construct; part 1 of 2 of C. albicans LEUpOUT CRISPR system. Use with pADH118-series gRNA expression constructs.
	https://www.addgene.org/90986/
	GBK
	(Nguyen et al. 2017)



The identifier is the term used to represent this plasmid in the source manuscript. Each plasmid is available to order from Addgene at the provided web address.


[bookmark: _Toc43449000][bookmark: _Toc47687301]Table S3 – Oligonucleotides and synthetic DNA fragments used in this study
	Identifier
	Sequence (5’à3’)
	Purpose
	Source

	AHO 2144
	CTAAGAAGGGAAAAGCACCAC
	ADE2CDS AmpF
	(This study)

	AHO 2145
	CTCGGTACAATCTTGTCAATGAG
	ADE2CDS AmpR
	(This study)

	AHO 2137
	GTGGTGGATTGGTATTTCTTTCTGTG
	ADE2CDS sF
	(This study)

	AHO 2138
	AAGACCCCAAACATTTTGACTCG
	ADE2CDS sR
	(This study)

	AHO 2142
	CCCCAATGTGTAACAAGTCATCG
	ADE2CDS +/AoF
	(This study)

	AHO 2139
	CATTGCCTGTCATTGGTGTTCC
	ADE2CDS +/AoR
	(This study)

	AHO 2140
	CAGAGTTGTGAGGTCTTGGTG
	ADE2CDS +/AiF
	(This study)

	AHO 2141
	GGCGTATGATGGTAGAGGTAAC
	ADE2CDS +/AiR
	(This study)

	AHO 2135
	CACCATAACGTTTACTTGTTTAATATGCTATTGATATCTATATTTTTTTCCTATGTGTAGTGCTTGTATATGCGTGTGTGATGAGAATAAGATGAATAGA
	ADE2CDS Step 1 dDNA F
	(This study)

	AHO 2136
	TCTATTCATCTTATTCTCATCACACACGCATATACAAGCACTACACATAGGAAAAAAATATAGATATCAATAGCATATTAAACAAGTAAACGTTATGGTG
	ADE2CDS Step 1 dDNA R
	(This study)

	AHO 2134
	CGTAAACTATTTTTAATTTGAACACCAATGACAGGCAATGGTTTTAGAGCTAGAAATAGC
	ADE2CDS oligo used for stitching spacer to scaffold for +Target
	(This study)

	AHO 2143
	CGTAAACTATTTTTAATTTGCATATACAAGCACTACACATGTTTTAGAGCTAGAAATAGC
	ADE2CDS oligo used for stitching spacer to scaffold for AddTag Target
	(This study)

	AHO 2168
	CACATTAGTTGCTCAGGTCAC
	EFG1CDS AmpF
	(This study)

	AHO 2169
	GTCAATGGATTTGGGAGAAGA
	EFG1CDS AmpR
	(This study)

	AHO 2161
	TTAACCCCTTTGTGTCCCTT
	EFG1CDS sF
	(This study)

	AHO 2162
	CCCAAATAGTATAAATTCGTTCATGTC
	EFG1CDS sR
	(This study)

	AHO 2166
	ACCAATCACCCCAAGTTCAG
	EFG1CDS +/AoF
	(This study)

	AHO 2163
	GCTGTTGTTGTTGTTGTCCT
	EFG1CDS +/AoR
	(This study)

	AHO 2164
	CCCCCATACCTTCCAATTCTAC
	EFG1CDS +/AiF
	(This study)

	AHO 2165
	GACACATTACTGCCACCACTG
	EFG1CDS +/AiR
	(This study)

	AHO 2159
	AACGAATTAAGATTTGTTCTATTTGACTACCAAGAATATAACCCATATTCCTCGTGTACATCACCTTCTGCTTTCTGCCATAAATTCCAAATTAGATTAT
	EFG1CDS Step 1 dDNA F
	(This study)

	AHO 2160
	ATAATCTAATTTGGAATTTATGGCAGAAAGCAGAAGGTGATGTACACGAGGAATATGGGTTATATTCTTGGTAGTCAAATAGAACAAATCTTAATTCGTT
	EFG1CDS Step 1 dDNA R
	(This study)

	AHO 2158
	CGTAAACTATTTTTAATTTGTGGTTGGAATTGCCCCACAGGTTTTAGAGCTAGAAATAGC
	EFG1CDS oligo used for stitching spacer to scaffold for +Target
	(This study)

	AHO 2167
	CGTAAACTATTTTTAATTTGAGCAGAAGGTGATGTACACGGTTTTAGAGCTAGAAATAGC
	EFG1CDS oligo used for stitching spacer to scaffold for AddTag Target
	(This study)

	AHO 2156
	TATAAATATCAGGTCATAGATCCCTG
	BRG1CDS AmpF
	(This study)

	AHO 2157
	CTGCTACAGTATTGTTGTTTGAAC
	BRG1CDS AmpR
	(This study)

	AHO 2149
	TGCAGCTTTTGTACTACATTTGG
	BRG1CDS sF
	(This study)

	AHO 2150
	CCAGCTCAGGATATAATTTACAGC
	BRG1CDS sR
	(This study)

	AHO 2154
	GTCATTCATCAACCACCACCA
	BRG1CDS +/AoF
	(This study)

	AHO 2151
	ACCTCCACTAATGGTTGATCG
	BRG1CDS +/AoR
	(This study)

	AHO 2152
	CCACCACAACAACCACAATCAG
	BRG1CDS +/AiF
	(This study)

	AHO 2153
	CGACCGTTCTTCCCTTTTGTC
	BRG1CDS +/AiR
	(This study)

	AHO 2147
	GTACTACTGTTCATATTTGATATTTCAACGTTATTTCTCCATCCATACTTCTGGCGGTATTCCTGTTGCTTACCCAACCCAAATTCCTTTAATTCGTCAT
	BRG1CDS Step 1 dDNA F
	(This study)

	AHO 2148
	ATGACGAATTAAAGGAATTTGGGTTGGGTAAGCAACAGGAATACCGCCAGAAGTATGGATGGAGAAATAACGTTGAAATATCAAATATGAACAGTAGTAC
	BRG1CDS Step 1 dDNA R
	(This study)

	AHO 2146
	CGTAAACTATTTTTAATTTGGGGCTAAGTGACGATGCAGGGTTTTAGAGCTAGAAATAGC
	BRG1CDS oligo used for stitching spacer to scaffold for +Target
	(This study)

	AHO 2155
	CGTAAACTATTTTTAATTTGAATACCGCCAGAAGTATGGAGTTTTAGAGCTAGAAATAGC
	BRG1CDS oligo used for stitching spacer to scaffold for AddTag Target
	(This study)

	AHO 2209
	GCATATTTACTTGCTTGCCTG
	ZRT2US AmpF
	(This study)

	AHO 2214
	TTGACAGGAATATGGAGGGTA
	ZRT2US AmpR
	(This study)

	AHO 2203
	GAACCAATCCTTCCACATAGC
	ZRT2US sF
	(This study)

	AHO 2204
	GCTGGGAATTGATAATGAAAGC
	ZRT2US sR
	(This study)

	AHO 2208
	TATTGGTCGGATTGGGTTAC
	ZRT2US +/AoF
	(This study)

	AHO 2205
	TTGCGTTTCGGGTATAATCAC
	ZRT2US +/AoR
	(This study)

	AHO 2206
	GAGAAGAACCATAAAGTCCAAGC
	ZRT2US +/AiF
	(This study)

	AHO 2207
	CACCTCAAACCACACACTAC
	ZRT2US +/AiR
	(This study)

	AHO 2201
	CGATATTGTGTAATTTTACATTTGGGCACAGCATAGCCTGATGCCGTCCGGGTCGTACGCTGCAGGTCGACAG
	ZRT2US Step 1 dDNA F
	(This study)

	AHO 2202
	TGGTGATGGTTTTTATTAGTGGTTACAAAAATGAACAAGAGAAAATTTGCAATACCACTGTCGACCTGCAGCGTAC
	ZRT2US Step 1 dDNA R
	(This study)

	SynFrag 1
	GCATATTTACTTGCTTGCCTGATATCCTCGACTCATATACTTTGTAAATTACCTGTCACGTGTTTTTGTGAACTCCGATATTGTGTAATTTTACATTTGGGCACAGCATAGCCTGATGCCGTCCGGGTaccctggtagtTATCACTCAATTTTTTTTTGTTTTTCACTGTTTTTCTGTCTTGTTGTTCCAAATAACCACTAATATTTCTCTTATACTTGACGATTTTTGGTGACCTATTATAGCTGGCAAGTGAAAGTGAATTAATAATATGCATTTTATAAAGTAGGCTTATTCATAAAATAATTAATTATTATTCAATCTCTAATTGATGTTCAGAAAATTTTTGGTTTGATGCCATACAAAGCAAAAAAAAAAATAATACATCAAAAATAGAACAAATGTAACTTTATGGTATTAAATCGTAATCATACACTTACTGAGAAGAACCATAAAGTCCAAGCTTTATAGAAAAAAGGCTAATGTTCTTTAGCATATGGTTTTTTTATGTCCTGGATTAACAACGTCCTTGGACTTAAGTACGTATGAAAGAACTAGCTAATAATTTAAAGCCAAACTGAGTCTTTCAACAACTACAATAGTGATTATACCCGAAACGCAAAATAATAAAAACTAATATTGACAATTGAATTATTCATTATTGGTCGGATTGGGTTACATTCAGATTGAAATCACGGTTGTAATTGCCGAATCTCTTTTTCATTGTTGTTCCATTTGTAACATTACCAGCTAGAAATGTAGTGTGTGGTTTGAGGTGCGTTTAGAcagctgttctaTATTGCAAATTTTCTCTTGTTCATTTTTGTAACCACTAATAAAAACCATCACCAATTGACAATGAGTAAAAACTTTAAAAAAAAAGTAAAAATTAGAAAGAAAAAGTCAATCTCCCTTTTGTTGTAATTTATTTATAAATACCCTCCATATTCCTGTCAA
	ZRT2US Step 2 dDNA for AB01
	(This study)

	SynFrag 2
	GCATATTTACTTGCTTGCCTGATATCCTCGACTCATATACTTTGTAAATTACCTGTCACGTGTTTTTGTGAACTCCGATATTGTGTAATTTTACATTTGGGCACAGCATAGCCTGATGCCGTCCGGGTcagggtcgctaTATCACTCAATTTTTTTTTGTTTTTCACTGTTTTTCTGTCTTGTTGTTCCAAATAACCACTAATATTTCTCTTATACTTGACGATTTTTGGTGACCTATTATAGCTGGCAAGTGAAAGTGAATTAATAATATGCATTTTATAAAGTAGGCTTATTCATAAAATAATTAATTATTATTCAATCTCTAATTGATGTTCAGAAAATTTTTGGTTTGATGCCATACAAAGCAAAAAAAAAAATAATACATCAAAAATAGAACAAATGTAACTTTATGGTATTAAATCGTAATCATACACTTACTGAGAAGAACCATAAAGTCCAAGCTTTATAGAAAAAAGGCTAATGTTCTTTAGCATATGGTTTTTTTATGTCCTGGATTAACAACGTCCTTGGACTTAAGTACGTATGAAAGAACTAGCTAATAATTTAAAGCCAAACTGAGTCTTTCAACAACTACAATAGTGATTATACCCGAAACGCAAAATAATAAAAACTAATATTGACAATTGAATTATTCATTATTGGTCGGATTGGGTTACATTCAGATTGAAATCACGGTTGTAATTGCCGAATCTCTTTTTCATTGTTGTTCCATTTGTAACATTACCAGCTAGAAATGTAGTGTGTGGTTTGAGGTGCGTTTAGAaccttgttggtTATTGCAAATTTTCTCTTGTTCATTTTTGTAACCACTAATAAAAACCATCACCAATTGACAATGAGTAAAAACTTTAAAAAAAAAGTAAAAATTAGAAAGAAAAAGTCAATCTCCCTTTTGTTGTAATTTATTTATAAATACCCTCCATATTCCTGTCAA
	ZRT2US Step 2 dDNA for AB10
	(This study)

	SynFrag 3
	GCATATTTACTTGCTTGCCTGATATCCTCGACTCATATACTTTGTAAATTACCTGTCACGTGTTTTTGTGAACTCCGATATTGTGTAATTTTACATTTGGGCACAGCATAGCCTGATGCCGTCCGGGTcagggtcgctaTATCACTCAATTTTTTTTTGTTTTTCACTGTTTTTCTGTCTTGTTGTTCCAAATAACCACTAATATTTCTCTTATACTTGACGATTTTTGGTGACCTATTATAGCTGGCAAGTGAAAGTGAATTAATAATATGCATTTTATAAAGTAGGCTTATTCATAAAATAATTAATTATTATTCAATCTCTAATTGATGTTCAGAAAATTTTTGGTTTGATGCCATACAAAGCAAAAAAAAAAATAATACATCAAAAATAGAACAAATGTAACTTTATGGTATTAAATCGTAATCATACACTTACTGAGAAGAACCATAAAGTCCAAGCTTTATAGAAAAAAGGCTAATGTTCTTTAGCATATGGTTTTTTTATGTCCTGGATTAACAACGTCCTTGGACTTAAGTACGTATGAAAGAACTAGCTAATAATTTAAAGCCAAACTGAGTCTTTCAACAACTACAATAGTGATTATACCCGAAACGCAAAATAATAAAAACTAATATTGACAATTGAATTATTCATTATTGGTCGGATTGGGTTACATTCAGATTGAAATCACGGTTGTAATTGCCGAATCTCTTTTTCATTGTTGTTCCATTTGTAACATTACCAGCTAGAAATGTAGTGTGTGGTTTGAGGTGCGTTTAGAcagctgttctaTATTGCAAATTTTCTCTTGTTCATTTTTGTAACCACTAATAAAAACCATCACCAATTGACAATGAGTAAAAACTTTAAAAAAAAAGTAAAAATTAGAAAGAAAAAGTCAATCTCCCTTTTGTTGTAATTTATTTATAAATACCCTCCATATTCCTGTCAA
	ZRT2US Step 2 dDNA for AB11
	(This study)

	AHO 2200
	CGTAAACTATTTTTAATTTGAAATTGAGTGATAactaccaGTTTTAGAGCTAGAAATAGC
	ZRT2US oligo used for stitching spacer to scaffold for +Target
	(This study)

	AHO 2195
	CGTAAACTATTTTTAATTTGCGTACGCTGCAGGTCGACAGGTTTTAGAGCTAGAAATAGC
	ZRT2US oligo used for stitching spacer to scaffold for AddTag Target
	(This study)

	AHO 2666
	GTCAGTTTCCCATACACATAAGG
	WOR1USd AmpF
	(This study)

	AHO 2667
	AGCAAGTATAGCCGTCATCT
	WOR1USd AmpR
	(This study)

	AHO 2661
	CTCTCATCAACAACAACGTCA
	WOR1USd sF
	(This study)

	AHO 2662
	AATAGTAGACTCCCTAACAGAGC
	WOR1USd sR
	(This study)

	AHO 2664
	GGAAACTAACCTAACACACAAAC
	WOR1USd +/AoF
	(This study)

	AHO 2663
	GTTTGTGTGTTAGGTTAGTTTCC
	WOR1USd +/AoR
	(This study)

	AHO 2664
	GGAAACTAACCTAACACACAAAC
	WOR1USd +/AiF
	(This study)

	AHO 2665
	TCCCACCCGTCTTTCATAAA
	WOR1USd +/AiR
	(This study)

	AHO 2659
	TAGGGACATTCAATTCGTCTTGAAAATATTAAAATTGACAAGAAAAACTTATTCGTACGCTGCAGGTCGACAG
	WOR1USd Step 1 dDNA F
	(This study)

	AHO 2660
	TGGTAGGTTCTGTCATTTATTGCTCTATTTTATAGTATTTAAAGTTTAAACTTTCCACTGTCGACCTGCAGCGTAC
	WOR1USd Step 1 dDNA R
	(This study)

	AHO 2658
	CGTAAACTATTTTTAATTTGTCATACACCAAGAAAACTCAGTTTTAGAGCTAGAAATAGC
	WOR1USd oligo used for stitching spacer to scaffold for +Target
	(This study)

	AHO 2195
	CGTAAACTATTTTTAATTTGCGTACGCTGCAGGTCGACAGGTTTTAGAGCTAGAAATAGC
	WOR1USd oligo used for stitching spacer to scaffold for AddTag Target
	(This study)

	SynFrag 4
	GTCAGTTTCCCATACACATAAGGGAATGACCACACTCAAAAGTAATATCATAACTACAGGGCATAAAGCATATCACCTAGGGACATTCAATTCGTCTTGAAAATATTAAAATTGACAAGAAAAACTTATTCAAAGGGAGACCAAAAATACAGATTACCAACTATGTACACCCTAGAAAGAACTCAAAAAACGTAACCTTCGTTTCAAGTTGCACTTTAAAACAACAAATCCTGCTTTGATCAGATGAAACTATAATGCACGAATATGGAAACTAACCTAACACACAAACAATATATCATACACCAAGAAAACTCATGGTTTGTTGTTGTTGTTAGTGTATAATGTTAAAAAACTCTATTTTCACAATGACCCAAATAAAACCAAAAAAACACTAAGAAGacccttgcgTTTGAAACTTTTCAAAATGTATAGAGATCCCAAATCTAAAAAATGTTATTCACTATGGTTGTTGTTGTTTATTCAGAATTTAGTTATGGTTATATTAATGAAACTGTAACATAAAAAAAAACAAGGGAATAATTAGAGTTTTACAAGAAATTTATGAAAGACGGGTGGGAAAAAAGTTTAAACTTTAAATACTATAAAATAGAGCAATAAATGACAGAACCTACCAGTAGTGATTCATAAATTATTATTTCTTGTTATACAATCAAAACCCCAGATATGATAACAGGAAAAAAAAAAGTACTTATATAGATGACGGCTATACTTGCT
	WOR1USd Step 2 dDNA for AB1
	(This study)

	AHO 2664
	GGAAACTAACCTAACACACAAAC
	WOR1USp AmpF
	(This study)

	AHO 2676
	CCCACCTTCTCCCTCTTTC
	WOR1USp AmpR
	(This study)

	AHO 2666
	GTCAGTTTCCCATACACATAAGG
	WOR1USp sF
	(This study)

	[bookmark: _Hlk63944104]AHO 2671
	CTCCCCCAACAACAAGTCTT
	WOR1USp sR
	(This study)

	AHO 2675
	GAGCAATAAATGACAGAACCTACC
	WOR1USp +/AoF
	(This study)

	AHO 2672
	TCCCACCCGTCTTTCATAA
	WOR1USp +/AoR
	(This study)

	AHO 2673
	CACTATGGTTGTTGTTGTTTATTCAG
	WOR1USp +/AiF
	(This study)

	AHO 2674
	AGTAGACTCCCTAACAGAGC
	WOR1USp +/AiR
	(This study)

	AHO 2669
	ACAATGACCCAAATAAAACCAAAAAAACACTAAGAAGTTAAACTTTTTTGAAACCACTGTCGACCTGCAGCGTAC
	WOR1USp Step 1 dDNA F
	(This study)

	AHO 2670
	ATTTTTGCATGTTCTATTTTTAGTCCATACATAATGTAACGCACACACATTAGACGTACGCTGCAGGTCGACAG
	WOR1USp Step 1 dDNA R
	(This study)

	AHO 2668
	CGTAAACTATTTTTAATTTGATTTATGAATCACTACTGGTGTTTTAGAGCTAGAAATAGC
	WOR1USp oligo used for stitching spacer to scaffold for +Target
	(This study)

	AHO 2195
	CGTAAACTATTTTTAATTTGCGTACGCTGCAGGTCGACAGGTTTTAGAGCTAGAAATAGC
	WOR1USp oligo used for stitching spacer to scaffold for AddTag Target
	(This study)

	SynFrag 5
	GGAAACTAACCTAACACACAAACAATATATCATACACCAAGAAAACTCATGGTTTGTTGTTGTTGTTAGTGTATAATGTTAAAAAACTCTATTTTCACAATGACCCAAATAAAACCAAAAAAACACTAAGAAGTTAAACTTTTTTGAAACTTTTCAAAATGTATAGAGATCCCAAATCTAAAAAATGTTATTCACTATGGTTGTTGTTGTTTATTCAGAATTTAGTTATGGTTATATTAATGAAACTGTAACATAAAAAAAAACAAGGGAATAATTAGAGTTTTACAAGAAATTTATGAAAGACGGGTGGGAAAcgcaaacccttgcgAAATACTATAAAATAGAGCAATAAATGACAGAACCTACCAGTAGTGATTCATAAATTATTATTTCTTGTTATACAATCAAAACCCCAGATATGATAACAGGAAAAAAAAAAGTACTTATATAGATGACGGCTATACTTGCTCAAGTGAGTTTGATGTGATTTTTAACACGCTCTGTTAGGGAGTCTACTATTTTTTTTTCTGGCGATAACAATAAGAAATCTCTAATGTGTGTGCGTTACATTATGTATGGACTAAAAATAGAACATGCAAAAATTGCGAGAAAGAAAGCGAGTGAGTAAGGGCGTGCGTGCGTGCATGAGTGAAAGAGGGAGAAGGTGGG
	WOR1USp Step 2 dDNA for AB1
	(This study)

	AHO 2686
	ACACACACACACACAATCACAC
	WOR2DS AmpF
	(This study)

	AHO 2687
	TAGCAAGGCAACCATCAAGC
	WOR2DS AmpR
	(This study)

	AHO 2680
	CTACTACTGATGGTCTACTGATGG
	WOR2DS sF
	(This study)

	AHO 2681
	CGTTTGTAGATGGTTCTGGTTTG
	WOR2DS sR
	(This study)

	AHO 2685
	ATCGCTCCTTGTGTTTGTGTG
	WOR2DS +/AoF
	(This study)

	AHO 2682
	CCCACACAAACACAAGGAGC
	WOR2DS +/AoR
	(This study)

	AHO 2683
	TTGTGGAAGTGTAAGAGGGA
	WOR2DS +/AiF
	(This study)

	AHO 2684
	CTGCTTGCTAAACCCAAACC
	WOR2DS +/AiR
	(This study)

	AHO 2678
	CTAAAAACCAACAAGTTACTTGATAGAACCTCGATTTCATTATGAATTCCACACGTACGCTGCAGGTCGACAG
	WOR2DS Step 1 dDNA F
	(This study)

	AHO 2679
	AATACAAATACAGATGACACCAAAAAGAAAAAAGTTAAACTTGTAATAGTTAATCCACTGTCGACCTGCAGCGTAC
	WOR2DS Step 1 dDNA R
	(This study)

	AHO 2677
	CGTAAACTATTTTTAATTTGATCGCTCCTTGTGTTTGTGTGTTTTAGAGCTAGAAATAGC
	WOR2DS oligo used for stitching spacer to scaffold for +Target
	(This study)

	AHO 2195
	CGTAAACTATTTTTAATTTGCGTACGCTGCAGGTCGACAGGTTTTAGAGCTAGAAATAGC
	WOR2DS oligo used for stitching spacer to scaffold for AddTag Target
	(This study)

	SynFrag 6
	ACACACACACACACAATCACACAAAATTAGCACTACTAAATGTTTGAGAATGATTCGAATCAAGGGAAACTAAAAACCAACAAGTTACTTGATAGAACCTCGATTTCATTATGAATTCCACATACACAATAATACAGTACCAAAAGTTTAAATTTAAAAAAAAAATCAGCCCATTAGAGAAATCTAGATGTAGATATATTTTGTGGAAGTGTAAGAGGGATAAGCCATTTGTAATTTTACACAATTAATCGCTCCTTGTGTTTGTGTGGGAAAAACTTTGCAATTGGTTGATTGTGCAACAATTGCTAAAACATTGGTTACCCATTTTCCTTTTTTTGCAATTTCCAAATAATAATAATGATAATACTTATCAAAACAAAGAAACAATTAACGAGACAAGTTTAAATCAAACTCAATACAATTCATAAACTCTAACTGGcgcaagggtGTTTTCTATTTTTTGTTTGTGAATGTATTACAATAAATTGAATTTTGATCGAAATATTAATCGGGGCTAGAGTGTGGTTTGGGTTTAGCAAGCAGCTATTGTTTGAAAAAAATTAAAATGACTGCATTAACTATTACAAGTTTAACTTTTTTCTTTTTGGTGTCATCTGTATTTGTATTTATTGCATGGGAAAGACAATACAGTAGTAATAACGAAACTATCAACCACGAAAAGAGGAAATATCCCTCAACTTTCCAAATTTAATTCAAAAGATACTAAAAAAAACCTTGAGTCAACAATAGAATTTATTGAAACTTAATTCTCCTCATGTGGATTCTTTATTTGCTTGATGGTTGCCTTGCTA
	WOR2DS Step 2 dDNA for AB1
	(This study)

	AHO 1096
	GACGGCACGGCCACGCGTTTAAACCGCC
	gRNA cassette part 1 F
	(Nguyen et al. 2017)

	AHO 1098
	CAAATTAAAAATAGTTTACGCAAG
	gRNA cassette part 1 R
	(Nguyen et al. 2017)

	AHO 1099
	GTTTTAGAGCTAGAAATAGCAAGTT
	gRNA cassette part 2 F
	(Nguyen et al. 2017)

	AHO 1097
	CCCGCCAGGCGCTGGGGTTTAAACACCG
	gRNA cassette part 2 R
	(Nguyen et al. 2017)

	AHO 1237
	AGGTGATGCTGAAGCTATTGAAG
	gRNA full cassette F
	(Nguyen et al. 2017)

	AHO 1238
	TGTATTTTGTTTTAAAATTTTAGTGACTGTTTC
	gRNA full cassette R
	(Nguyen et al. 2017)



[bookmark: _Hlk63944031]Shared upstream and downstream primers sF and sR are colored blue. Sequences homologous to the AmpF and AmpR primers, used to amplify the Step 2 dDNA from wild-type gDNA or synthetic DNA templates, are colored green. Nucleotides that are homologous to the AddTag-selected spacer sequences in the first and second round of genome editing are colored red, and fuchsia, respectively, with the associated PAM sequences in brick and violet. In first round donor DNA sequences (Step 1 dDNA), the upstream and downstream homology regions are given yellow and orange backgrounds, and any addtag insert sequence is given a pink background. Bold, lower-case letters are nucleotides that encode for the Zap1 and Wor1 binding sites. Sequences are listed in the 5’ to 3’ orientation. Oligonucleotide sequences used in this study did not require any special modifications or purifications. SynFrag sequences used to generate ZRT2 US, WOR1USd, WOR1USp, and WOR2DS dDNAs were synthesized as dsDNA fragments.
[bookmark: _Toc47687299][bookmark: OLE_LINK1]Table S4 – Strains used in this study
	Identifier
	Strains
	Genotype
	Source

	ADE2CDS +/+
	AHY 940
	
	(Nguyen et al. 2017)

	ade2CDS ∆/∆
	AHY 1338,
AHY 1347
	
	(This study)

	ADE2CDS AB/AB
	AHY 1267,
AHY 1268
	
	(This study)

	BRG1CDS +/+
	AHY 940
	
	(Nguyen et al. 2017)

	brg1CDS ∆/∆
	AHY 1219,
AHY 1220
	
	(This study)

	BRG1CDS AB/AB
	AHY 1263,
AHY 1264
	
	(This study)

	EFG1CDS +/+
	AHY 940
	
	(Nguyen et al. 2017)

	efg1CDS ∆/∆
	AHY 1336,
AHY 1337
	
	(This study)

	EFG1CDS AB/AB
	AHY 1259,
AHY 1260
	
	(This study)

	ZRT2US +/+
	AHY 940
	
	(Nguyen et al. 2017)

	zrt2US ∆/∆
	AHY 1221,
AHY 1222
	
	(This study)

	ZRT2US AB00/AB00
	AHY 1261,
AHY 1262
	
	(This study)

	ZRT2US AB01/AB01
	AHY 1271,
AHY 1272
	
	(This study)

	ZRT2US AB10/AB10
	AHY 1273,
AHY 1274
	
	(This study)

	ZRT2US AB11/AB11
	AHY 1295,
AHY 1296
	
	(This study)

	[bookmark: _Hlk63947666]WOR1USd +/+
	AHY 940
	
	(Nguyen et al. 2017)

	wor1USd ∆/∆
	AHY 1447,
AHY 1448
	
	(This study)

	WOR1USd AB0/AB0
	AHY 1449,
AHY 1450
	
	(This study)

	WOR1USd AB1/AB1
	AHY 1451,
AHY 1452
	
	(This study)

	WOR1USp +/+
	AHY 940
	
	(Nguyen et al. 2017)

	wor1USp ∆/∆
	AHY 1453,
AHY 1454
	
	(This study)

	WOR1USp AB0/AB0
	AHY 1455,
AHY 1456
	
	(This study)

	WOR1USp AB1/AB1
	AHY 1457,
AHY 1458
	
	(This study)

	WOR2DS +/+
	AHY 940
	
	(Nguyen et al. 2017)

	WOR2DS ∆/∆
	AHY 1459,
AHY 1460
	
	(This study)

	WOR2DS AB0/AB0
	AHY 1461,
AHY 1462
	
	(This study)

	WOR2DS AB1/AB1
	AHY 1463,
AHY 1464
	
	(This study)



The identifier is the term used to represent this strain in the manuscript. Each strain name listed for an identifier represents a wholly independent biological derivation of the strain. Genotypes are listed through the standard Candida syntax: homologous chromosomes are separated by horizontal lines; linked loci are co-located in the same word, and non-linked loci are separated by white space; loci are represented by the text of their wild-type gene name; wild-type genes are capitalized, and mutant genes are lower-case; and specific modifications to genes at a locus begin with “::”. Superscript 0 and 1 numbers represent allelic forms, with 0 being unmodified from wild-type, and 1 being modified. Subscript CDS indicates the Feature of interest is only a portion of the full chromosomal gene, and subscript US represents a section of the upstream intergenic region of the gene. The sequence orientations for mintag and addtag inserts are indicated with the start as lower contig position and the end as higher contig position, as they appear in the reference genome (i.e. “+” orientation relative to the contig).


Table S5 – Summary of polymorphisms in dDNA sequences
	
	
	Polymorphisms/Length (nt)

	
	
	Step 1 dDNA
	eFeature
	Step 2 dDNA

	Gene
	Step 1 dDNA type
	US
	Insert
	DS
	US
	+Feature
	DS
	US
	✲Feature
	DS

	ADE2CDS
	mintag
	0/49
	CC
	0/49
	0/0
	0/1707
	0/0
	0/133
	AB: 0/1707
	0/140

	BRG1CDS
	mintag
	0/50
	-
	0/50
	3/42
	13/1269,1272
	0/0
	3/221
	AB: ND
	1/115

	EFG1CDS
	mintag
	0/49
	CCTC
	0/47
	0/1
	6/1658,1653
	1/12
	1/149
	AB: ND
	2/170

	ZRT2US
	addtag
	0/53
	CGTACGCTGCAGGTCGACAGTGG
	0/54
	0/0
	5/667,666
	0/0
	0/128
	AB00: 0/667
AB01: 0/667
AB10: 0/667
AB11: 0/667
	2/160

	WOR1USd
	addtag
	0/53
	CGTACGCTGCAGGTCGACAGTGG
	0/54
	0/269
	0/9
	0/172
	0/130
	AB0: 0/450
AB1: 0/450
	0/155

	WOR1USp
	addtag
	0/53
	CCACTGTCGACCTGCAGCGTACG
	0/54
	0/165
	0/14
	0/221
	0/149
	AB0: 0/400
AB1: 0/400
	0/120

	WOR2DS
	addtag
	0/53
	CGTACGCTGCAGGTCGACAGTGG
	0/54
	0/317
	0/9
	0/125
	0/122
	AB0: 0/451
AB1: 0/451
	0/239



The “US”, “DS”, “Insert”, and “Feature” columns, display an “a/b” format, with “a” representing the number of polymorphisms within “b” contiguous nucleotides. The +Feature columns represent the full input Feature that was expanded to circumvent polymorphisms, with the “US” and “DS” columns representing the lengths of Feature expansion. For the Step 1 dDNA and Step 2 dDNA columns, the “US” and “DS” columns represent the flanking homology arms. Please note that the Step 1 dDNAs do not contain polymorphisms, but the Step 2 dDNAs do. Some genomic regions have alleles with different lengths, which are shown as comma-separated list of lengths. The “ND” indicates that polymorphisms in restored loci were not determined.
Supplemental materials and methods
“All-in-1” gRNA cassette stitching
This protocol describes the “All-in-1” gRNA expression cassette stitching method, an adaptation of the cloning-free two-step assembly method previously described by Nguyen et al (Nguyen et al. 2017). The All-in-1 approach assembles two universal gRNA expression cassette fragments (Fragments A and B) into an intact Target-specific gRNA expression cassette in a single reaction using a custom bridging gRNA oligo and conserved amplification primers (Figure S4). While the original method requires the generation of a new Fragment B for each unique gRNA target, the All-in-1 simply requires a single unique oligonucleotide and two universal PCR fragments as templates. The All-in-1 approach cuts the time to generate gRNA expression cassettes nearly in half as compared to the traditional method and is as just as efficient in creating gene knockouts (unpublished).
A. PCR amplify the universal “A” fragment from gRNA plasmid 1of2

· PCR Mix (makes enough “A” fragment for >75 “C” fragment stitching PCRs):
1. 75.5µL H2O
2. 20µL 5x Phusion HF buffer
3. 2µL dNTP mix (10 mM each dNTP)
4. 1µL pADH110 (1ng/µL)
5. 0.5µL AHO1096 (100uM)
6. 0.5µL AHO1098 (100uM)
7. 0.5µL Phusion polymerase

· “A” fragment PCR cycling conditions:
1. 98˚C, 30sec
2. 98˚C, 20sec
3. 58˚C, 20sec
4. 72˚C, 30sec
5. Return to step 2 for a total of 30 cycles
6. End

B. PCR amplify the universal “B” fragment from gRNA plasmid 2of2
· PCR Mix (makes enough “B” fragment for >75 “C” fragment stitching PCRs):
1. 75.5µL H2O
2. 20µL 5x Phusion HF buffer
3. 2µL dNTP mix (10 mM each dNTP)
4. 1µL pADH119 (1ng/µL)
5. 0.5µL AHO1097 (100uM)
6. 0.5µL AHO1099 (100uM)
7. 0.5µL Phusion polymerase

· “B” fragment touchdown PCR cycling conditions:
1. 98˚C, 30sec
2. 98˚C, 20sec
3. 65˚C, 20sec
4. 72˚C, 30sec
5. Return to step 2 for a total of 10 cycles, reducing annealing temperature by 1˚C each cycle.
6. 98˚C, 20sec
7. 55˚C, 20sec
8. 72˚C, 30sec
9. Return to step 6 for a total of 25 cycles
10. End

C. All-in-1 stitching PCR to amplify unique “C” fragment gRNA expression cassette

· PCR Mix (makes enough “C” fragment for two transformations):
1. 73.5µL water
2. 20µL 5xHF buffer
3. 2µL dNTPs 10mM
4. 1µL universal A Fragment (See note 1 below)
5. 1µL universal B Fragment (See note 1 below)
6. 0.5µL AHO1237 100µM
7. 0.5µL AHO1238 100µM
8. 1 µL custom gRNA oligo 100nM (See note 2 below)
9. 0.5 µL Phusion polymerase

· “C” fragment touchdown PCR cycling conditions:
1. 98˚C, 30sec
2. 98˚C, 15sec
3. 60˚C, 15sec
4. 72˚C, 60sec
5. Return to step 2 for a total of 5 cycles, reducing annealing temperature by 1˚C each cycle.
6. 98˚C, 15sec
7. 66˚C, 15sec
8. 72˚C, 60sec
9. Return to step 6 for a total of 30 cycles
10. End

Notes:
1. The A and B fragment PCR products can be added directly to the C fragment PCR reaction without any post-PCR purification. 
2. It is critical that the custom gRNA oligo is at low concentrations so that the B fragment does not take over the PCR reaction.
[bookmark: _Ref27743069][bookmark: _Toc31115898][bookmark: _Toc47687308]

Supplemental results
ZRT2 strains
[bookmark: _Hlk52532959]We assessed growth of the modified ZRT2 strains on zinc-sufficient and zinc-deficient media (Figure S11) and observed subtle yet consistent differences in growth between each genotype that were comparable under both growth conditions, implying that changes in environmental zinc levels may not influence Zap1-dependent regulation of ZRT2. Under both growth conditions, the ZRT2US AB00/AB00 and ZRT2US AB10/AB10 strains exhibited growth that was indistinguishable from the wild-type ZRT2US +/+ strain, while the zrt2US ∆/∆, ZRT2US AB01/AB01, and ZRT2US AB11/AB11 strains showed slightly reduced growth relative to the wild-type reference strain. This suggests that the CDS-proximal Zap1 binding site upstream of ZRT2 is predominantly responsible for Zap1-mediated induction of ZRT2, and that the CDS-distal Zap1 binding site may not play a significant role under the growth conditions tested. Interestingly, disruption of the CDS-proximal Zap1 binding site upstream of ZRT2 resulted in a similar growth defect as complete deletion of the entire region that encompasses both Zap1 binding sites, again highlighting the importance of the CDS-proximal Zap1 binding site. We note that although the observed growth defects are relatively subtle, this is not entirely unexpected. C. albicans has several genes that work in concert to maintain homeostasis of zinc levels. One explanation for why ZRT2US +/+, ZRT2US AB00/AB00, and ZRT2US AB10/AB10 show similar growth phenotypes is that other zinc transporters, such as ZRT1 are compensating for any deficiencies to ZRT2 (Crawford et al. 2018).



Software overview
Target selection
AddTag automates the process of identifying quality Targets that make RGN-induced DSBs within, or adjacent to, the user-defined genomic Feature to be edited. AddTag searches both strands of the input or generated DNA for the input RGN Target motif, and does basic evaluations of the %GC and Poly-T count. To further evaluate potential gRNA sequences, we have implemented the most commonly utilized calculations designed for this purpose—Azimuth (Doench et al. 2016) and DeepCpf1 (Kim et al. 2016; Kim et al. 2018) for on-target scores; CFD (Doench et al. 2016), Hsu-Zhang (Hsu et al. 2013), and a general-purpose linear model for off-target scores; and Doench-2014 (Doench et al. 2014), CRISPRater (Labuhn et al. 2017), Moreno-Mateos (Moreno-Mateos et al. 2015) and Housden (Housden et al. 2015b) for multi-purpose scores. However, unlike most utilities for evaluating RGN Targets, AddTag contains a holistic method for ranking Targets based on the scores resulting from each of these Algorithms (Figure S7, Figure S8, Figure S14) (Supplement – Scoring and ranking Targets). AddTag implements more scoring Algorithms than most other software package we compared it to (Table S1), providing a level of flexibility and robustness in gRNA design that is unmatched. AddTag establishes a unified framework for working with both 3’-adjacent and 5’-adjacent PAM sequences, and both blunt and staggered cuts, such as with Cas9 and Cas12a. The AddTag software includes the most extensive compendium of all identified RGN Target motifs (Xu et al. 2015; Leenay and Beisel 2017; Raikwar et al. 2019), which is accessible on the command line. It describes the characteristics for each RGN that have been published, including the highest-efficiency on-target Target motif, the lengths of the spacers tested, the empirical biological system, and any restriction positions determined.
Feature expansion
A powerful element of the 2-step genome editing approach facilitated by AddTag is that users need not be concerned about whether their genomic Feature contains a unique Target sequence for their RGN of choice. Users can simply define the Feature that they are interested in modifying and provide the sequence to which they wish to change the Feature, then AddTag will design all the dDNA, primer, and gRNA sequences necessary to achieve this goal. At the heart of this capability is a powerful Feature selection and expansion utility which expands a user-defined Feature to enable editing of a Feature, via 2-step editing, that cannot be efficiently edited via direct (1-step) editing (Figure S15). Even if the Feature does contain a quality RGN Target sequence, expansion may still be needed if the flanking homology regions contain allelic polymorphisms that surpass user-defined thresholds. To expand a feature, AddTag creates an “expanded Feature” by incorporating additional upstream and/or downstream sequences until the criteria for RGN Target quality and flanking homology are met. Then this expanded Feature is used to determine the necessary dDNA sequences for deletion and restoration, or modification, of the original user-defined Feature. The Feature expansion utility is highly configurable with many user configurable options (e.g., maximum Feature size, directionality of expansion, or constraints that prevent expansion into neighboring annotations).
Donor DNA generation
A critical element of successful RGN-mediated genome editing is an effectively designed dDNA sequence. AddTag automatically designs dDNA sequences for each genome editing step, and designs PCR primers for amplifying Step 2 dDNA from a wild-type genome template. Each dDNA sequence has three elements in its basic structure: a region of homology to the gDNA upstream of the Feature, the insert (addtag), and a region of homology to the gDNA downstream of the Feature. Users can specify whether dDNA homology arms should avoid or require polymorphisms among input homologous Features. If the dDNA design for a given Feature fails to pass these criteria, then the Feature will be expanded as described above. The AddTag software gives several options for addtags in the Step 1 dDNA (Figure S6). AddTag software can construct Step 1 dDNAs with unique (addtag) or identical (unitag), full-length AddTag Targets, so experimental loci can be edited in isolation or in parallel. AddTag can construct Step 1 dDNAs with minimal extrinsic DNA (mintag) while also ensuring a high-quality AddTag Target for efficient second step RGN restriction. AddTag also supports traditional (1-step) genome editing using any user-defined dDNA insert (Figure 1A). Following dDNA generation, AddTag performs in silico recombination to determine if dDNA homology arms possess significant similarity to non-target locations in the gDNA (Figure S10).
Automated primer design
AddTag designs an integrated minimal set of PCR primers with which users can amplify dDNA fragments and verify genome edits throughout 1- or 2-step genome editing applications. The AmpF and AmpR primers are selected to efficiently amplify Step 2 dDNA fragments for native locus add-backs (Figure 4A). The remaining primers are designed to produce unique PCR products that are indicative of successful deletion and subsequent restoration or modification of the Feature being edited (Figure 4E). For example, when a Feature is deleted by being replaced by an addtag sequence, amplifying ∆gDNA with the sF and sR primers yields a positive PCR product of a size consistent with the removal of the original Feature from +gDNA. Upon successful reintegration of the wild-type Feature, or integration of a modified version, then the sF and +oR , or sF and AoR primer pairs, respectively, yields a positive PCR product that is indicative of the intended genomic edit. Since the dDNA integration verification PCR primer pairs, such as sF and AoR, are designed to amplify across the regions of flanking homology that are used to integrate the dDNA fragments at each step of genome editing, a positive PCR product is indicative of the integration of the dDNA fragment at the intended locus (Figure 4C, Figure 4E).
The PCR primer design utility selects primers based on user-defined allelic specificity (Figure S16); melting temperature; %GC; length; propensity to form hairpins, homodimers, and heterodimers, and many more metrics (Figure S9) (Supplement – Evaluating Primer suitability). In addition to ensuring that each individual primer meets or exceeds all of the evaluation metrics, the primer design utility further refines the selected primers to ensure that the full complement of primers for any given 1- or 2-step genome editing application are optimized to work under identical PCR conditions. Because all of the selected primers are co-optimized (Figure 4D), any of the primer pair combinations used in genotype verification (Figure 4E) can be run in parallel under identical PCR reactions on the same thermal cycler, thus reducing the need for fragment-specific PCR optimization and enabling higher throughput. Although this PCR primer co-optimization step significantly increases the processor time needed to run the AddTag software, we believe that the resulting gains in efficiency and reduced complexity during the genotype verification steps far outweigh the added computational cost. We note that all strains generated in this study were constructed using target sites, dDNAs, and PCR primers that were exclusively designed by the automated AddTag software. In all cases, the desired genome edits were easily obtained, and the expected banding patterns were observed from PCR-based genotype verifications (for a representative example see Figure S3).
[bookmark: _Toc47687309]Comparison to previous software
Many software packages exist for facilitating CRISPR/Cas-based genome edits with varying versatility (Ding et al. 2016; Hanna and Doench 2020) (Table S1). Some provide interactive graphical interfaces (Oliveros et al. 2016), but require user intervention at multiple steps in the design process (Hough et al. 2017). Some CRISPR/Cas design programs are tailored to specific sets of genomes (Table S1, “Genomes”), and pre-computed enzyme binding computations (Hodgkins et al. 2015; Park et al. 2016; Rauscher et al. 2016; Perez et al. 2017). The programs with the simplest outputs order candidate Targets based on a single scoring algorithm (Table S1, “Integrated ranking”). Many let users choose a Target scoring algorithm and PAM compatible with their biological system and chosen RGN (Montague et al. 2014; Park et al. 2015; Haeussler et al. 2016; Labun et al. 2016). Existing tools simultaneously calculate multiple scoring algorithms (Montague et al. 2014; Haeussler et al. 2016; Labun et al. 2016; Hough et al. 2017). CRISPR4P (Rodríguez-López et al. 2017) introduced limited forms of automated knock-in dDNA and cPCR primer design. VARSCOT (Wilson et al. 2019) introduced ambiguous nucleotide compatibility and allows for uncertainty in genome coverage and ploidy. CRISPRdirect (Naito et al. 2014) introduced integrated Target ranking. 
[bookmark: _Hlk43370138][bookmark: _Toc35441349][bookmark: _Toc35441350][bookmark: _Toc35441351]We developed AddTag with the goal of maximizing utility through computational flexibility without requiring continual user input. AddTag incorporates many of the previously described software features into a single tool (Table S1): any genome can be used, and any arbitrary Target motif (spacer constraints, cutting arrangement, and PAM sequence) can be used. This makes AddTag ideal for labs that have a high-volume of genome editing demands, labs that edit non-model species or species with significant divergence from reference genomes, and labs that are using novel RGNs. AddTag is a generalized approach for developing 2-step CRISPR/Cas genome editing experiments. After each step, the genomes are assayed for CRISPR/Cas-induced recombination events with a PCR-based assay (Kim and Smithies 1988). Most software packages that choose gRNA Targets and design verification primers are confined to a single editing step and genome (Rodríguez-López et al. 2017), but AddTag primer design can span any number of serial genome editing steps, and is applicable to any sequenced genome.
One feature that distinguishes AddTag from other Target identification software is that AddTag de-couples the PAM sequence from the score evaluation. For instance, the typical in silico Cas9 gRNA design uses NGG for searching (on-targets), and NRG for scoring (off-targets). Few gRNA design software programs provide the functionality to search for any PAM motif (Table S1), largely because scoring algorithms have not been empirically verified for these. However, AddTag can identify useful gRNA Target sites for any set of arbitrary PAM sequences by adapting existing algorithms. Thus, experimenters can take into account the known flexibility of their chosen RNA-guided nucleases, or use the software without modification to predict binding sites of new RGNs. Because AddTag can consider any number of Target motifs at the same time, researchers can identify which RGNs would be most useful to edit the genome of their chosen biological system.
[bookmark: _Ref27430026][bookmark: _Toc31115899][bookmark: _Toc47687310]Identifying targets and Feature expansion
The objective is to identify gDNA targets within or near to specific genomic Features that can be cut with an experimenter’s RGN of choice, and then produce dDNAs that will replace the Features. If a Feature does not contain a Target, or the user wishes to attempt to find a higher scoring one, the user can direct AddTag to expand the Feature until it finds a suitable +Target. The bounds of the Feature will be spread up to a defined number of nucleotides in both the up- and down-steam directions. All +Targets identified within each expanded Feature (eFeature) derived from the input Feature will be scored. This will generate a 2-step genome editing design in which the first-round ΔdDNA excises more than just the input Feature from the genome, and the second-round Step 2 dDNA re-introduces the extemporaneously-subtracted DNA, along with any intended Insert or modification.
AddTag allows the user to preferentially design homology arms and Targets against polymorphic sites. If the researcher wishes to target multiple Features with the same dDNAs, a list of homologous loci can be provided. AddTag will determine if the adjacent DNA (up- and down-stream, regions flanking a Feature) contain polymorphisms when flanking regions of all homologous loci of the Feature are aligned. The user can direct AddTag to use this information in one of three ways. AddTag can require each homologous locus to have a distinct nucleotide sequence, thereby creating allele-specific dDNAs. AddTag can require all homologous loci to have identical (or a maximal level of polymorphism within the) up- and down-stream flanking regions, thereby creating multi-allelic dDNAs. Finally, AddTag can forgo any alignment of flanking regions, thereby creating allele-agnostic dDNAs. If the homology arms of putative dDNAs would have undesired polymorphism levels, then the Feature can be expanded further to delimit new flanking regions. The expanded feature can take one of several formats (centered on Target, centered on Feature, etc) (Figure S15). After identification, each candidate Target must then pass through a pre-alignment filter (prefilter).
AddTag identifies places on the genome that can be restricted by RGNs by using a Target motif. The Target motif is a string of characters that models the template sequence on the genome, and not the gRNA sequence that the RGN uses. The Target motif thus describes the effective spacer, homologous to the genomic DNA when experimental conditions are met (e.g. temperature and pH), and not the full-length gRNA sequence that may include complex secondary structures where only a portion of the sequence is homologous to the genome (Kocak et al. 2019). Candidate Target sites are identified within Features using regular expression-like syntax. The user must include one or more Target motifs specific to the RGN proteins being used. This option takes a string of characters as input, written in the 5’à3’ direction. The greater than “>” or less than “<” characters always point toward the PAM. Thus, Targets with 5’-adjacent PAM sequences like Cas12a would encode this information with the “<” character, and Targets with 3’-adjacent PAM sequences like Cas9 would use the “>” character. The vertical bar “|” represents a double-strand cut. A slash “/” represents a forward strand (sense) cut. Backslashes “\” represent reverse strand (antisense) cuts. Full nucleotide ambiguity codes specified by the IUBMB/IUPAC are supported (Cornish-Bowden 1985). Open “{“ and close “}” braces surrounding a number or a comma-separated pair of numbers represent quantifiers. A period “.” represents a base used for positional information, but not enzymatic recognition. AddTag affords two options that use this syntax: motifs to design gRNA targets against, and motifs to include for off-target calculations only. Any number of motifs can be specified for each affordance.
A typical genome editing experiment using Cas9 (derived from Streptococcus pyogenes) would use the following Target motif:
--motifs 'N{17}|N{3}>NGG'
AddTag has the flexibility to deal with the PAM upstream of the spacer, such as the Cas12a (derived from Acidaminococcus/Lachnospiraceae species) (Zetsche et al. 2015):
--motifs 'TTTN<N{19}/.{4}\'
Native microbial gRNA components typically encode for spacer sequences >30 nt in length (Horvath et al. 2008; Barrangou and Marraffini 2014). However, early experiments found that shortening the spacer length can increase specificity without severely impacting efficiency. Precedent has set 20 nt length spacer as the standard, but shorter 17-19 nt lengths can be used just as effectively (Fu et al. 2014). For ease of use, a list of the most commonly used Target motifs identified across the entire family of Cas RGN molecules is included (such as the one provided in (Swarts and Jinek 2018), but with a deeper sampling of the literature), and can be accessed through the command:
addtag motifs
[bookmark: _Toc31115900][bookmark: _Toc47687311]Scoring and ranking targets
[bookmark: _Toc47687312]Prefilter
In order to score how efficient a spacer sequence is at directing gDNA cutting, Targets identified within Features or Inserts are filtered in two steps. The Prefilter step checks the quality of candidate Target sequences before aligning to the genome and potential dDNA sequences. This reduces the total number of Targets that need to be aligned to the genome and then evaluated by scoring Algorithms. AddTag implements the following Prefilters:
· Upper/lower case masking (ignore, upper-only, lower-only, mixed-lower, mixed-upper, mixed-only). Users can apply several masks to the genome, which can prevent selecting Targets from these masked regions.
· Process ambiguous characters (discard, keep, disambiguate, exclusive). Any ambiguous characters can be equivalently masked. If the user intends to target a region containing ambiguous characters, then AddTag will optionally disambiguate potential spacers.
· Target motif sanity check. Some potential gRNAs derived from ambiguous character expansion may violate the initial motif. This filter ensures that none of these enter into downstream calculations.
· Maximum consecutive T residues. Sequences containing consecutive T residues may cause polymerase termination (Braglia et al. 2005).
· Upper/lower %GC content thresholds. The GC content of Cas targets may affects binding specificity (Lin et al. 2014).
· Proximal G, which evaluates if the single nucleotide of the spacer adjacent to the PAM is a guanine.
Users can create any number of additional prefilters by subclassing Algorithm in the source/algorithms subdirectory, and setting its prefilter attribute to True.
[bookmark: _Toc47687313]Alignment
All potential Target sequences are aligned to the intended gDNA and dDNA sequences. AddTag includes wrappers for the following programs, with all parameters preset to appropriate values: NCBI BLAST+ (Camacho et al. 2009), Bowtie 2 (Langmead and Salzberg 2012), BWA (Li and Durbin 2009), and Cas-OFFinder (Bae et al. 2014). For the exact shell commands, please refer to either the AddTag source code or an output log file after running AddTag.
[bookmark: _Toc47687314]Postfilter
After aligning Target queries to the gDNA and dDNA sequences, the postfilter checks the quality of alignment matches. Each alignment match is scored by all selected Algorithms. Each Algorithm is given a minimum and maximum cutoff value. If the Algorithm score for that match is outside these bounds, then it fails the postfilter. For each Algorithm designated as a postfilter, if the match passes the postfilter criteria, then it is included as a potential on/off-target. By default, PAM-identity and the number of substitutions, insertions, deletions, and errors (Needleman and Wunsch 1970) are included in the postfilter.
[bookmark: _Toc47687315]General algorithm interface
Because AddTag uses a variety of scoring algorithms (Algorithm) for evaluating Target suitability, it implements a flexible computational interface for dealing with arbitrary Algorithm requirements. We distinguish the Algorithm type by whether it requires 1 or 2 sequences to be input ( SingleSequenceAlgorithm and PairedSequenceAlgorithm in the source code). 1-sequence Algorithms compare the candidate Target sequence to a model trained on empirical gRNA experiments. 2-sequence algorithms directly compare a gRNA Spacer sequence to a Target sequence, or compare two competing Target sequences.
Any 1-sequence Algorithm can be used to calculate an on-target score. Additionally, several authors claim their Algorithms are appropriate to use for off-target scoring as well. Any 2-sequence Algorithm may be used to calculate off-target scores. After candidate Targets are aligned, each selected Algorithm is used to calculate a score. 1-sequence Algorithms use the match sequence as input. 2-sequence algorithms use the query and the match sequences as input. In addition, new scoring algorithms can be implemented by creating an Algorithm subclass in the source/algorithms subdirectory that utilizes the “universal” Algorithm interface developed for AddTag (sequence, side, target, pam, upstream, downstream).
Nearly all published implementations of CRISPR/Cas scoring algorithms lack flexibility in varying spacer lengths and alternative PAM sequences. We modified the scoring algorithms presented in these papers to allow for assessment of spacers less than or greater than the typical 20 nt length. Additionally, they have been expanded to include scoring of ambiguous characters (using the unweighted average score, a subsampled average, and sometimes the maximum score). For full information on how each Algorithm was adjusted, please refer to the source code in the source/algorithms subdirectory. 
[bookmark: _Toc47687316]On-target calculations
AddTag evaluates the predicted joint binding and cutting efficiency of a gRNA:RGN complex for the Target sequences it identifies. These are “on-target” scores, and they rely on analyzing the Target site with a model. AddTag implements these as 1-sequence Algorithms. There are 93 known Cas protein families, spread across 394 PSSMs, 2 classes, 6 types, and more than 16 subtypes (Makarova et al. 2011; Makarova et al. 2015; Shmakov et al. 2015; Shmakov et al. 2017). AddTag has implemented the field-standard scoring schemes for Cas9 and Cas12a (Cpf1). Several scoring algorithms are provided for use with uncharacterized Cas proteins, such as the “linear” score. However, these are founded on unsophisticated assumptions, such as SPACER to target homology lengths and positions of errors within the alignment relative to the PAM site.
By default, AddTag uses the Azimuth on-target score for use with Cas9 motifs (Doench et al. 2016). The Azimuth algorithm takes as input a genomic Target (including the spacer and PAM sequence plus a few nucleotides up- and down-stream of it), and compares it to a gradient-boosted regression trees model trained on cutting efficiency of over 4000 individual sgRNAs targeting sites in 17 genes in human A375 cells. Anecdotal reports from various labs indicate Cas9 cutting efficiency in yeast, mouse, and fly cells mirror these predicted values. For Cas12a motifs, AddTag includes the CINDEL/DeepCpf1 Algorithm, which predicts the likelihood of getting a Cpf1-induced indel at the target locus (Kim et al. 2016; Kim et al. 2018). Thus, it serves as a decent proxy for an on-target score. CINDEL is a logistic regression classifier trained on 938 Spacer-Target pairs in HEK293T cells. Additional on-target scores implemented are CRISPRater (Labuhn et al. 2017), Doench 2014 (Doench et al. 2014), Housden (Housden et al. 2015a), and Moreno-Mateos (Moreno-Mateos et al. 2015).
[bookmark: _Toc47687317]Off-target calculations
The off-target score represents the predicted fraction of events that the gRNA:RGN complex will associate with the intended Feature (region of DNA to be targeted) and restrict it compared to all sites with similar homology to the gRNA spacer. Spacers with high off-target scores are preferred, and indicate that unwanted restriction events are unlikely to occur.
Each Target motif  is composed of the spacer sequence (SPACER), the restriction sites (), the PAM, and the relative position of the PAM to the spacer sequence (> or <), defined by the following syntax:
. The Target motif is encoded by the user as a string of characters (Identifying Targets and Feature expansion).
The off-target calculation we use is the general-purpose MIT Guide Score (Massachusetts Institute of Technology 2014) , which can be applied to the results from any number of scoring Algorithms. We calculate it through the following steps:
1) Align the motif  to the Feature (or expanded Feature), which is the region to be disrupted, cut, or edited. Each substring in the Feature matching the motif is considered a query 
.
2) Align each query  exhaustively across the gDNA and dDNA expected to be present. Each substring in the genome with homology to the query that passes the postfilter is called a match , and these are put into two categories. Those that lie within the Feature are on-target matches (denoted by ), and those that lie outside the Feature are off-target matches (denoted by ). Thus, each query has a set of within-Feature and outside-Feature matches. 
Alignment links each query  with a set of matches 
. Furthermore, each match is classified as either within-Feature or outside Feature such that the set of within-Feature matches is
. And the set of outside-Feature matches is
.Thus, the mutual exclusivity can be written as
, and 
.
Each algorithm  is contained within the set of all algorithms 
. Each algorithm can take either 1 or 2 sequences as input. The algorithm assigns each match a score  such that
. The final off-target score  for any particular query and algorithm pair is calculated as
. For each off-target compatible algorithm, this procedure is followed to calculate an off-target score.
The final off-target score for any particular algorithm is thus a ratio between the sum of targeting efficiency for acceptable sites and the sum of targeting efficiency across all sites. A higher score means more of the predicted targeting is at the intended Feature. A lower score means more predicted targeting outside of the Feature. The off-target score  represents the frequency a gRNA:RGN complex will target a correct site in the genome. AddTag reports final off-target scores as percentages on a scale from 0 to 100 ().
We decided to use the MIT Guide Score due to its wide adoption rather than the alternative Stemmer (Stemmer et al. 2015) method for calculating off-target scores. The Stemmer off-target score scales relatively to the number of matches, and thus requires additional computations to compare across experiments. The MIT Guide Score, contrarily, returns a value constrained by probability, so scores can be compared across motifs, Features, and genomes.
Of note is that the off-target specificity is dependent on the number of errors (mismatches, inserts, deletions) permitted by the Aligner used. In the genome editing experiments presented in this paper, we assume that the Aligner finds all relevant matches.
Implemented off-target scores include CFD (Doench et al. 2016), Hsu-Zhang (Hsu et al. 2013), a simple linear model (this study), CRISPRater (Labuhn et al. 2017), Doench 2014 (Doench et al. 2014), Housden (Housden et al. 2015a), and Moreno-Mateos (Moreno-Mateos et al. 2015).
[bookmark: _Toc47687318]Spacer ranking
Like CRISPOR (Haeussler et al. 2016), AddTag calculates multiple types of Algorithm scores to evaluate how appropriate a Target is for genome editing. This raises the obstacle of effectively ranking Targets in a useful manner that takes all the different scores into account. For our solution, we propose each Algorithm score is given a weight function that transforms the raw score into a weighted one. Then, the final score is the product of all weighted scores (identical to the Primer score weighing implementation in Equation 1 and Equation 2).
By default, AddTag utilizes sigmoidal weight functions that estimate the cumulative density of scores from random Target sequences that match the Target motif. If needed, the user can apply a different weight function or altered weight parameters to each scoring Algorithm. This provides an easily tunable mechanism to specify which scores are most important for any CRISPR/Cas application. For example, the Azimuth (Doench et al. 2016) Algorithm returns a score in the inexact domain from 0 to 90, and its corresponding weight function converts the scores to weights on the range from 0 to 1 (Figure S7).
For each candidate Target, the weights of all selected Algorithms are multiplied together, which gives the final, reported product weight (Equation 2). All candidate Targets are then re-arranged in decreasing order from the highest weight to the lowest weight.
Because the sigmoidal weight function approximates the cumulative density of scores, the transformed weight represents the percentile of the input score. Thus, the raw score is converted into a weight that represents how good that score is compared to all other possible scores. This means weights of different algorithms are comparable, and weights of different sequences are comparable as well. Additionally, at the time of publication, each on-target Algorithm implemented displays a unimodal score distribution (Figure S7), which is required for the sigmoidal calculation to approximate the CDF. If the score distribution was multimodal, one additional sigmoidal product should be added for each mode. Thus, the sigmoidal transformation of the Algorithm scores is sufficient for Target ranking.
[bookmark: _Ref27742198][bookmark: _Toc31115901][bookmark: _Toc47687319]Generating knock-out dDNAs that contain AddTags for intermediary genome
The AddTag software generates ΔdDNA sequences with inserts that facilitate several genetic and molecular biology techniques. The general label for these inserts is addtag. AddTag is able to use any arbitrary user-defined sequence as the insert, as well as create several types of specific addtags as follows (Figure S6).
[bookmark: _Toc47687320]Mintag
What separates AddTag from other programs that identify RGN binding sites is its ability to create unique gRNA Targets at the site of cleavage. If “mintag” (formerly “mAT” or “mini-add-tag”) is selected as the insert type for the first round of editing, then AddTag generates the Step 1 dDNA by stitching the immediately-adjacent upstream and downstream regions of each +Feature or expanded Feature (eFeature) together into one concatemer. If the junction sequence is not unique in the genome, then it uses a combination of 3 additional adjustments to generate a unique site:
1) Additional bases upstream of the Feature can be trimmed (thereby effectively expanding the Feature)
2) Bases can be added
3) Additional bases downstream of the Feature can be trimmed (also expanding the +Feature)
Each of these can be specified as command line arguments, as well as the final Step 1 dDNA fragment size. Default mintag implementation in AddTag uses “brute force” calculation of all k-mers possible for the insert if the query insert size is less than 5 nt. Otherwise, it performs a random sample of k-mers to obtain sequence suitable to constituting a Target site.
[bookmark: _Toc47687321]Addtag
AddTag derives its name from the “addtag” insert type (formerly “AT” or “add-tag”) for the first round of editing. The Step 1 dDNA is a concatemer of the upstream flanking region, an explicit Target sequence that matches the Target motif, and the downstream flanking region. AddTag will procedurally generate this insert so its nucleotide composition differs as much as possible (within a stochastic sampling distribution) from the rest of the genome, thereby minimizing the likelihood the generated Target sequence exists elsewhere, and maximizing the off-target score. This is especially useful when the input genome sequence represents only a portion of the true DNA within the biological system.
[bookmark: _Toc47687322]Unitag
The “unitag” insert type is used for generating dDNAs that contain a single Target motif for all edited loci. Because the same insert sequence is added to every dDNA, each Feature edited in the intermediate genome (ΔgDNA) will contain identical unitag sequences. This allows a single gRNA to target every locus in subsequent genome editing steps. Like the addtag product, the unitag is a random sequence that is generated from the complement composition of the genome, thereby increasing the probability of specific RGN activity, even in the absence of a complete genome sequence as input.
[bookmark: _Toc31115902][bookmark: _Toc47687326]Finding, scoring, and ranking primer designs
[bookmark: _Ref47085554][bookmark: _Toc47687327]Evaluating single Primers
One central utility of AddTag is to choose appropriate primer sequences that must bind to genomic templates. To do so, AddTag independently computes several attributes of the primer sequence into attribute scores. Then it converts each attribute score into a weight. Finally, it calculates the final primer weight as the product of the attribute weights. AddTag scores the following attributes of the Primer sequence (Figure S9):
1) The %GC of the primer sequence;
2) The length of the primer sequence;
3) The minimum change in Gibbs’ free energy (ΔG) of the primer sequence—although some evidence suggests the effective interference of intended behavior of primers differs based on whether it is a hairpin, homodimer, or heterodimer, we elected to consider only the minimum ΔG reported by the user-selectable software (UNAFold (Markham and Zuker 2008), ViennaRNA (Lorenz et al. 2011), Primer3 (Untergasser et al. 2012));
4) The melting temperature (Tm) of the primer as a proxy for annealing temperature (Ta), which holds valid only under the assumption the primer lengths are similar and secondary structures non-existent (Rychlik et al. 1990; Rychlik 1993; SantaLucia 2007);
5) The maximum 3’ self-complementation length (Rychlik 1993).
6) The 3’ GC clamp length as a computationally-efficient proxy for 3’ end stability (Marky et al. 1981; Breslauer et al. 1986);
7) The number of G and C residues in the last 5 positions of the primer sequence to serve as a heuristic to minimize off-target hybridization by the 3’ end of the primer;
8) The number of consecutive, repeated nucleotides (also known as run length);
A primer attribute  describes an intrinsic property of the primer at experimental conditions (salinities, temperature, and nucleotide concentrations), and is calculated by feeding the primer sequence into a model that produces the attribute score 
. Accordingly,  is the set of all primer attribute models
, and  is the set of all attribute scores for a primer
.
Let  be either a canonical or ambiguous nucleotide base
, and let  represent the ordered nucleotide sequence of the primer with length 
.
Each primer attribute score  derived from its sequence is passed through a function  to scale its quality on a score from 0 to 1, called its weight
. We define the general formula for weight as a sigmoidal (also called logistic) function to model the desired attributes. Sigmoidal functions are useful because they define thresholds. On one side of the threshold, there is a severe penalty, and on the other side, the penalty is light. Additionally, AddTag implements hard minimum and maximum cutoffs for each attribute score, outside which the weight is set to 0. Attributes 1 and 2 apply bisigmoidal weight functions; attribute 3 applies a unisigmoidal weight function; and attributes 4, 5, 6, 7, and 8 apply uniform weight functions (Figure S9).
Below, we review attribute parameters for a typical bisigmoidal weight function. Each attribute  provides a defined set of parameters  to transform the score  into an attribute weight . First, AddTag defines two thresholds, which we refer to as  and 
. Thus,  and  represent the inflection points of the slopes, and  and  represent the steepness of the function (Figure S8). For each threshold, we add a sigmoidal factor in the weight calculation
[bookmark: _Ref27647777]Equation 1
. Please note that any number of sigmoid definitions can be multiplied to produce a complex function for converting score into weight.
Finally, the primer weight  for the sequence  is calculated as the product of all primer attribute weights
[bookmark: _Ref27648846]Equation 2
.
For each attribute,  represents the broad probability of successful hybridization to genomic DNA using that primer. Higher  correspond to higher likelihood of successful binding and thus amplification. Each  is treated independently. Thus  is a proxy for the joint probability of successful hybridization across all attributes.
[bookmark: _Ref47085682][bookmark: _Toc47687328]Evaluating Primer Pairs
A number of methods have been proposed to estimate the compatibility of a primer pair (a sum of weighted primer attribute scores in (Kalendar et al. 2014) and (Untergasser et al. 2012)). We chose to implement the product strategy over the method implemented in the Primer3 software because Primer3 will exclude a large proportion valid primers (Mann et al. 2009).
In chemical isolation, several considerations exist for guaranteeing oligonucleotide sequences do not form secondary structures, but can anneal to their template (Figure S9):
· The difference in Tm between forward and reverse primers should be minimal;
· The minimum ΔG of the heterodimer should be as large as possible;
· The amplicon size (2 sigmoidal functions/types) should be within thermodynamically achievable range;
· The maximum 3’ heterodimer complementation length should be as short as possible.
Like individual primers, primer pairs also have a weight that is the product of its attribute weights. The primer pair joint weight  is the product of forward primer weight , the reverse primer weight , and the pair-specific attribute weights
Equation 3
. The greater the joint weight, the better the expected amplification. While it has been demonstrated that template sequence composition in between the forward and reverse primers does affect amplification efficiency (McDowell et al. 1998; Rose et al. 2006; Mamedov et al. 2008), we have omitted calculating this for simplicity. For example, if amplification necessitates strand displacement, efficiency can be lowered (Ignatov et al. 2014). Furthermore, AddTag does not quantify non-specific transient primer-template binding, which can minimally affect the proportion of time the Primer binds to the intended site. Also no attempt was made to model technical variance in PCR efficiency (Svec et al. 2015).
[bookmark: _Ref47444053][bookmark: _Toc47687329]Evaluating primer sets
Similar to the Primer and Primer Pair data structures, the Primer Set data structure has specific attributes that individually weighted and are multiplied together to form the final weight. The first set of attributes regard the non-redundant list of Primer sequences. We make a non-redundant set of Primers  from all  PrimerParis. Each PrimerPair has a forward  sequence and a reverse  sequence.

. We calculate the mean melting temperature , where  is the number of elements in 

. Next, we calculate  as the product of the weight  of the difference between  and  across all elements of 

. Next, we calculate one attribute based on the PrimerPair data structure—the product of the joint weights , or if  of a PrimerPair is repeated, the average joint weight  (as a simplification).


Finally, the weight of a PrimerSet  is calculated as follows:
Equation 4

. The weight of the PrimerSet  therefore incorporates all PrimerPair joint sequence weights with the addition of an additional melting temperature constraint. This process allows for simpler  calculation by relying on pre-computed  at the cost of the one replicated attribute involving , thereby artificially increasing its net importance. Because  relies on a non-redundant list of sequences, a primer oligonucleotide possessing multiple pairs is only penalized a single time. Also, because  relies on a non-redundant list of paired primers, duplicate pairs are effectively counted only once. Together, the  weight encourages calculating a minimal set of primers that are compatible with each other.
Constructing optimal primer sets
Following primer design best-practices (Rychlik 1993; Rozen and Skaletsky 1999; Yuryev 2007; Kalendar et al. 2014), we designed the AddTag software to generate PCR primers for confirming the presence or absence of intended editing at the chosen locus. The presence of amplification is usable as both a positive and negative control. Most amplicons are between 400 and 800 nt in length so they can be amplified with minimal changes to PCR conditions. The amplicons resulting from sF/oR and oF/sR amplification span the intended locus on at least one of either the upstream junction or the downstream junction, preferably both. This ensures the Feature/Insert is at the intended location in the genome. Additionally, these pairs enable discrimination of erroneous within-Feature/Insert HDR events. The iF/iR primer pair will amplify a region within the Feature/Insert, thereby indicating its presence somewhere in the genome. The sF/sR Primer pair will amplify only if the Feature is absent at the locus.
AddTag uses a 3-step computational process to find these cPCR primers. (A) AddTag performs in silico recombination to generate the expected genomes given successful dDNA integration, and it links subsequent edits to the same locus together into groups. (B) AddTag delimits 4 discrete regions a Primer can be found for each genome in each group, and it identifies all usable Primer Pairs. (C) AddTag performs simulated annealing to identify the best set of primers for each locus group.
(A) Before AddTag can find the best primer set, it must first identify regions of DNA shared across all editing rounds that flank the intended locus. The first step to achieving this is by generating the expected genome sequences given successful dDNA integration after each round of genome editing. This process is called in silico recombination, and proceeds in a cyclical manner. The following steps are performed for each round of genome editing:
(1) All dDNAs are aligned to the gDNA;
(2) Each dDNA alignment is segregated into “upstream”, “US homology”, “insert”, “DS homology” and “downstream” regions; and
(3) any sequence in the “insert” region of the gDNA is replaced with that of the dDNA.
For simplicity, this process is performed in the order from higher genomic coordinates to lower coordinates, thereby allowing for multiple loci to be edited in a single editing step. After those 3 steps in each round of editing, all dDNA edits that overlap are deemed to be occurring at the same locus, and these are grouped together.
The AddTag program naïvely assumes the expected number of alignments parallels the probability of an HDR event. The E-value describes the expected number of alignments by chance given the scoring scheme, nucleotide composition, alignment length, and genome size (Altschul et al. 1990). We therefore assume that a “significant” alignment is one whose E-value is below 1 (E-value < 1). These are the only alignments that are considered for HDR. As the length and percent identity of an alignment increases, the E-value decreases. Most flanking arms will have smaller subsequences that can align to hundreds of places in any given genome, and thus are potential sources of non-target HDR. However, AddTag assumes these hundreds of micro-alignments have negligible impact on the total number of HDR events because these sites are unlikely to have double-stranded breaks. Thus, the E-value of 1 can be thought of as a minimum threshold by which an alignment can be considered significant, and therefore likely to drive HDR.
(B) After the locus groups are created, AddTag identifies primer sequences, assesses their usability, and assesses the usability of all required Primer Pairs. It does this in three broad steps.
(1) Four strand-specific regions are identified for each locus: “FAR_UPSTREAM” where sF Primers reside, “FAR_DOWNSTREAM” where sR Primers reside, “FEATURE_F” containing oF and iF Primers, and “FEATURE_R” containing oR and iR Primers. AddTag uses a sliding window to identify all Primers within each region of each gDNA. Depending on the desired allelic specificity, certain Primers are excluded from the list of potential Primers. For instance, if the Primers need to be multi-allelic, then Primers with identical sequences existing in all gDNA within the region are kept (any Primer whose sequence does not exist in all gDNAs are discarded). The “FAR_UPSTREAM” and “FAR_DOWNSTREAM” is processed once for each locus group, but the “FEATURE_F” and “FEATURE_R” regions are processed once for each gDNA (the reference genome followed by each predicted edited genome).
(2) Potential Primer sequences are assessed for suitability (Evaluating single primers).
(3) If a primer passes the suitability requirement, then it is considered for pairing. For each locus, a list of potential sF/sR Primer Pairs are assessed for compatibility (Evaluating primer pairs). For each gDNA (the reference genome followed by each predicted edited genome) a list of potential sF/oR, oF/sR, and iF/iR pairs is similarly created.
(C) After all lists of potential Primer Pairs are created and assessed for compatibility, those pairs are fed into a simulated annealing procedure to identify the best set of compatible primers, stored in a Primer Set data structure. For a typical two round experiment at a single locus, there is a single amplicon A (sF/sR), followed by the amplicons B, C, and D (sF/oR, oF/sR, and iF/iR, respectively) for the +gDNA, then amplicons B, C, and D for the ∆gDNA, and then amplicons B, C, and D for the AgDNA. This results in a total of 10 Primer Pairs (Figure 4C). For simplicity, AddTag first fixes the sF/sR pair, then cycles through all potential pairs for the remaining Primer Pairs. Note that the AmpF/AmpR Primer Pair determination is separate from the cPCR Primer set determination, and is therefore not included in this section. After using simulated annealing for each sF/sR pair, the results are sorted by first the number of Primer Pairs identified, and second by the weight of the Primer Set.
Briefly, simulated annealing proceeds as follows. The primer design is composed of several lists of Primer Pairs. The goal is to select one element from each list such that all selected elements produce a high weight. The weight of initial selection of elements for each list is iteratively compared with alternative selection of list elements. The process halts once the number of iterations is reached, or a local optimum is determined. AddTag uses a “ranked” simulated annealing process by default, where primer pairs are randomly selected based on their joint weight. A high-speed alternative is included where the lowest-weighted primer pair is always swapped with a higher-weighted pair. Early tests indicate this results in the global optimum at a high frequency (>90% of the time). Each potential selection of primer pairs is stored in a Primer Set object, and the highest-weighted Primer Set is selected for each fixed sF/sR pair (Evaluating primer set). Simulated annealing allows for automatic determination of near-optimal set of compatible primers.


[bookmark: _Toc47687337]Supplemental figures
[bookmark: _Toc47687338]Figure S1 – 1-step genome editing through CRISPR/Cas-induced HDR requires target disruption
If the gDNA contains the Target, it will be cut, and the endogenous cellular machinery will introduce mutations in an attempt to repair the induced DNA breaks and prevent additional breaks from occurring. Regardless of the dDNA type – ssDNA (A), or dsDNA (B) – the Target will be disrupted in the terminal genome.
(A) If input dDNA is ssDNA, and RGN is dsDNA-specific, then the modified Feature can be integrated, but the Target is still disrupted through uncontrolled mutation. Otherwise, the Target is disrupted, and the Feature is not modified as intended.
(B) If Target sequence is on the dDNA, then it will be cleaved by the gRNA:RGN complex, thereby preventing dDNA incorporation into the gDNA. Additionally, the Target on the gDNA is disrupted, then repaired erroneously.
Thick horizontal lines represent DNA, with genomic DNA (gDNA) terminating in helices, and donor DNA (dDNA) terminating in blunt ends. Rectangles with internal labels represent annotated regions. Rectangles with staggered edges represent DNA breaks within the annotated region. Annotations with striped shading and labels preceded by an asterisk (✲) represent modified sequences. The stopwatch (⏱) indicates a transient sequence. The Spacer regions of the guide RNAs (Spacer and Scaffold) are color-matched with genomic regions the RNA-guided nuclease (RGN) is programmed to cleave. Black arrows represent gRNA and RGN complex association and restriction of gDNA, followed by either homology-directed repair (HDR) as the process by which dDNA is incorporated into the gDNA, or double-stranded break repair through non HDR methods (NHEJ) (Figure S2) representing uncontrolled mutations to maintain cell viability. The sequence intervening between the Feature selected for editing and the restriction Target is colored gray.


[bookmark: _Toc47687339]Figure S2 – Common ways CRISPR/Cas-induced chromosome breaks are repaired
Several classes of mechanisms have been described to repair CRISPR/Cas-induced double-stranded breaks in chromosomes. Panels (A), (B), (C), and (D) depict the first step of genome editing using the AddTag method, where the +Feature and +Target are replaced with the addtag, but each depicts the DNA repaired through a different process. Panel (E) summarizes the expected cPCR amplification of the resulting ∆gDNA. 
Thick horizontal lines represent DNA, with genomic DNA (gDNA) terminating in helices, and donor DNA (dDNA) terminating in blunt ends. Rectangles with internal labels represent annotated regions. Rectangles with staggered edges represent DNA breaks within the annotated region. Regions with effectively identical sequences are shaded the same color. Annotations with striped shading and labels preceded by an asterisk (✲) represent modified sequences. The superscript X (X) indicates there are unwanted genomic changes in the terminal gDNA. The stopwatch (⏱) indicates a transient sequence. The Spacer regions of the guide RNAs (Spacer and Scaffold) are color-matched with genomic regions the RNA-guided nuclease (RGN) is programmed to cleave. Black arrows represent gRNA and RGN complex association and restriction of gDNA, followed by a DNA repair process to incorporate dDNA into the gDNA. The sequence intervening between the Feature selected for editing and the restriction Target is colored gray.


Figure S3 – cPCR amplification of ADE2CDS genotypes
Candida albicans ADE2CDS +/+ was replaced with a mintag(CC) to create the ∆/∆ genotype. The mintag(CC) introduced the PAM site for the intermediary AddTag Target, which enabled editing a second time to insert the +gDNA-amplified ADE2CDS AFeature at the native locus. For this locus, AddTag returned an optimal primer design lacking ∆iF, ∆iR, ∆oF, or ∆oR primers. Genomic template from colony lysates were added directly to the PCR mix. PCR was conducted for 30 amplification cycles. Hyphens (-) indicate no expected amplification. The sF/sR primer pairs did not amplify in the +/+ and AB/AB genotypes because the extension step was not a sufficient time duration.


Figure S4 – Schematic of “All-in-1” gRNA stitching methodology
Arrows indicate PCR primers. The AHO1096/AHO1098 primer pair amplifies the universal “A fragment”, and the AHO1099/AHO1097 primer pair amplifies the universal “B fragment”. The AHO1237/AHO1238 primer pair is used in conjunction with a “target-specific” gRNA oligo that bridges between the A and B fragments.


Figure S5 – Precision editing of transcription factor binding sites enabled by the AddTag method (additional loci)
The AddTag method was used to edit short genomic features, including those that lacked overlapping RGN targets. Segments of Sanger sequencing chromatogram traces are depicted for the experimental target and feature at the edited locus, however the entire region encompassing the step-2 addback dDNA, including the integrative flanks, was verified by Sanger sequencing for each modified strain depicted. Grey bars in the traces represent the Phred quality score from 0 (low) to 62 (high). For step one (purple), the wild-type (+/+) genome was turned into the intermediary (Δ/Δ). For step two (green), the intermediary genome is turned into an add-back (AB/AB) genome.
(A) A 9 bp Wor1 binding site (Wor1 bs) that is located upstream of the WOR1 coding sequence and lacks an overlapping RGN target site was edited via the AddTag method. In step one, both the Wor1 bs and an RGN target 81 bp upstream, along with intervening and flanking sequences included in the expanded feature, were replaced with an AddTag target to create the intermediate wor1USd Δ/Δ genotype. Two parallel step two transformations converted the intermediary genome into either an add-back genome (AB0/AB0) containing the wild-type Wor1 bs, or an add-back genome (AB1/AB1) containing an edited Wor1 bs. All sequences outside of the Wor1 bs that were deleted in step one were subsequently restored to their wild-type state in step two. 
(B) A 14 bp Wor1 binding site (Wor1 bs) that is located upstream of the WOR1 coding sequence and lacks an overlapping RGN target site was edited via the AddTag method. In step one, both the Wor1 bs and an RGN target 33 bp downstream, along with intervening and flanking sequences included in the expanded feature, were replaced with an AddTag target to create the intermediate wor1USp Δ/Δ genotype. Two parallel step two transformations converted the intermediary genome into either an add-back genome (AB0/AB0) containing the wild-type Wor1 bs, or an add-back genome (AB1/AB1) containing an edited Wor1 bs. All sequences outside of the Wor1 bs that were deleted in step one were subsequently restored to their wild-type state in step two.
Thick horizontal lines represent DNA, with genomic DNA (gDNA) terminating in helices. Rectangles with internal labels represent annotated regions. Annotations with striped shading and labels preceded by an asterisk (✲) represent modified sequences. Homologous regions on different DNA molecules are connected by stretched rectangles and represent intended recombination events. The sequence intervening between the feature selected for editing and the restriction target is colored gray. Half-arrows pointing right represent annealing of “forward” primers, and half-arrows pointing left denote annealing of “reverse” primers. Genomic sites where primers anneal are color-matched to their respective primers.


[bookmark: _Toc47687346][bookmark: _Toc47687340]Figure S6 – Types of AddTag insert sequences generated for Step 1 dDNAs
Thick horizontal lines represent DNA, with genomic DNA (gDNA) terminating in helices, and donor DNA (dDNA) terminating in blunt ends. Rectangles with internal labels represent annotated regions. Each locus is given a different color. The homology regions flanking each +Feature are color-matched with the Feature and addtag. RGN-recruiting AddTag Target sites are labeled with dashed lines.
(A) The full-length AddTag and mintag inserts are unique to each locus.
(B) The unitag insert is shared among loci.


Figure S7 – A priori weight functions for on-target algorithm scores
By default, AddTag encodes weight functions for on-target algorithm scores that approximate their cumulative density functions. The graphs show the Azimuth (Doench et al. 2016) and CINDEL/DeepCpf1 (Kim et al. 2016; Kim et al. 2018) scores for 100,000 random sequences, used for evaluating Cas9 and Cas12a respectively. The histogram frequency on right vertical axis also corresponds with the weight value (black dashed line). Users can adjust the weight functions for each Algorithm with command line parameters.


Figure S8 – Description of sigmoidal function parameters
Each sigmoid function is defined by an inflection point and its slope. The standard bisigmoidal function contains a first sigmoid term with the inflection point at  and a positive steepness of ; and a second sigmoid term with the inflection point at  and a negative steepness of . AddTag sets the final parameter  for simplicity. The  value represents the Algorithm score or Primer attribute score, and the  value is the corresponding weight for that score.


[bookmark: _Toc47687342]Figure S9 – AddTag calculates attribute-specific weights from primer and primer pair scores
Primer and Primer Pair attribute scores are converted to attribute weights using either uniform, unisigmoidal, or bisigmoidal functions. Minimum and maximum score cutoffs are indicated by vertical dashed lines. Blue areas under the curve represent bounds of the score domain that yield positive weights. Above each graph is a text example illustrating the attribute, where check marks (✓) indicate a positive weight assignment, and cross marks (🗴), indicate a zero weight; blue text indicates important subsequences for attribute-specific scores.


Figure S10 – Homologous recombination between gDNA and dDNA
Using traditional 1-step CRISPR/Cas-induced HDR to directly edit a Feature may fail because of microhomology between subsequences within the Feature and a dDNA flanking homology arm. The duplicate US regions thereby decrease genome editing efficiency.
(A) In this example, the dDNA contains a subsequence internally that is similar to one of its homology arms (US). Either US region in the dDNA can potentially be selected as a focus for HDR, producing either the intended modification (✲gDNA), or an unintended modification (✲gDNAX). The longer the dDNA sequence, the more likely its homology arms share similarity with subsequences inside the homolog arms. Therefore, longer dDNA sequences are less likely to produce correct edits.
(B) Here, the US flanking homology arm exists multiple times on the genomic DNA (gDNA). Each US instance is a potential focus for HDR, producing either the intended modification (✲gDNA), or an unintended modification (✲gDNAX). The longer the expanded Feature, the more likely repeats are shared between dDNA homology arms and eFeature subsequences. Therefore, longer eFeature sequences are less likely to produce correct edits.
(C) An example of combinatoric editing under the 1-step method. Here, two Features (Feature 1 and Feature 2) should both be edited. Because they are separated by an intervening sequence (grey) with significant homology to the interior of the dDNA, HDR may not replace Feature 1 with ✲Feature 1 in the modified genome.
Thick horizontal lines represent DNA, with genomic DNA (gDNA) terminating in helices, and donor DNA (dDNA) terminating in blunt ends. Rectangles with internal labels represent annotated regions. Rectangles with staggered edges represent DNA breaks within the annotated region. Regions with effectively identical sequences are shaded the same color. Annotations with striped shading and labels preceded by an asterisk (✲) represent modified sequences. The superscript X (X) indicates there are unwanted genomic changes in the terminal gDNA. The stopwatch (⏱) indicates a transient sequence. The Spacer regions of the guide RNAs (Spacer and Scaffold) are color-matched with genomic regions the RNA-guided nuclease (RGN) is programmed to cleave. Black arrows represent gRNA and RGN complex association and restriction of gDNA, followed by either homology-directed repair (HDR) to incorporate dDNA into the gDNA. The sequence intervening between the Feature selected for editing and the restriction Target is colored gray.


Figure S11 – Phenotypic characterization of ZRT2US strains
Cells from each genotype were cultured under zinc-sufficient and zinc-deficient conditions. 2 independent biological derivations for ZRT2US genotypes were plated twice, and representative plate images at 48 hours were selected for depiction. Each row is a different genotype. Each spot originated from 5 μL of culture. Spots on the left-most column of each condition came from cultures with OD600 of 0.3, which were serially diluted by a factor of 10-1 in each successive column to the right. Spots were digitally aligned to a grid undistorted, maintaining original sizes and average spacings.


Figure S12 – Gene complementation at native and auxiliary loci
Example of loss of function gene complementation at native and auxiliary loci. Each additional locus added for consideration confers a combinatorial expansion for the number of interactions. Therefore, using the native locus eliminates the potential for interference by cis-regulatory elements (CREs), and reduces the potential for interference by unintended mutations. (A) and (B) depict examples where the phenotype is determined wholly by expression of the gene, denoted as the CDS. (C) and (D) depict examples where the phenotype is determined by expression of some unknown gene at the other locus. (A) and (C) show potential results from add-back at the native locus, while (B) and (D) show potential results from add-back at an auxiliary locus.


Figure S13 – Detailed statistical analysis of the biofilm assay
This figure describes the confidence intervals of the significance tests shown in the main manuscript (Figure 3). Each row, consisting of a pair of horizontal bars in the left panel and an interval in the right panel, represents a Student t-test with unequal variance (Welch). P-values are rounded to the nearest thousandth. The biofilm OD600 between strains are compared according to the alternative hypotheses listed on the left.


Figure S14 – AddTag ranks targets by combining multiple algorithm scores into a single weight calculation
(A) In this example, the +Feature does not contain any valid +Targets, so it is expanded to become an eFeature. The eFeature is scanned for matches to the user-provided Target motif (+Target1, +Target2, and +Target3). Each +Target is scored with each user-selected Algorithm (s1, s2, …), then the scores are converted to weights (w1, w2, …). Note that potential Step 1 dDNA sequences are included in off-target calculations. Finally, +Targets are ranked according to their weight W, which is a combination of the individual Algorithm weights (w1, w2, …).
(B) The upstream (US) and downstream (DS) sequences flanking each eFeature, which contains both the +Feature and the +Target, can produce multiple Step 1 dDNAs—each with a different addtag sequence. AddTag scans these potential Step 1 dDNA for AddTag Target sequences. Step 1 dDNAs lacking an AddTag Target are removed from further consideration. Step 1 dDNA that contain valid AddTag Targets are scored and weighed in a manner identical to +Targets, except that Step 2 dDNA is included in off-target calculations.
Thick horizontal lines represent DNA, with genomic DNA (gDNA) terminating in helices, and donor DNA (dDNA) terminating in blunt ends. Rectangles with internal labels represent annotated regions. Black arrows represent computational progression. The sequence intervening between the Feature selected for editing and the restriction Target is colored gray. The progression of the green rectangles represents the annotated regions being scanned for the user-provided Target motif(s).


[bookmark: _Toc47687345]Figure S15 – Polymorphism-aware feature expansion
Polymorphism-aware identification of Targets and dDNA flanking homology regions is a five-step process. In this example, three homologous instances of a Feature, designated (A), (B), and (C), are shown in a vertical alignment. Thick horizontal lines terminating in helices represent genomic DNA (gDNA). Rectangles with internal labels represent annotated regions. Targets of the same color have equivalent sequence identity. Different colored Targets have divergent sequences.
(A) All Targets matching the user-provided Target motif are identified across each homologous Feature within the maximum bounds of an expanded Feature, designated by the vertical dashed lines. Within the user-specified Feature, there is one multi-allelic set of Targets (Target A2, Target B2, and Target C2). Within the full bounds of the potentially expanded Feature, each allele has four Targets.
(B) Based on sequence identity, Targets are grouped into either multi-allelic or allele-specific equivalence groups. In this example, there are five multi-allelic equivalence groups. Because the red Target has one copy in gDNA (A), but two copies each in gDNAs (B) and (C), there are four Target equivalence groups containing red Targets. This is a number equal to the permutations with replacement. A Target whose color is shared between at least two gDNAs precludes it from being allele specific. Thus, there are two allele-specific equivalence groups.
(C) For each Target equivalence group, if necessary, the Feature is expanded according to the user-selected expansion method. AddTag provides 5 expansion methods, with “center_both” as the default (bold). The black vertical line above each annotation represents the origin of expansion. The grey vertical line represents the minimum edge of the eFeature. The horizontal arrows are dashed where they cover the minimum eFeature size, and are solid where they represent further potential expansion. The methods “center_feature”, “center_target”, and “center_both” expand the eFeature in both upstream and downstream directions. The “justify_feature” and “justify_target” methods only expand in one direction.
(D) The solid red, green, and blue squares on the gDNAs represent a polymorphism at the same genomic position, such as an alignment mismatch. The white squares on the gDNA represent polymorphisms at different genomic positions, such as an alignment gap. The grey shaded regions on either side of the eFeature represent the flanking homology arms that will be present in the Step 1 dDNAs. If the user desires allele-specific Step 1 dDNAs, then AddTag will expand the Feature such that the flanking homology regions contain an adequate number of polymorphisms. In this example, the right side contains an allele-specific gap on each chromosome (3 ≥ 2 polymorphisms minimum), so no expansion is necessary. Without expansion, the flanking homology arm on the left side would contain only 1 polymorphic site. Therefore, the Feature is expanded to the left to encompass 2 sites that are polymorphic across all 3 chromosomes. If the user desires multi-allelic Step 1 dDNAs, then each flanking homology arm should have fewer polymorphisms than the maximum specified (0 polymorphisms maximum). In this example, both the left and right sides of the Feature are expanded so there are no polymorphisms in either flanking homology arm.
(E) Because expanded Feature sizes can vary among homologs, the final step is to filter potential sets of expanded Features based on their lengths. In this example, the homologous expanded Features with red multi-allelic Targets all fall within the accepted size range, so it is included in downstream analyses. The putative set of expanded Features with orange Targets has at least one expanded Feature that violates the size thresholds, so this set will be excluded from downstream analyses.


[bookmark: _Toc47687344]Figure S16 – Polymorphism-aware primer and primer pair identification
AddTag includes the ability to discriminate between allele-specific, multi-allelic, and allele-agnostic cPCR amplification designs.
(A) First, AddTag uses a simple sliding window method to identify all potential primers within the genomic regions that should contain the forward (F) and reverse (R) primers. In this example, 1 valid forward primer is identified, and its sequence is identical in both chromosomes (green color). 3 reverse primers are identified—two allele-specific sequences (red and yellow colors), and one multi-allelic sequence (green color).
(B) All potential pairings of forward and reverse primers are assigned allelic specificity.
(C) Each potential primer pair is weighed. The final selection of primer pairs for cPCR design proceeds through simulated annealing (Figure 4D).
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