
12.05.2026, Zaandam

Jennie Fischer

German National Reference Laboratory for Salmonella

Food Microbiology, Host-Pathogen-Interactions

F
o
to

 @
 I

st
va

n
 S

za
b
o
, 

B
fR

WGS-based genoserotypingof 
LPS-deficient Salmonellaand 
polyphyletic serovars and its 
impact on European Salmonella
control programs
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Salmonellatyping methodsshift towards WGS
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WGS-based(sub)typing of Salmonella at BfR

Routine 
Diagnostics

at BfR

CRISPR/Cas

7MLST

eBurstGroups
(eBGs)

rMLST

wgMLST

SNP 
analysis

(outbreaks)
cgMLST

(EFSA scheme, 
Enterobase
schemes)

EFSA OH WGS

Geno-
Serotyping

SISTR, (SeqSero)

Hierarchical
Clustering

(BfR zipcode, 
Enterobase)

Genetic 
markers(WGS 

abricate, 
PCRΣΧύ

Research

Accreditation

ĄMix of methodsat BfR:

Traditional Typingpartiallystill faster

and more costeffectivethan Genomics



Allelicdifferences(AD)   
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cgMLSTbasedHierarchicalClustering (HierCC)
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HC2850 subspecies

1 IIIb

2 I

71 IIIa

176 IV & novel subspecies A

724 II

4208 VII

4374 S. bongori

11201 VI

HC2000 HC900 Serovar

2 2 Typhimurium

12 12 Enteritidis

12 25 Dublin

20 20 Brunei

202 202 Typhi

242 242 Aberdeen

12453 20491 Ealing

22943 22943 Albany

Outbreaks
(0 ς2 ς5 ς10 AD) Serovars(900 AD) Subspecies(2850 AD)

BfR-Submissionsto Enterobasenot on a routine basis(political reasons)

Ą.ŦwΥ αgeneticzipŎƻŘŜά for internal use(not for serovarassignment)

https://enterobase.warwick.ac.uk
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Shift towards Salmonella άGeno-Serotypingά

Modifiedfrom https://www.frontiersin.org/files/Articles/439852/fmicb-10-01368-HTML/image_m/fmicb-10-01368-g003.jpg

O and H prediction O and H prediction

DIN CEN ISO/TR 6579-3 (2014-07), VO 
2073/2005

White Kauffmann-Le Minor scheme

wba gene cluster

fliCand fljb

Mashreferencesearch
cgMLST330

(SeqSeroS2: 7MLST, markergenes)

SISTR SeqSero2



αincongruentά results: 
LPS-roughSalmonellavs. in silicoSerotype:

Slide agglutination vs. GenoSerotyping: LPS-roughSalmonella
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Uelzeet al. 2020 

European SalmonellaControl programs:

PhenotypicroughSalmonellawith a Geno-serovarunder

EU-control (cat I/II) 

Ąα/ƻƴǘǊƻƭ measuresor notΚά

European SalmonellaControl programs:

PhenotypicroughSalmonellawith a Geno-serovarunder

EU-control (cat I/II) 

Ąα/ƻƴǘǊƻƭ measuresor notΚά

Comparisonof tool performancefor
serovarprediction



²Ƙŀǘ ƛǎ ƪƴƻǿƴ ǎƻ ŦŀǊΚ ²Ƙŀǘ ƛǎ άǊƻǳƎƘέΚ
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LPS-phenotypes of SalmonellaSerogroup B (Wenderleinet al unpublished)

Å Lack of understanding, no consensus on the virulence of LPS-rough Salmonella(equal, reduced?)

Å Most studies investigating LPS-rough Salmonellaspp. predating WGS era

Ą Let́ s try to find answerswith the WGS data we havenow!

Lipopolysaccharide-deficient Salmonella

Ґ ά[t{-ǊƻǳƎƘέ

- ΨǎŜƳƛ-ǊƻǳƎƘΩ(i.e., complete core plus 

parts of the O-antigen)

- ΨŘŜŜǇ-ǊƻǳƎƘΩ (truncatedcoreor

complete core, but no O-antigen)

- waa (core) and wba (O-antigen) gene 

cluster deficiencies
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SalmonellaΩǎ ƭƻǎǘ ǇƘŜƴƻǘȅǇŜΥ Implications of sequence-based serotyping 
on the characterization of lipopolysaccharide-deficient Salmonellaisolates
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WenderleinJ, StroehleinAJ, Pietsch M, Simon S, Szabo I, Malorny B, Lamparter MC, Fischer J. 2026. MicrobiolSpectr14:e02498-25. https://doi.org/10.1128/spectrum.02498-25

ÅWhich serovars?

Å Prevalences?

Å Clonaldistribution? Genetic 

diversity?

Å Associated geneticor

epidemiologicalfeatures

Geographicalorigin of roughand smooth isolates
(sequencedand un-sequencedisolates), n=12,166

BfR sequencedatabase(2019 and 2023), n= 5,090

https://doi.org/10.1128/spectrum.02498-25


Affectedserovarsand prevalencesin the NRL dataset
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Number of isolates for the most common serovars and the fraction of those that 
have an LPS-rough phenotype 

Ą ~ 5% of isolates exhibited an LPS-rough 

phenotype

Ą Serovarsundercontrol underthe most

commonroughisolates(46 serovars affected 

out of ~ 300 serovarsunderstudy)

Ą S. Choleraesuiswith highestnumberof rough

isolates



Epidemiomlogicalfeaturessignificantlyassociatedwith the LPS rough
phenotype
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Ą Environmental stressors?

Rate of LPS-rough isolates for each individual isolation matrix 

Overrepresentation of rough isolates in urine samples in humans 
(RKI data): 38.1% of all LPS-rough originate from urine, proportion 
of LPS-rough isolates per year 1.8ς2.4%

Overrepresentation of rough isolates in urine samples in humans 
(RKI data): 38.1% of all LPS-rough originate from urine, proportion 
of LPS-rough isolates per year 1.8ς2.4%

Wenderleinet al 2026. 

relative contribution of individual 
isolation matrices to the entire data 
set

LPS-rough isolates were significantly more 
commonly found in:

S. Choleraesuisfrom wild boar 
S. Typhimurium from pork products

Ą Environments (immune system?) of those 
matrices might trigger emergence of LPS-rough 
isolates for certain serovars?



Genetic featuressignificantlyassociatedwith the LPS roughphenotype
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Virulencefactors
- shdA(outer membranefibronectin-bindingprotein)
in LPS-roughSE and STM
- sspH2(type three effectorprotein) 
in LPS-roughS. Choleraesuis

ChromosomallylocatedIncQ1plasmidmarker
in monophasicSTM of a predominantgeneticlineagein Germany (cluster2)

Ą Indirect advantages in competitive environments 
for survival, colonization, infection for LPS-rough 
Salmonellastrains?

Ą Increased Tnpbased discruptionsof the wba
gene clusters in this lineage?

Lucarelli et al. 2012

Ą Chromosomalintegration via Tn21- and IS26 into fljBAoperon in EU ASSuTST34 clone 
Ą fljBAoperon a recombination hotspot



Transposase activity likely is a major molecular mechanism underlying LPS-
deficiency (Stroehlein, unpublished)
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Ą ISbaseddisruptionsof wba regionunder top 
6 featuresexplainingLPS roughphenotype

StroehleinAJ, unpublished

ONT-sequencing based reconstruction of wba gene clusters 
containing IS elements in serogroup B isolates



Persistenceand Genetic Diversityusinga cgMLSTbasedHierCCapproach
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cgMLSTa{¢ нл!5 {ǳōŎƭǳǎǘŜǊ αSΦ 9ƴǘŜǊƛǘƛŘƛǎψ/мάNumber and size of 20AD cgMLSTclusters and singletons per serovar



Persistenceand Genetic Diversityusinga cgMLSTbasedHierCCapproach
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cgMLSTa{¢ нл!5 {ǳōŎƭǳǎǘŜǊ αSΦ 9ƴǘŜǊƛǘƛŘƛǎψ/мάNumber and size of 20AD cgMLSTclusters and singletons per serovar

V High geneticdiversity, no apparent clonalpersistencebut sporadicand randomemergence

ĄMixed populations of LPS-smooth and spontaneously developed LPS-rough Salmonellaseem more likely than stable 

persistence of pure rough populations (confirmedby storiesfrom routine diagnostics)

V Occuringalso in outbreakclusters (datanot shown)

Ą Sequencedata valuablefor tracingback in outbreaks[(EU) 2025/179]

ά/ƻƴǘǊƻƭ ƛǘΣ ƎŜƴƻǘȅǇŜ ƻǾŜǊǿŜƛƎƘǎ ǇƘŜƴƻǘȅǇŜΣ ƳƛȄŜŘ ǇƻǇǳƭŀǘƛƻƴǎέ
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LPS-roughSalmonella, a phenotypethat shouldnot beƭƻǎǘΧ
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Ą Backwards compatibility via prediction of LPS-rough phenotypeto 

allow ongoing research in WGS era:  

Ą Decision tree based roughy tool:

Available on gitlab: https://gitlab.com/bfr_bioinformatics/roughy

Stroehleinet al (not published yet) 



Slide agglutination vs. GenoSerotyping: PolyphyleticSerovars
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Uelzeet al. 2020 

incorrect
inconclusive
no result

European SalmonellaControl programs:

Ą Genomicsdetailsvs. phenotype

Ą Expression of antigenencodinggenes

Ą Tool databasesvs. genomicscomplexity

Different methods, different results, also for
serovarsundercontrol, such asS. Enteritidis

Ąα/ƻƴǘǊƻƭ measuresor notΚά

European SalmonellaControl programs:

Ą Genomicsdetailsvs. phenotype

Ą Expression of antigenencodinggenes

Ą Tool databasesvs. genomicscomplexity

Different methods, different results, also for
serovarsundercontrol, such asS. Enteritidis

Ąα/ƻƴǘǊƻƭ measuresor notΚά

Comparisonof tool performancefor serovar
prediction



SISTR results for some serologically clear S. Enteritidis isolates *

genome serogroup o antigen h1 h2 serovar_antigen
mash 

serovar

mash

subspecies

cgMLST qc 

status
cgMLST qc_messages

cgmlst 

subspeci

es

cgmlst 

serovar 

final decision 

serovar

18-SA03348-0 D1 1,9,12 g,m,[t] - Pensacola|Sangalkam Wangata enterica WARNING

WARNING: Only matched 156 cgMLST330 

loci. Min threshold for confident serovar 

prediction from cgMLST is 297.0

enterica Stockholm
Pensacola|Sangal

kam

20-SA03032-0-

S2
D1 1,9,12 g,m,[t] - Pensacola|Sangalkam Wangata enterica WARNING

WARNING: Only matched 156 cgMLST330 

loci. Min threshold for confident serovar 

prediction from cgMLST is 297.0

enterica Stockholm
Pensacola|Sangal

kam

10-02942-0 D1 1,9,12 g,m,[t] - Pensacola|Sangalkam Eschberg enterica WARNING

WARNING: Only matched 156 cgMLST330 

loci. Min threshold for confident serovar 

prediction from cgMLST is 297.0

enterica Eschberg
Pensacola|Sangal

kam

20-SA03032-0 D1 1,9,12 g,m,[t] - Pensacola|Sangalkam Wangata enterica WARNING

WARNING: Only matched 156 cgMLST330 

loci. Min threshold for confident serovar 

prediction from cgMLST is 297.0

enterica Noya
Pensacola|Sangal

kam

The moment whenαStrangeritidisά ǿŀǎ bornΧ
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Other methods:
- SeqSero2: Enteritidis
- safAPCR: no Enteritidis
- prot6e PCR:     no Enteritidis (no pSENincFplasmid)
- 7MLST types:  ST3406 and ST3018

Enteritidis 1,9,12:g,m,[t]: -

Pensacola 1,9,12:m,t:(1,2)

Sangalkam 9,46:m,t:-

Stockholm 3,{10}{15}:y:z6

Eschberg 9,12:d:1,7

Noya 8:r:1,7

?
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Phenotypic serologically clear S. Enteritidis (SE) but genetically:

*normally SISTR reliably predicts S.Enteridtis and even differentiate S.Enteritids from S.Gallinarum
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The moment whenαStrangeritidisά ǿŀǎ bornΧ
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Other methods:
- SeqSero2: Enteritidis
- safAPCR: no Enteritidis
- prot6e PCR:     no Enteritidis (no pSENincFplasmid)
- 7MLST types:  ST3406 and ST3018

Enteritidis 1,9,12:g,m,[t]: -

Pensacola 1,9,12:m,t:(1,2)

Sangalkam 9,46:m,t:-

Stockholm 3,{10}{15}:y:z6

Eschberg 9,12:d:1,7

Noya 8:r:1,7

?
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Control it or not?

Å ContactedEURL-team, FX Weill (Pasteur, FR)

ÅWho isαStrangeritidisάΚ

Control it or not?

Å ContactedEURL-team, FX Weill (Pasteur, FR)

ÅWho isαStrangeritidisάΚ

Phenotypic serologically clear S. Enteritidis (SE) but genetically:

*normally SISTR reliably predicts S.Enteridtis and even differentiate S.Enteritids from S.Gallinarum
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Epidemiology in Germany:
- Sporadically but regularly received
- From diverse sources, including poultry
- So far, no outbreaks in Germany but sporadic human cases 

(slight increase in 2025)

HC900_10739

HC900_43000
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Genetically:
άǘǊŀƴǎƭŀǘŜέ Strangeritidis7MLST into HierCC900 (Enterobase):

ST3406 HC900_43000 
ST3018 HC900_10739
ST11, ST183 HC900_12 

V HowmanypolyphyleticSE lineagesexist?

V Prevalences?

V Differentiation via PCR assaysor 7MLST?

V HowmanypolyphyleticSE lineagesexist?

V Prevalences?

V Differentiation via PCR assaysor 7MLST?

Strangeritidis= polyphyleticS. Enteritidis

αStrangeritidisά



PolyphyleticS. Enteritidis in Enterobase: PhenotypeEnteritidis but not 
HC900_12 (preliminary data)
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ST    n
1    11  507
2   183  104
3  1974   23
4  3233   7
5  1925   4

6  4641   3
7  5722   3
8  5967   3

9  8299   3
10   136   2

11   366   2
12  5750  2

13  7106   2
14  8062  2
15  9739  2

16 1315   1
17   745   1
18   814  1
19  5463   1
20  5488    1
21  5685  1
22  6022   1
23  6189    1
24  7634   1

25  7718   1
26  8302   1
27  8756   1
28  9039   1
29  9047   1

30 10319  1

HC900 ST n

1  43000 3406 123

2   2226  1975 34

3 165528 5492 17

4   6961   77 13

5   1570  1972 6

6  59500  3868 6

7 3741 5

8   3589   180 4

9  10739 3018 4

10 5207 4

11  20591  1971 3

12  43000  4835 2

13  59500 12049 2

14 290151  8943 2

15     25 7756 1

16  10739  9962 1

17  20591 10809 1

18  43000  5194 1

19 8006 1

20 10975 1

21 11981 1

22  59500 6093 1

23 6212 1

24 165528 6005 1

25 191550  6435 1

26 264570 9642 1

27 377412 10791 1

SE HC900_12:

Dr. Jennie Fischer | EURL Workshop | 12.05.2026 | Zaandam

- Definition of Quality Criteria(QC)! for Enterobasedata
Ą Phenotypicconfirmationof serovarrepresentatives

SE non-HC900_12:

27 MLST types for 

14 polyphyletic 

Enteritidis lineages

27 MLST types for 

14 polyphyletic 

Enteritidis lineages

30 MLST types for 

άǘǊǳŜέ 9ƴǘŜǊƛǘƛŘƛǎ ƻŦ 

HC900_12

30 MLST types for 

άǘǊǳŜέ 9ƴǘŜǊƛǘƛŘƛǎ ƻŦ 

HC900_12

Ą Differentiation via 7MLST ambiguous (Single Locus Variants)

ĄWhat about classical PCR results?
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In silicoPCR analysis: Definition of a dataset(target vsnon target serovars) 
- preliminary

ώΧϐ

ώΧϐ

SE phenotypicallyαsimilarάΥ мнκфΥƎκƳΥ-/[] + S.Gallinarum
(28 serovars, n = 1027)

SE geneticallyαhighlysimilarά Ґ ƴƻƴ-SE HC900_12
(5 serovars, n = 9)

{9 αƴƻƴ-similarά Diverse other serovars/ HC900 
(n=1500)

Target αtrueά {9 I/фллψмн όƴҐсупύ
Target? αStrangeritidisά όƴҐноуύ

Achtmannet al.2012



S. Enteritidis PCR targets
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prot6e: pSEplasmidassociated, lessrobust (i.e. onecommonvaccinestrainlackspSEplasmid)
sdf: Not asspecificassafA(Agron 2001, Azinheiro2018)

safA: different assaysin the literature (Maurischat2015, Andrade et al 2024, Garrido-Maestu2017)
αentάΥ Ceyssenset al 2024
αS_EnteritidisάΥ da Silva et al. 2025
αL9άΥ Wang et al 2002 Five assayscheck in silico(LAMP PCRs excluded) 

target name direction sequence_5_to_3 probe source

PCR 

product target

safA fw GGTTGCTAACACGACACTG CTCCTCCCATTCCACATTTGCG Maurischat 2015 166 safA

rv TGGGGCATTGGTATCAAAG Maurischat 2015

ent fw CCGCCCAGCTCATATTTCT CCTCCGGCGGAAGTTCGTTAACAG Ceyssens et al 2024 117 exodeoxyribonuclease [Salmonella enterica subsp. enterica serovar Enteritidis]

rv CGGATTCGAACCGACAGATT Ceyssens et al 2024

S_Enteritidis fw TCTGGGACGCCAAAAAGC TCAAACTTACTCAGGAGATCGCCGCTG da Silva et al. 2025 84

transcriptional regulator [Salmonella enterica] / helix-turn-helix domain-containing protein, partial [Salmonella 

enterica]

rv TGACGGTAGATTGTGTCTCAAAGC da Silva et al. 2025

IE1 fw AGTGCCATACTTTTAATGAC Wang et al 2002 316 IS200/IS605 family transposase [Salmonella enterica]

rv ACTATGTCGATACGGTGGG Wang et al 2002

IE2 fw GGATAAGGGATCGATAATTGC Wang et al 2002 559 IS200/IS605-like element IS200F family transposase, partial [Salmonella enterica]

rv GGACTTCCAGTTATAGTAGG Wang et al 2002

safA fw TGCTGGTAGTGCATGGAA Andrade et al 2024 LAMP, safA ïaccession number EF113953

rv AGTTATTGGGTACGTATCAGG Andrade et al 2024 LAMP, safA ïaccession number EF113953

safA fw GCCATGACCTCTGCTCATATTATTATGGTAAAAATAGTGGCACGAT Andrade et al 2024 LAMP, safA ïaccession number EF113953

rv

GGAGCTGGTTCACCTTTGATACGGGATATTCTGAGCCCCTA

T Andrade et al 2024 LAMP, safA ïaccession number EF113953

safA fw TTTGAGAAGCCCACAGTGAGT Andrade et al 2024 LAMP, safA ïaccession number EF113953

rv CAATGCCCCACTTGATATTGTTACA Andrade et al 2024 LAMP, safA ïaccession number EF113953

safA fw GTTGCTAACACGACACTGGAC Garrido-Maestu 2017 100 LAMP, safA ïaccession number EF113953

rv GTGGGATATTCTGAGCCCCTAT Garrido-Maestu 2017 LAMP, safA ïaccession number EF113953

safA fw AGCCCACAGTGAGTATCGTGCGCTGCTGGTAGTGCATGG Garrido-Maestu 2017 600 LAMP, safA ïaccession number EF113953

rv

CAGAGGTCATGGCGCGCAAATGGCATTGGTATCAAAGGTG

A Garrido-Maestu 2017 LAMP, safA ïaccession number EF113953

safA fw TGTTTTCCTCTCCCCAAG Folkesson 1999 safA variant not SE

rv CACCCCATTCCATTTTTC Folkesson 1999 safA variant not SE

LAMP PCR



Prelimiaryresultsof in silicoPCR anaylsis
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PCR assay sensitivity specificity

1 PCR_IE1                 100.         54.1

2 PCR_IE2                  99.1        54.0

3 PCR_safA 99.7      99.7

4 PCR_S_Enteritidis        99.1       99.5

5 PCR_ent                98.8        99.7

In silicoPCR sensitivityand specificityfor S. Enteritidis 
HC900_12 detection

Ą IS transposasebased(Wang et al) not suitable

Ą Maurischat, Ceyssensand da Silva perfomreliably

(caveat: preliminarydataset)

Ą IS transposasebased(Wang et al) not suitable

Ą Maurischat, Ceyssensand da Silva perfomreliably

(caveat: preliminarydataset)

In silicoPCR for HC900_12 non-SE 

Ą All primersreliablydetectall serovarsof HC900_12 

(no serovardifferentiationwithin HC900_12)

Ą safAabricateanalysisconfirmedthat no safAallele is

specificfor HC900_12 Enteritidis

Ą All primersreliablydetectall serovarsof HC900_12 

(no serovardifferentiationwithin HC900_12)

Ą safAabricateanalysisconfirmedthat no safAallele is

specificfor HC900_12 Enteritidis



Prevalences? Preliminarydata from EnterobaseΧ

24

- Enterobasedatafrom Countries with implementedand 
regularilypublishedsurveillancedata(human sector)

- Rare datafrom non-human sector
- Travel informationnot (yet) included

Outbreakin Australia causedby polyphyleticS. Enteritidis 
ST5438 of HC900_1570 



Phylogeny in other Salmonellaserovars, e.g. S. Typhimurium
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Yang L et al 2025, doi: 10.3389/fmicb.2025.1547190

Yang L et al 2025:

100 most commonserovarson NCBI (pathogen detection):

- Classicalserologyґ naturalSalmonella populations

- More polyphyletic serovars than previously known 

- Polyphyleticserovarscontainmore lineagesthan

previouslythought

- Many polyphyletic lineages contain only a few isolates 

Ą IS200target in ISO 6579-4:2025?



More Literatureon SalmonellaGeno-serotyping
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Yanget al 2025 (US):

Antigen prediction
plus

αphylogenetically
informative 
approachά

Deng et al 2025 (US):

Antigen prediction
plus MLSTfor

complementary
subtyping

(SeqSeroS2)

Chattawayet al 2021 
(UK): 

MAC-typing (Major 
AntigenicClusters 
within an ST) plus 
antigenprediction

Ramachandranet al 
2026 (US):

Antigen prediction
plus bettercallsaI

Currentstudy(EU):

Antigen prediction
plus HierCC

(and SISTR)

Antigen predictiont[¦{ αphylogenyά 

Next stepin WGS era: A newSalmonella nomenclaturemight come, arewe readyfor that?Next stepin WGS era: A newSalmonella nomenclaturemight come, arewe readyfor that? αWhat to controlΚά



Thank you! Dankeschön!
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EURL Team! 
NRL for Salmonella Germany!
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Burkhard Malorny

CarlusDeneke

FX Weill & Team!
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