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Abstract: Late blight (LB) disease can cause potato yield losses in both Egypt and the world. Therefore, the structural
analysis of resistance (R) genes responsible for LB resistance will help in understanding their functions. This work aimed
to identify the variations between the dominant and recessive alleles of two genes, R34 and R8 at the nucleotide and
amino acid levels in five potato genotypes. Two genes of R3a and R8 representing the broad-spectrum LB resistance
were amplified by specific primers, which gave one amplicon of 194 and 220 bp of each gene, respectively. Two frag-
ments were sequenced after purification using an ABI 3730x] System DNA Sequencer. The DNA sequence alignments
of two genes, R3a and R8, were determined among five selected potato genotypes. The percentage of genetic similarity
of the nucleotide sequences of the R34 and R8 genes ranged between (82-83%) and (86—-87%), respectively, in com-
parison to the reference sequences in the nucleotide BLAST. We report on the existence of positional differences in
the nucleotide sequences, and base-pair substitutions of two fragments, resulting in amino acid changes between the
resistant and susceptible potato genotypes. On the other hand, the highest total number of base-pair substitutions was
recorded as 16 in the recessive allele r8 of the varieties Bellini and Cara. However, the lowest number was recorded
as four in the dominant allele R34 of the variety Cara. The dendrograms of the five potato genotypes were made up of
phylogenetically different clusters, separate from all the other named potato accessions of the two genes. The results of
this study will create a solid base for the further understanding of the mechanism of plant-pathogen interactions and
supply a theoretical reference for durable resistance to late blight diseases in the potato.
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The potato (Solanum tuberosum L.) is the third
most common food crop in the world after wheat and
rice (Birch et al. 2012). The potato crop is severely
damaged by late blight (LB) disease caused by the
oomycete Phytophthora infestans (Lenman et al. 2016).

Genetic resistance is considered the mainstay to
control the P. infestans disease as an alternative way
to using fungicides. The application of chemical fun-
gicides is costly to farmers and also raises environ-
mental pollution in both developed and developing
countries. Besides, the fungus could mutate itself to
be resistant to particular fungicides used to control

the LB pathogen. In S. tuberosum L., most of the R loci
belong to complex R-gene clusters with closely linked
paralogs (Gebhardt & Valkonen 2001). In gene-for-
gene theory, the host R proteins can be recognised
by the microorganism Avr or effector proteins either
directly by the R-Avr protein-protein interaction
or indirectly by changes in the plant host proteins,
known as guardee proteins in the guard hypothesis
(Petit-Houdenot & Fudal 2017). Some R loci were
cloned, identified and showed that nucleotide-binding
site-leucine-rich repeat (NBS-LRR) loci form the
biggest plant host resistance locus family, repre-
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senting about 80% of more than 140 cloned R loci
(Shao et al. 2016). However, the search for R locus
variants supplying plant cultivars with resistance
to a specific microorganism or novel microorgan-
ism isolates is still difficult and time-consuming. In
this field, novel reports have been developed on the
principle of genome-wide resequencing and com-
parison with reference genomes that have shown
a number of NBS-LRR candidate loci (Kochetov et
al. 2017). Comparison of syntenic genomic sites of
closely related plant species containing NBS-LRR loci
was indicated to be a hopeful method to determine
candidate resistance loci in the genomes of different
plant crops (Quirin et al. 2012).

To date, more than twenty resistance (R) loci have
been cloned from wild Solanum sp. involving the
LB resistance loci RI, R3a and R3b (Vossen et al.
2016; Jiang et al. 2018). The R3 gene of S. tubero-
sum L. refers to the full resistance to avirulent races
of P. infestans and consists of two functional loci,
R3a and R3b, which are 0.4 centimorgans (cM) apart.
A recombination event between the two loci allowed
their separation, and the successive identification of
the recombinant plants indicated that the two loci
have various pathogen race-recognition specifici-
ties (Huang et al. 2004). The R3b locus composed
of one exon has one open-reading frame (ORF) of
3 855 nucleotides, which encodes to 1 284 amino
acids. The R3b locus structure is identical to R3a,
encoding a putative a coiled-coil CC-NBS-LRR pro-
tein. Both the R3a and R3b loci scored 82 and 73%
similarity at the nucleotide and amino acid levels,
respectively (Huang et al. 2005). Further analysis
indicated that the R3a and R3b loci encoded 29 and
28 LRRs, respectively and each encoded two unique
LRRs (Lietal. 2011). Furthermore, the wide ranging
LB resistance locus R8 from S. demissum is mapped
at chromosome 9 and encodes to a CC-NBS-LRR
protein as reported by Vossen et al. (2016).

The purpose of the present research is to char-
acterise, compare, and analyse the nucleotide se-
quences and the putative proteins of the dominant
and recessive alleles of two R genes, R3a and RS,
in five potato genotypes resistant and susceptible
to LB disease, based on genetic polymorphism and
base-pair substitution.

MATERIAL AND METHODS

Plant materials. Four potato varieties Jelly, Cara,
Bellini and Annabelle were collected from the brown
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rot project, Dokki, Giza, Egypt, as well as the wild
genotype S. demissum 1977 supported by the Centre
for Genetic Resources, the Netherlands (http://www.
wur.nl). In our previous study, we evaluated the five
potato genotypes for LB resistance. It was clearly
shown that one of the five genotypes was highly re-
sistant (Jelly), one was resistant (S. demissum 1977),
one was moderately resistant (Cara), and two were
moderately susceptible (Bellini and Annabelle) (Mah-
fouze et al. 2021). Besides, two markers: the cleaved
amplified polymorphic sequence (CAPS) and se-
quence characterised amplified region (SCAR) linked
to the R3a and R8 genes were applied to determine
the dominant and recessive alleles in four commer-
cial potato varieties [Jelly (R3a/r8) Cara (R3a/r8),
Bellini (R3a/r8), and Annabelle (r3a/r8)] and one
wild S. demissum (r3a/R8)] (unpublished data).

Design specific primers for two R genes in po-
tato. Two different S. tuberosum LB resistance gene
sequences; R3a and R8 of accessions AY849382 and
KU530153, respectively obtained from the NCBI
GenBank were aligned using the MultAlin Fasta
format. Two primers for each of the two R3a and R8
genes were designed from the very similar sequences
within the consensus as shown in Table 1.

DNA extraction and PCR amplification. The
total genomic DNA was extracted from the fresh
mature potato leaves cultured in a greenhouse, using
a DNeasy plant mini-prep kit (Qiagen, CA).

A polymerase chain reaction (PCR) amplification
was performed in a thermal cycler (Biometra, Bio-
medizinische Analytik GmbH) in a total volume of
25 pL containing 50 ng DNA, 1 mM of each primer,
200 mM dNTPs, 1.5 mM MgCl; and 0.5 U Tag DNA
polymerase (GoTaq® DNA Polymerase, Promega,
USA). The PCR test was performed under the fol-
lowing conditions: 94 °C at 4 min and then 35 cycles
of 94 °C at 1 min, 50 °C at 1 min and 72 °C at 1 min
and a final extension step at 72 °C for 5 min.

All the PCR products were electrophoresed on 1%
agarose gel electrophoresis in a 1x TBE buffer (89 mM

Table 1. Forward and reverse primer sequences used for
the amplification of the two R resistance genes

Genes Forward & reverse ~ Primer sequences  Size
primers (5'-3") (bp)
F Tgctcggtcttcagattgtg
R3a/r3a R Ttgctggttgcttgtttctg
R8/r8 F Gtgggatctcctcaaggtca
R Tccttcattgeggaactacc
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Tris-HCI, 89 mM boric acid, 2.5 mM EDTA, pH
8.3). The genomic DNA was stained with a RedSafe
Nucleic Acid Staining Solution (1/20 000) (iNtRON
Biotechnology, Inc. South Korea) and was visualised
and photographed with a Gel-Documentation system
(Bio-Rad Laboratories, Inc., CA, USA). The size of
each fragment was estimated with reference to a size
marker of a 100 bp DNA ladder (BioRoN, Germany).
Purification, sequencing and analysis of the two
R genes. The PCR products of two R3b and RS frag-
ments were purified with a QIA quick PCR Purifica-
tion Kit (Qiagen GmbH, Germany) according to the
manufacturer’s instructions and the DNA was eluted
in 20 pL of sterile ddH,O. The two amplified frag-
ments were sequenced on a Capillary Electrophoresis
Sequencing (CES) automation system (ABI 3730xl
System DNA Sequencer, Macrogen, South Korea).
Alignment and phylogenetic tree. The sequences
were compared with the sequences of the repre-
sentatives of the most related S. tuberosum accessions
deposited in the GenBank and sequencing-genome
databases by using the BLAST search (http://www.
ncbi.nih.gov/blast). The analysis was performed using
the Geneious Pro program (Ver. 4.5.4). A phylogenetic
tree was constructed by the neighbour-joining method
and a dendrogram was constructed using multiple
alignments of the two R genes from the potato clones.

RESULTS

PCR amplification of R genes in resistant and
susceptible potato genotypes. The PCR amplifi-
cation of the resistant potato varieties (Jelly, Cara
and S. demissum 1977) and the susceptible ones
(Annabelle and Bellini) scored two fragments with
expected sizes of 194 and 220 bp that represented
the R3a and R8 genes, respectively, using two specific
primers (Figure 1).

Sequence analysis of two R genes in the resist-
ant and susceptible potato genotypes. The partial
nucleotide sequences of the R3a (194 bp) gene in
each of the five tested potato genotypes were aligned
and compared with a total of 100 partial nucleotide
sequences of the R genes in the GenBank, using
the BLAST search (Table 2, Figure 2). The BLAST
sequence analysis showed that the R3a gene under
study had an identity that ranged from 82 to 83%
with the R3a genes recorded in GenBank, whereas
the total score and coverage percentage revealed
100 bits and from 82 to 97%, respectively, as are
shown in Table 2 and Figure 2. For R3b, the partial

nucleotide sequence of the R8 locus (220 bp) was
aligned and compared with 77 R8 resistance genes
from the different potato accessions published in
the GenBank. The nucleotide-nucleotide BLAST
matched an 87% identity with Cara, Bellini and An-
nabelle, while Jelly and S. demissum shared 86% se-
quence homology. The coverage percentage revealed
arange from 26 to 93% (Table 2, Figure 3). Therefore,
multiple alignments of the two genes under study
of the five potato genotypes revealed positional dif-
ferences in the nucleotide sequences and base-pair
substitutions compared with the potato accessions
in the National Center for Biotechnology Informa-
tion (NCBI) (Figures 2, 3).

Nucleotide statistics of two R genes in the re-
sistant and susceptible genotypes. The nucleotide
statistics of the two fragments in the five potato
genotypes that are resistant and susceptible to LB
are presented in Table 3. The average molecular
weight of the dsDNA (115.22 kDa) was two-fold that
of the ssDNA (57.44 kDa) in both the resistant and
susceptible potato genotypes. On the other hand,
we compared the base sequences of the dominant
alleles (R3a and R8) and recessive ones (r3a and r8)
in the five potato genotypes where little variations
(from 1 to 6 frequencies) were observed, and the
percentages of the four nucleotides, A, T, C, and G
are shown in Table 3.

Positional differences of the two R genes in
the resistant and susceptible genotypes. A to-
tal number of positional differences and base-pair
substitutions between the dominant and recessive
alleles of the two loci (R3a/r3a and R8/r8) in the five
potato genotypes were identified. A total number of
115 hits were distributed as 78 transversions (A/C,
T/A, C/G, or G/T) and 37 transitions (A/G or T/C),
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Figure 1. PCR amplified products of the R34 and R8 genes
of the five potato genotypes using two designed primers
with expected sizes 194 and 220 bp

M - 100 bp DNA ladder, 1 - Jelly; 2 — Cara; 3 - Bellini;
4 — Annabelle; 5 - S. demissum
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Cultivar/Accession | Genes | €08

Telly R3a o 2 TERC TA TTH T IERAATGEGC oG CCE e A

Cara Ria e il TERC TATTET | imARTGEGC] e CchE dRER A

Bellim R3a ATEET pGEmevwien pCIEY Ceeey [eelwnzlecz o LY

Annabelle ria i 2l TERC TA TR T i anTGeGC) ceccE deleafa

S demizsum ria R 7 TER CTATTR T rATGGEC | ecccl GRER A

EF613539 R3a ECTAGYTTCCTATTET JTGEARTGEGCGECCTGECTARA

EF613326 R3a TGTAGRTTCCTATIGT | TGEAATGGGCGECCTGEETARA

EF613528 R3a EGTAGTTCCTATIGT | TGEAATGGGCGECCTGEETARA

EF613537 Ria BTG TTCCTATTETT6ERATGGECG6CCTEEETAA

EFG13527 Ra TGTAGYTTCCTATTGTTGEARTCGGCGGCCTGECTARA

AYBA038] R3a TGTAGYTTCCTATTGTTGEARTGGGCGETCTGEGTARA

EF613540 R3a TGTAGETTCCTATTGT TGEARTGEGCCGECETGECTA A

EF613543 R3a EGTAGYTTCCTATIF T TGEAATGGGEC GECCTGEGTAA

EF613336 R3a TGTAGETTCCTATTGT TGGARTGEGCYGECCTGEGTARA!

EF613529 Ria TGTAGRTTCCTATTGTTGGRATGGECeGCCTEaETAA

EF613350 Rla TGTAGE TTCCTATTCT | TGEAATGEEC] e CCTCECTAYAR
701

Jelly Ria 2 GCTTEET TP TCTGIE T

Cara Ria ERGCTTERT TR TGTGIE T

Bellin R3a sﬁB"IIuiTTEqu;IEIu

Annabelle ria GC GTGIEIC

5. demizsum ria

EF613530 Ria AAB:III:SGT!TTEIEI'III:

EF613326 Ria BAGCTTGETTTTGTGTTTL

EF613328 R3a RAGCTTGGTI TTGTGTT

EF613537 R3a RAGCTTGGT TTGTGTT

EF613527 Ria BRAGCTTGGTTTTGTGTT

AVEI038) Ra CTTGGTTTTGTGTT

EF613540 R3a CTTGGTTTTGTGIT nJu:p,quIII

EF613543 R3a AAGCTTGGTRY TTGTGTT \TATGATGCTTT]

EF613336 R3a RAGCTTGGTIJTTGTIGIT A TATGJATGCETT!

EF613529 Ria BAGCTTGGTTTTGTGIT A TATGJATGCETT

EF613330 Ra BAGCTTGGTTTTGTGTITTC A TATGJATGCTIT

..hII;IAI‘GACACECTIGCAISM"AIIIIICI:TTTC‘
\ATGATGAGAGAGT JGCAGAARCATTTTGTTTTGR
ATGATGAGAGEG |c§h|3m" TRTTTGGTTTGA
N TG ATGAGAG
.hI':IAI':A':A

T TGCTARAG
T TGCTARAG
T TGCTARAG
TlrGCTARAG:
TTGCTARA
TTGCTARAR
T TGCTARAG
T TGCTARAG
THTGCTARAG
TRTGCTARAG

A TGATGAGAL
A TG ATGRAGA!
N TG ATGAGAL
\CARTGATGAGA?

CARAARCATRTTTIGGTTTGA
JecrrrnnCATTTIGGTTTGA
STRGCAGEACCAT TTTECTTTR

Figure 2. Sequence alignment of the R3a and r3a genes of the five potato genotypes, compared with the other accessions

that exist in the NCBI GenBank

which are shown in Table 4. The highest number
of base-pair substitutions was shown in the R8/r8
genes of the five resistant and susceptible genotypes
to LB (75 bp). However, the R3a/r3a genes displayed
40 positional exchanges and base-pair substitutions
between the dominant and recessive alleles in the
five potato clones. The ratio of the transversion was
higher than the transition in both genes. The high-
est number of base-pair substitutions was sixteen,
resulting in a nucleotide substitution from T to A,

followed by thirteen base-pair substitutions of A= T
and T— C. In contrast, the lowest number of base-
pair substitutions was two substitutions (C— G).
A single base exchange or a mixed base (more than
one nucleotide determined at a single position) is
considered as a mutation in the gene (Table 4).
Genetic variations and base-pair substitutions
of two R genes in the potato genotypes. The ge-
nome sequence alignment analysis revealed several
nucleotide transitions and transversions between the

Table 3. Nucleotide statistics of the two R genes in the five potato genotypes

Molecular weight (kDa) A C G T GC
Genes  Varieties
ssDNA dsDNA freq % freq % freq % freq % freq %
R3a Jelly 54.406 109.356 47 26.6 44 24.9 32 18.1 54 30.5 76 43
R3a Cara 54.506 109.352 47 26.6 39 22.0 33 18.6 58 32.8 72 41
R3a Bellini 54.408 109.352 45 25.4 41 23.2 31 17.5 60 33.9 72 41

r3a Annabelle 54.401 109.351 47 26.6
r3a S. demissum  54.308 109.356 45 25.4

r8 Jelly 60.541 121.096 57 291
r8 Cara 60.405 121.095 58  29.6
r8 Annabelle 60.479 121.096 59 301
r8 Bellini 60.421 121.096 57 291
R8 S. demissum  60.558 121.094 60  30.6
Average 57.44 115.22 52.2 2791

41 23.2 30 16.9 59 333 71 40
46  26.0 30 16.9 56  31.6 76 43
43 219 42 214 54 27.6 85 43
46 235 38 19.4 54 276 84 43
45 23.0 40 204 52 265 85 43
46 235 39 19.9 54 27.6 85 43
42 214 41 20.9 53 27.0 83 42
43.3 2326 35.6 19 554 2984 789 422
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Cultivar/Accession | Genes 4100
Jelly 8 TICRAGC TGE C 5. THE CHYS ENETE
Cara r§ TICRAG TGA: C C pacde’ce BcATRCH T
Bellim S TTICAAGCACG TCL C T LMW ¥ G TRV T
Annabelle 8 ETCEAGOER TGE C T LMCTWTC HGATHCCTE
5. dzmissum RS ATCRARGCHeG TCL C C ECOw T 1 CA T O T
XM 01523122 RS L1 - T
XM 01671080 RS L1 5 BTGCH
XM 01671081 RS LI H n
IO 02791199 RS NTCCECRANTTRE
XM 01664008 RS i 5T
XM 00980513 RS 5T
XM 01664008 RS 5T
XM 00980513 RS 5T
XM 016648‘1 RS L i
RS T3
piel] 009"90' RS T4
XM 00977907 RS T
XM 01921557 RS THEED B2
XM 01530502 RS B 2
Jelly 2 (GGAAT CEY TT TCCCCAGT [T TCARCCACT [ TCEERN THARENE AR GTEA TG JATC TC GAGG A GAB CRCAC T TSNS T TGHIE Gl A A C A C TG GAACAS
Cara 8 EiccaaTc TTTCcCCcCAGT frTeARCCACT e ThiiElE Ml cTEA TG ATCTC GAGGA cAE CRCAC T THENER TTGHE G| AF A CES C TGGAACAL
Bellini r§ EiccaaTc TTTCCCCAGTTTeARCCACT TR ThiAMENE AR cTEA TG JATC T GAGGA cAE CRCAC T THSNER TTGHE G| 2 2P C S C TGGAACAS
Annabelle r§ C J:MII’EITTCCLCM:I‘IIII.M&I CPCTIFEIEMAEI;IEPT!:IAILD hmacquaﬁtﬂ.;wmnc&cpgr@um CTGGAACAS
c4'1‘?mrs.um RS C i T4 ._" Cﬂt. I Clpwie2ce HLELCH CTGGAAC
5 RS
M 016.1080 RS GM;SAAII:HITTCCCCM II‘GI;GI;CACTEG’ITAI AAE'Iusrrppsmcru:g.!ﬁ:n.usucc@r:l.zu "IIIGc;cp_mrru.AAu
O 01671081 RS GAGGAATCE TTTCCCCAGC T TGAGACACTBGTTAT ANREI A NG TGT TARGAACTOEAGGAY GATCCCRC TTAGCTTTGCAGATATTCCAA
SO 02791199 RS GAGGAAT CTRTT TCCROHGC | TTGARMEECT JTGTTATAAAARA 2B TGT BARGAGCTCGAGEARGATCCCACT TRAGCTTTGCAGATATTCRRAC
30 01664008 RS GAGGARTC I T ICCCCAGC | TIGARACACT JTGTIAT 3 GATCCCACTIJAGCT I IGCAGATAT ICCRAL
M 00980513 RS GAGGAATCTTTTCCCCAGCTTGARACACT JTGTIATAAANEENGTGT TATGATCTCGAGGA]GATCCCACTTAGCTTTGCAGATATTCCRAL
M 01664008 R3 casGRATCTrTTCCCCAGC TTGARACACT T TIATR RA A EERG TETTATGJATCTCGAGEA] GATCCCAC TTAGC TTTGCAGATAT TCCRAL
30 00980513 RS GAGGRAATCT TTTCCCCAG IInsmcu:T|TGEAIAAAAEGIGTTui;|1.',ICII:EAGGA|GATCCCACII]m;:IIIGCAGpIAIICCAm
30V 01664821 RS GaGGRATCTTTTCCCCAGC TTGARACACT TG TTATARA AREAGTGTTATGATCTAEAGGA] GATTCCACT T AGC TTTGCAGATAT TCCRAL
77907 RS cassRATCTTTTCCCOES! IIumc;CT|T+=1TAIAAAA|AE'.|ETE;'B=|MLII l:l'-u.:-CAl'.:I'TCCLI'LII"AB"'I'I'IGCACIAIAII’LLAA'
RS
RS
21557 RS
“\L\‘I 01330502 RS
Cultivar/Accession | Genes
Jelly 8
Cara v \G C A ( C A \GGA”
Bellim 8 CAG|GAECAMGAA|TI:TEC'1];EE|HI@;:ﬁqr_::GM;G:-AGTCGpm;m;ﬂﬁIGﬂAGGAT@;:-ﬂcmﬁjﬁn
Annabelle [ cgs.saﬁcumaqr:@cﬁ;ar@;:@s;Amus.uuamsrcGpmsm;zgiuzapmmc@;:-ﬂcmﬁjﬁn
5. demisrum RS
XM 01523122 RS
XM 01671080 RS TT;.M;IIGA]]EIG.—.:@@ ICTLEAI‘I.:AETI TCTCEPE!CII‘LA "‘IC’IIC}CAAIEAAS-IGAAI.:I-!CTCCEM:MEIL:AIAGC}E!
XM 01671081 RS TTAAGTTGAlTiiTcGTRCAGcTECEA TG TeTC TG cTTCAGCTG T cAGAATR RG] cancaBcTCGEAGREE TeA GG RENG.
XM 02791199 RS JTp.pbrrigmuIchc|CAALAAIaAA|TuTCTc§pu3|CIILA cTTlc2BraTTArG|cancracECGlardEA THEERAGGREGCG:
M 01664008 RS \ TTAAGCTEARTCTGETGCAGGAACRATGAR] TCTCTGEAGE] CTTCAGCTE T cGAGAATTAAG] GAACEACTCRARGAGA TTGA AGGATSCG
M 00980513 RS \ TTARGCTGARTGTGETGCAGYGRACRATGARY TCTCTGEAGE) CTTCAGC TG T GAGAATTAAG] GAAGEAGTCGl ARG A TTGAAGGATGCE
XM 01664008 RS \TTARGCTEA TeTG6TGCAG cracraTara] TeTCTEERGE  cTTCAGCTE T cacraTTARG] candiac Tl AAGH A TTGAlAGGATGCGAC] CETATTGAC
M 00980513 RS \TTAAGCTEA] TGTGGTGCAG]GAACAATGAA] TCTCTCERGE] CTTCAGC TG TIGAGA ATTAAGH GAACH AGR AR GANA TTGARAGEATGCGAC | CGTATTHAC
XM 01664821 RS A TTAAGT TGARTGIRGTRCAGRAR CAATGAAY TCTCTGRAGG] CTTCAGC TG T GAGAATTAAGERARGAAGTRGAAGAGA TTGAJAGGATGCE,
M 00977907 7S \ TTAAGTTGAY TETGGTGCAGSARCAA TR AN TCTCTGGAGG] CTTCAGCTR T|GAGAATTAAGY GAAGAAGTC G ARGAGAE TGAAGGATGCRIAC|
M 00977907 7 \ TTAAGT TGARTGTGGTGCAGSARCAA THAA] TCTCTGERGE] CT TCAGC TR T GAGA AT TAAGY GAAGAAGTRGJAAGAGAE TGAJAGGATGCHAC] C/
XM 00977907 7S A TTAAGTTGAJTGTGGTGCAGRARCAA TR AA] TCTCTGGAGG] CTTCAGC TR T GAGAATTAAGER AL GAAGTRGAAGAGEE TGAJAGGATGCRAC] C/
XM 01921557 RS | TTAAGTTEE] THEE GTGC AR GARCAATE AR TCTCTGEAGG] CTTCAGC TR T GAAR AT TARGY GARGARGECGARGORATT G AGGARGCGAC N ATTGAC.
M 01530302 RS A\ TTAAGTTGAY ThECGTERRCcARCER TR 22 TCTRTGEAGE CTTCAGC TG T GRAGARTTAAGY GARAGAAGTCGAAGAGATTGAAGGATGRG AR CCTATERAC

Figure 3. Sequence alignment of the R8 and r8 genes of the five potato genotypes, compared with the other accessions
that exist in the NCBI GenBank

Table 4. Nucleotide variations and base-pair substitution in the five potato varieties and the NCBI accessions based on

the two R gene similarities

Similarity of the five varieties with NCBI GenBank accessions

type of change transversions transitions
o >
Genes ~ eXistin NCBI A G T C F CT A G F tansiton/ I
accessions as: s s . =
) + = transversion 45
changed in five CT CT AG AG T C G A -
potato genotypes to:
R3alra3 4 4 3 7 9 2 1 0 30 0 4 2 4 10 0.33 40
R8/r8 6 4 7 8 5 2 48 5 9 5 8 27 0.56 75
Total 1 13 9 11 16 10 6 2 78 5 13 7 12 37 0.89 115
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Table 5. Positional differences and base-pair substitutions in the nucleotide sequences among the five potato genotypes
and the NCBI accessions based on the two R genes’ similarity

Genes ~ DAStINNCBL 0 A AGGGGGeGcccccecTTTT T T T o
accessions as: Changes

R3a Jelly G C c cC T CGT 7
R3a Cara C G G T C T G T 4
R3a  Bellini Chi‘;?Ed C G G T C T G C 5
r3a  Annabelle G C cC cC T cCCT 7
r3a S. demissum Cc C C C T cC G T 7
type (I) 1 1 1 1 4

type (1) 11 1 1 4

8 Jelly TCGGAGGGCGGTAATTAGGTC CTA 15
r8  Cara CCCTAGAATTCAACCTAGATTTA 16
r8  Bellini Chir;gedCACTAGGGATCCTTTTAGAGCTA16
r8  Annabelle GTATCAAGGTGACTC CCAAATAAG 15
RS S.demissum ATATAGGGTAGACGCTAGGTC CTA 12
type (1) 111 1 1 11 1 1 1 10

type (11) 11 1 1 11 11 1 1 10

type (III) 1 1 1 3

two R3a and R8 genes and the others recorded in
the NCBI. Moreover, base-pair substitutions in the
nucleotide sequences of the two tested genes among
the five potato genotypes resistant and susceptible
to LB are summarised in Table 5. The comparison of
the nucleotide sequences of the two resistance genes
revealed three types of base-pair substitutions. The
first type (I): some nucleotides were transited from
a purine to another purine base or pyrimidine to an-
other pyrimidine base. For example, the guanine (G)
base of the R3a gene in most NCBI accessions and
the Bellini and Cara varieties under study was trans-
ited to the cytosine (C) base in Annabelle, Jelly and
S. demissum. The second type (II): characterised by
some nucleotides were transferred from a purine
to a pyrimidine base or vice versa. For instance, the
adenine (A) of the R3a gene in the NCBI potato
clones was substituted into the cytosine (C) base in
the Bellini, Cara and S. demissum genotypes and was
replaced by guanine (G) in Annabelle and Jelly. The
third type (III): contained both type (I) and type (II),
revealed only in the R8 gene, whereas the nucleotides
of the five potato genotypes varied from each other
and were also different from the nucleotides of the
NCBI potato clones (Table 5). On the other hand,
the highest total number of base-pair substitutions
was scored in the R8 gene in the Bellini and Cara
varieties (16 substitutions), while the lowest one was

recorded in the R3a gene of Cara (4 substitutions).
Moreover, the total of base-pair substitutions was
fourteen and three in both types (I and II) and III,
respectively (Table 5). From the previous results,
the presence of the positional differences and the
base-pair substitutions in the nucleotide sequences
of the two LB resistance alleles between the resist-
ant genotypes (Jelly, Cara and S. demissum) and
susceptible ones (Bellini and Annabelle) (Table 5)
were observed.

Structural differences of two R genes between
the resistant and susceptible potato genotypes.
The coding DNA sequence (CDS) of the R3a/r3a
and R8/r8 loci in the five potato genotypes were
encoded for 53-54 and 63-69 amino acid residues,
respectively. The BLASTp search of the encoded
R3a and R8 proteins in the five potato genotypes
showed domain structures that are typical for
R proteins from the family Solanaceae and other
R proteins (i2, i2GA-SH23-3, i2C-5, [2C-2, RPP13-
like protein 1, and CC-NBS-LRR) in the GenBank
(Figure 4). On the other hand, the CDS of two
genes differs in the resistant and susceptible potato
genotypes to LB in the nucleotide sequences. These
substitutions in the coding region led to differences
in the amino acids ranging from 1 and 6 amino
acids for the R3a and R8 proteins, respectively, as
shown in Figure 4.
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Genes | Varieties
Jelly PKLTHQLASSCHN*LFFY*VFSRVHSISKRFIKPVAHRYILDLMLAY VSLHHLAQSEDR
R3a Cara YQLTDQLASSCHN*LLFY*VFSRVHSIPKRFIKPLAHRYILDLMLAYVSLHHLAQSEDR
Bellini YHLTSLLVSSCHN*LLFYQVFSRVHSIPKRFIKPLAHRYILDLMLAYVSLHHLAQSEDR
Annabelle YHLTL*LVSSCHN*LFFY *VFSTVHSISKRFIKPVAHRYILDLMLAYVSLHHLAQSEDR
ra S. demissum | PHRTLQLASSCHN*LFFY*VFSRVHSISKRFIKPLAHRYILDLMLAYVSLHHLAQSEDR
Jelly FTLRVSSRGNDSSEASHFEIFNCTSFNNLSLWNVISPRHHSSD*GKHTSSNWRY SRLGSSAMKEG
Cara FL*RVSSTGNDSSEASHLEILNCTSFNNLSLWNVISPRHHSSD*GKHASSNWKYSRLGSSTMKEL
8 Bellini F*PSVSSTGNDSSEASHLEIFNCTSFNNLSLWNVISPRHHSSD*GKHTSRNWKYSRLGSSAMKEL
Annabelle MCNCVSS*GNDSSEASHLEIPNCTSFNNLSLWNVISPRHHSSD*GKHTSRNWKYSRLGNSAKKEI
RS S. demissum LVHCVSSRGNDSSEASHFEILNCTSFNNLSLWNVISPRHHSSD*GKHTSSNWRYSRLGSSAMKEI

Figure 4. Amino acid sequences architecture of the R3a, r3a, R8 and r8 proteins in the five potato genotypes under study

Phylogenetic relationship of the five potato
genotypes based on the two R genes. The result
of the phylogenetic tree of each potato genotype
has the R3a/r3a and R8/r8 gene target, based on its
nucleotide base sequence, which was compared with
known R genes from the family Solanaceae in the
GenBank by the Neighbour-Joining method, using
Geneious Pro Ver. 4.5.4 software program (Figure 5).
The dendrograms divided all the named GenBank
potato accessions into various main discrete clus-
ters, whereas the five potato genotypes under study
formed a phylogenetically distinct cluster, separate
from all the other named potato cultivars. Such
observed results detected a large diversity to unique
characteristics of the local resistant or susceptible

Annabelle |

Jelly

1

1

1

i

1

S. demissum i
1

LE Bellini i
1

Cara !
AY849382

EF613526

EF613527
R3a
EF613528
EF613529
EF613537
EF613540

EF613529

LIrTn

EF613536

EF613543

EF613550

0.06

potato varieties from all the other potato clones
established around the world.

DISCUSSION

The potato (S. tuberosum L.) is the third most
common food crop in the world after wheat and
rice (Birch et al. 2012). Potato yield is threatened
by late blight disease, caused by the oomycete Phy-
tophthora infestans (Haverkort et al. 2009; Lenman
et al. 2016). The present study is the first report to
compare between dominant and recessive alleles of
two genes R3a/r3a and R8/r8 in some commercial
potato varieties and wild species, as well as to re-
port the presence of positional differences in the

|— Annabelle

1
1
1
Bellini |
1
Cara i
ely
1
S. demissum |

KU530153

XMO009779073
XMO009779074
R8 XMO016648211
XM009779076
XMO009805136
XMO016640085
XMO009805137
XM016640084
XM027911991
—

XMO015231221

XM015305029
0.2

Figure 5. Phylogenetic relationships among the five potato genotypes under study, and the other GenBank related potato
clones, based on the 194 and 220 bp of the R3a and R8 genes, respectively
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nucleotide sequences and base-pair substitutions
in the five potato genotypes under study.

The amplification of the R34 and R8 genes in the
five potato genotypes scored one amplicon of 194 and
220 bp, respectively. Up to now, twenty resistance (R)
genes have been identified in S. tuberosum L. and
wild species (S. demissum), e.g., R1, R3a, and R3b
(Vossen et al. 2016; Jiang et al. 2018). These genes
belong to the CC-NB-LRR class. In addition, they
were derived from the wild Solanum species, such
as S. stoloniferum and S. papita, (Vleeshouwers et
al. 2008), S. bulbocastanum (van der Vossen et al.
2003, 2005), S. venturii, and S. mochiquense (Foster
et al. 2009) and some commercial potato varieties
(https://www.europotato.org). Yang et al. (2017)
indicated a number of R genes resistance to LB from
the wild species Solanum demissum have been intro-
gressed into commercial potato cultivars by somatic
hybridisation and sexual reproduction.

In this study, two fragments of R3a and R8 were
sequenced in three resistant varieties (Jelly, Cara
and S. demissum), and two susceptible (Bellini and
Annabelle) ones, and the percentage identity of the
nucleotide sequences of the two genes ranged between
(82-83%) and (86—87%), respectively, in comparison
to the reference sequences in the nucleotide BLAST
(http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi). The
multiple sequence alignment showed several base-
pair substitutions (transitions/transversions) between
the resistant and susceptible potato genotypes to
LB. In our study, we compared the base sequences
of two genes between the resistant and susceptible
genotypes. Little variations have been observed, from
1 to 6 frequencies, as shown in Table 3. Moreover,
genetic polymorphisms among the resistant and
susceptible genotypes were observed. In addition,
the highest total number of base-pair substitutions
was obtained in Bellini and Cara (r8) (16 bp), while
the lowest one was 4 bp in Cara (R3a). On the other
hand, conserved sequences were shared between the
resistant and the susceptible genotypes, suggesting
that they are not included in the resistance conferred
by R3a and R8. These results were in agreement
with Wang et al. (2015), who observed the presence
of polymorphism (7-bp indel, insertion/deletion)
between the dominant Xa23 allele in the rice variety
CBB23 and the recessive xa23 allele in variety JG30.

In the current investigation, the genes of R34 and
R8 in the resistant and susceptible five potato clones
encode the predicted 53-54 and 63-69 amino acid
polypeptides, respectively. The amino acid sequences

of the two genes were similar to NBS-LRR domains
encoded by the R genes in the GenBank. In addition,
the CDS of two fragments among the resistant and
susceptible genotypes varied in amino acid sequences
by insertion/deletion. These substitutions ranged
from 9 and 13 amino acids for the R3a and R8 pro-
teins, respectively. These results were confirmed by
Bryan et al. (2000), who observed the presence of
differences in the Pi-ta protein between resistant
and susceptible rice varieties to rice blast by a single
amino acid (serine instead of alanine at position 918),
which they linked to the gene-for-gene specificity
properties of the Pi-ta/AVR-Pita interaction.

Our data showed that the ratio of transitions to
transversions of R34 and R8 was 0.33 and 0.56, re-
spectively. This was in contrast to other previous
work, in which most of the reports used RNA-seq
to scan the whole potato genome and genome-wide
single nucleotide polymorphisms (SNPs), and no
published reports focused on sequencing small frag-
ments of LB resistance genes, as the current study
did. For instance, Sevestre et al. (2020) indicated that
the average rate of the transition (A/G or T/C) to
transversion (A/C, T/A, C/G or G/T) ratio was 1.603.
Both kinds of transition were revealed at an identical
frequency at the genome-wide level. In contrast, the
appearance of the transversion differed according to
the nature of the substitution. The T/A transversions
were the most frequent modification at the genome-
scale, while the G/C transversions had the lowest
frequency. However, the A/C and G/T transversions
were intermediate. Other findings found that the ratio
of transitions to transversions in S. tuberosum L. (1.48;
Simko et al. 2006), Beta vulgaris (1.63; Schneider et
al. 2001), and Glycine max (0.93; Zhu et al. 2003).
Also, the ratio of transitions/transversions was 1:2
or 0.5. A clear bias toward transitions shows that each
kind of transitional alteration is generated almost
three times more compared with the transversional
alteration. Simko et al. (2006) detected 1 145 sequence
variants in a group of 47 potato clones, of which
95% were base-pair substitutions and the other 5%
were indels. The ratio of transition to transversion
was 1.5. Brown et al. (1982) stated that all the DNA
sequences studied from any genome, the rate of
transitions (T« C and A< Q) is higher than the rate
of transversions (TG, TeA, C~G, and C~A).

In this work, a phylogenetic analysis was carried
out depending on the multiple sequence alignment
involving R3a and R8 that constitute different clades
with the R genes. These clades matched the R genes

9
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in the GenBank. In addition, we compared the dif-
ferences in the genetic responses of two resistance
genes, as a response to a P. infestans infection in
resistant and susceptible potato genotypes, analysed
the key loci in the metabolic pathway of resistance
to the LB pathogen, and indicated the mechanisms
of resistance against the pathogen. The suggested
results in this work will create a solid base for the
comprehension of strategies of host-pathogen in-
teractions and supply a theoretical reference for the
durable resistance in S. tuberosum L.

CONCLUSION

In summary, we have evaluated the genetic vari-
ability between the dominant and recessive alleles of
two genes, R3a/r3a and R8/r8, in five potato geno-
types resistant and susceptible to the LB disease. This
analysis will help in understanding the relationship
between the plant host resistance and the pathogen.
A comparative study through nucleotide sequenc-
ing between dominant and recessive genes, in both
the resistant and susceptible potato genotypes, was
determined. From this data, the presence of minor
variations at nucleotide levels were observed between
the dominant and recessive alleles of two fragments,
which led to changes in the amino acid sequence by
insertion/deletion. These substitutions ranged from
9 and 13 amino acids for the R3a/r3a and R8/r8 pro-
teins, respectively, among the tested potato genotypes.
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