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Abstract

A ring trial among five European laboratories was organized to reach consistency in microsatellite (MS) typing of the
zoonotic parasite Toxoplasma gondii. Three sample sets were circulated and analyzed by each laboratory following a previ-
ously published method that is based on fragment length polymorphism of 15 MS markers. The first sample set compared
typing results in general and focused on effects of DNA concentration; the second sample set focused on the polymorphic
fingerprinting markers that can differentiate 7. gondii strains within the same archetypal lineage; and the third set focused
on non-archetypal genotypes. Methodological variations between laboratories, including the software programs used to
determine MS fragment length, were collated using a questionnaire. Overall, lineage-level typing results reached a high
level of agreement, especially in samples with the highest DNA concentrations. However, laboratory-specific differences
were observed for particular markers. Major median differences in fragment length, of up to 6 base pairs, were related to the
fluorophore used to label fragment-specific primers. In addition, primer pairs with identical sequences obtained from dif-
ferent suppliers resulted in fragments of differing length. Furthermore, differences in the way the sequencing profiles were
assessed and interpreted may have led to deviating results in fragment length determination. Harmonization of MS typing,
for example, by using the same fluorophores or by numerical adjustments applied to the fragment-lengths determined, could
improve the uniformity of the results across laboratories. This is the first interlaboratory comparison, providing guidelines
(added as a supplement) for the optimization of this technique.

Keywords DNA quantification - Interlaboratory comparison - Toxoplasmosis - Genotyping - Subtyping

Introduction and polymorphic in the genomes of virtually all organisms
[12]. For T. gondii typing, usually a set of up to 15 mark-
ers located on 11 different chromosomes of the 7. gondii

genome is used, including eight lineage typing markers

Toxoplasma gondii is a zoonotic protozoan parasite that uses
domestic cats and other felids as definitive hosts and causes

clinical disease in both humans and animals [1-4]. It was
recently ranked second out of 24 important foodborne para-
sites in Europe [5-7].

Globally, T. gondii has a complex population structure
[8]. While populations of this parasite in many regions of
the world belong to few clonal lineages [9], those observed
in South America are much more diverse [8, 10].

A frequently used genotyping technique targets micros-
atellite (MS) sequences [11]. MS sequences are ubiquitous
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(B18, M33, TUB2, XI.1, TgM-A, W35, 1V.1, and B17) and
seven fingerprinting markers (N61, M48, N83, N82, N60,
M102, and AA). Fingerprinting markers are more polymor-
phic and were shown to resolve different isolates, applicable
to both archetypal (type I, 11, or III) and non-archetypal line-
ages [11].

MS sequences need to be amplified by multiplex or sin-
gleplex PCR using primer pairs, with one of the primers per
pair labeled by a fluorophore. Subsequently, amplicons are
separated on a capillary sequencer, including a size standard
in each run, which allows determination of the lengths of
the amplified MS fragments. Usually, three different fluo-
rophores are used, which allows examination of a larger
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number of amplified fragments simultaneously in a single
run on the capillary sequencer [11].

Another frequently used technique to type T. gondii is
PCR-restriction fragment length polymorphism (PCR-
RFLP), which can resolve T. gondii genotypes, but is—in
contrast to MS typing—Iess suitable for differentiating
parasites of the same lineage. PCR-RFLP T. gondii typing
involves multiplex or singleplex PCR to amplify up to 11
markers, which are distributed over eight chromosomes, and
the apicoplast [13].

Multilocus MS typing is used by many laboratories
around the world [9, 14—17]. It is largely unknown, however,
to which extent the lineage typing and fingerprinting results
obtained by different laboratories are comparable. This is a
challenge as a One Health approach, e.g., combining larger
data sets on T. gondii genotypes from different sectors and
across countries, which is needed to better understand the
molecular epidemiology and transmission pathways of T.
gondii.

To evaluate consistency in 7. gondii MS typing, a ring
trial was established among five European laboratories. Lab-
oratories had different levels of experience with this typing
technique, had slightly modified the original protocol, and
used—at least in part—different laboratory equipment, rea-
gents, and software. This ring trial led to the identification of
major reasons for differences in MS typing. The results were
used to establish harmonized guidelines for laboratories on
implementing MS typing of 7. gondii.

Materials and methods
Participating laboratories

Five European laboratories (A-E) participated. One labo-
ratory (B) had previously established and published a MS
typing method and served as the reference laboratory [11].
Another laboratory (C) had introduced the technique 4 years

ago, one laboratory (E) 2 years ago, and the two remaining
laboratories (A and D) very recently. Laboratory E organized
sets of samples, shipment, and collection of results.

Origin of samples

The ring trial was divided into three consecutive parts. The
first part was planned to assess the capacity to type arche-
typal lineages of T. gondii, types I, 11, and III, and evaluate
the effect of DNA concentration on the accuracy of results.
The samples comprised DNA aliquots collected from refer-
ence strains belonging to the three lineages types I, II, and
IIT with RH [18], ME49 [19], and NED [20], respectively,
in different dilutions. In addition, a sample from a type II
X III recombinant strain (D200273; DNA of the T. gondii
isolate TGA32090; provided by the Biological Resource
Centre (BRC) Toxoplasma [http://www.toxocrb.com/]) was
included (Table 1). Samples with the two highest DNA con-
centrations were provided only once, while the three lowest
concentrations were provided two to four times in the panel.

The second part was planned to assess the ability to dis-
criminate different 7. gondii type 11 strains using fingerprint-
ing markers (Table 2). The DNA samples corresponded to
10 different 7. gondii type Il isolates, as confirmed by PCR-
RFLP, and were provided in duplicate in the panel. Concen-
trations of DNA were adjusted so that they were similar to
the 107! dilution of the first part.

Finally, the last part was established to confirm that the
laboratories were able to identify non-archetypal geno-
types by MS typing. The panel consisted of DNAs from
non-archetypal T. gondii strains (n = 7) and two archetypal
strains (n = 2), provided in duplicate (Table 2). Concentra-
tions of DNA were similar to those of the 10~! dilution of
the first part.

For each part, T. gondii DNAs were diluted in bovine
carrier DNA with a concentration of 100 ng/pL. Two sam-
ples (first part) or one sample (second and third parts) of
bovine carrier DNA alone was included as negative con-
trols. The trial was blinded for all participants, including the

Table 1 Composition of the

Concentration Sample dilution in bovine carrier DNA Number
sample set of the ﬁrst part qf of repli-
the ring trial on microsatellite RH (10 ng/pL) ME49 (10 ng/ NED (10 ng/ D200273* (10 cas
typing of Toxoplasma gondii pL) pL) ng/pL)

Dilution 1 107! 107! 107! 107! 1

Dilution 2 1072 1072 1072 1072 1

Dilution 3 1073 1073 1073 1073 2

Dilution 4 107 1074 107 1074 4

Dilution 5 1073 1073 1073 1073 4

Negative control Bovine carrier DNA (100 ng/pL) 2

#D200273: DNA of the T. gondii isolate TGA32090; provided by the Biological Resource Centre (BRC)

Toxoplasma
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Table 2 Composition of the sample sets of the second and third parts of the ring trial on microsatellite typing of Toxoplasma gondii
Sample no. DNA Ctvalueat BRC *iden- Sample ID, alter- Country of Host References Type, Number
in second identifier of laboratory tifier native name origin ToxoDB#  of repli-
part and providing E as deter- cas
third part  laboratory mined by
of the ring PCR-RFLP
trial in labora-
tory E
2-1 D200109 18.22 NA V15-2, E-EU- Czech Tiger This study TypeILL#3 2
ELP-5 Republic
2-2 D200111 18.29 NA V17-1, GER- Germany Wild boar  [21] Type I, #3 2
EJP-10
2-3 D200113 18.43 NA P17/2479, GER-  Germany Cat This study TypeIL,#3 2
EJP-7
2-4 D200114 17.28 NA P17/2480, GER-  Germany Cat This study TypeIL,#3 2
EJP-6
2-5 D200118 19.50 NA V16-4, W-EU- Austria Cat This study  Type IL, #1 2
EJP-1
2-6 D200119 20.19 NA V16-5, GER- Germany Cat This study Typell,#3 2
EJP-8
2-7 D200121 19.02 NA V16-7, W-EU- Austria Cat This study TypeIl, #1 2
EJP-2
2-8 D200127 17.52 NA V30-3, GER- Germany Chicken This study  Type I, #1 2
EJP-3
29 D200129 18.27 NA V87-2, E-EU- Czech Wildcat This study Typell,#3 2
EJP-3 Republic
2-10 D212556 19.54 NA V10-1, GER- Germany Deer [21] Type I, #3 2
EJP-1
2-11 Negative NA Not applica- Not applicable Not applica- Notappli- Not appli- Not appli- 1
control, ble ble cable cable cable
Bovine
carrier
DNA
3-1 D221394 20.27 TgA119002 BENINO2, Benin Chicken [22] Africa 1 2
P19S1AJ6
3-2 D221396 19.94 TgA105034 GABONO3; Gabon Cat [23] 1 2
GABI-FEL-
CATO001
3-3 D221397 19.19 TgA105033 GABONO2, Gabon Goat [23] III variant 2
GAB1-2007-
CAP-AEG004
3-4 D221398 18.40 TgH19006A FRENCH- French Human [24] Amazonian 2
GUIANA1S, Guiana
GUYS006-BAY
3-5 D221399 19.32 TgH18013A FRENCH- French Human [24] Amazonian 2
GUIANALIL, Guiana
GUY013-2004-
LAB
3-6 D221400 18.52 TgH40002A GUADE- Guadeloupe Human [23] Caribbean 2 2
LOUPEQ2,
PAP002-2010-
GOM
3-7 D221401 17.73 TgA18009 FRENCHGUI- French Dog [23] Caribbean 1 2
ANAO1, GUY- Guiana
CAN-FAM-009
(CH29)
3-8 D221402 18.38 TgH16012A MARTINIQUEO3, Martinique Human [23] Caribbean 3 2
FDF012-MAN
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Table 2 (continued)

Sample no. DNA Ctvalueat BRC *iden- Sample ID, alter- Country of Host References Type, Number
in second identifier of laboratory tifier native name origin ToxoDB#  of repli-
part and providing E as deter- cas
third part laboratory mined by
of the ring PCR-RFLP
trial in labora-
tory E
3-9 D221403 19.19 TgA117041 SENEGALI17, Senegal Chicken [23] Im° 2
160622Gdom02

3-10 Negative NA Not applica- Not applicable Not applica- Not appli- Notappli- Not appli- 1

control, ble ble cable cable cable

bovine

carrier

DNA

Biological Resource Centre (BRC) Toxoplasma. ®Designated as type II in literature although W35 showed a variation from type II pattern (244

bp instead of 242)

organizing laboratory (E); only in the third part, the opera-
tors knew about the non-archetypal nature of some of the
isolates included, but were unaware of the identity and order
of the samples.

Irrespective of laboratory-specific protocols, each labora-
tory was asked to use 5 pL template DNA per reaction in the
multiplex typing PCR.

After completing each part, interlaboratory divergences
were assessed and discussed among the participants. All lab-
oratories tried to improve their protocols and procedures for
the subsequent part. The aim was to improve the individual
typing results of each of the participating laboratories and
to harmonize MS typing by using and extending the internal
guidelines of laboratory B.

Questionnaire to asses divergence from original
method

A questionnaire was distributed to collate the technical and
methodological details in each laboratory. During online
meetings, further details on individual protocols, such as
use of particular rules to analyze sequencing profiles, were
recorded.

Statistics

After reception of the data, all results were computed in
tables for each part and studied separately (Supplementary
File Table 1). For each sample, the coded number of the
organizing laboratory and of the external laboratory was reg-
istered in an EXCEL file along with the operator, the soft-
ware used, the typing results, the Ct value obtained by initial
real-time PCR, the sample volume used for the reactions, the
identified genetic type, and the number of typing markers
identified. To compare the results among laboratories, the

@ Springer

R software (R version 4.1.2, https://cran.r-project.org/) was
used for linear regression and specifically, the R packages
“binom,” “ggpubr,” “ggplot2,” and “cowplot” for calculating
confidence intervals and preparing graphical representations
of the results.

99 ¢

Results
Questionnaire results

All participants used the MS typing technique as reported
previously [11]. However, questionnaire data and subse-
quent communication during online meetings revealed a
number of deviations from the original protocol, even in the
laboratory where the method had been initially established
(laboratory B). Interestingly, one of the laboratories (A) had
replaced the fluorophore HEXp, with VICy,, another (D) had
replaced NEDp, with TAMRAG,, and two laboratories (B, E)
had replaced NEDp, with Atto550g,, for three or two of the
MS marker regions, respectively (Table 3).

Further differences were related to the types of sequenc-
ing devices, the size standards, and the software used
to assess the fragment length of amplified MS regions
(Table 4).

PCR results to quantify T. gondii DNA in samples

In the first part, linear regression analysis of the Ct values
reported by each laboratory on serially diluted DNAs of ref-
erence isolates revealed R” values between 0.577 and 0.710
for individual laboratories (Fig. 1; Table 5). Comparison of
the individual regression line equations revealed that the Ct
values reported by the laboratories differed. Laboratories D
and E reported the lowest Ct values and laboratories A and
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Table 3 Sets of fluorophores

. Group of markers Laboratory

used by the laboratories (A-E)

participating in a ring trial A B C D E

on microsatellite typing of

Toxoplasma gondii Ne61, B18, M33, M48, TUB2, N83,XI.1  6-FAMp 6-FAMy  6-FAMy  6-FAMp 6-FAM,
N82, TgM-A, W35, IV.1, B17 VIC HEXg, HEXy, HEXj, HEX,
N60, M102 NEDy Atto550y  NEDg TAMRAp  Atto550g
AA NEDj, NEDg NEDg, TAMRAg  Atto550,

B the highest for the same given strain (Table 5). Overall,
the pairwise comparisons between Ct values reported by
the different laboratories revealed R* values between 0.94
and 0.84. The proportions of recognized positive samples
ranged from 85.4% (laboratory D) to 100% (laboratory B)
(Table 5). All laboratories reported negative results for nega-
tive control samples.

Typing archetypal T. gondii and impact of DNA
concentration

The identification of the genetic type of samples was based
on lineage typing markers (TUB2, W35, TgM-A, B18, B17,
M33, IV.1, and XI.1). The proportion of correct identifica-
tions of the canonical types I, II, and III and a type II X
III recombinant decreased depending on the dilution of
the samples. If a participant had added a question mark to
the result or provided an ambiguous typing result, NA was
recorded. There were no differences in the typing results
between the two software tools used by laboratory A and
the two operators from laboratory E.

At the highest DNA concentrations, the 1st and 2nd dilu-
tions, 71% (20/28) and 75% (21/28) of the results provided
by all participants were correct. At the two following con-
centrations (3rd and 4th dilution), 52% (29/56) and 32%
(36/112) of the typing outcome reported were correct. In
contrast, the 5th dilution analysis revealed no (0/112) cor-
rect identification (Fig. 2). Overall, not only the proportion
of incorrect typing results increased with higher dilution of
the 7. gondii DNA, but also the proportion of undetermined
types, i.e., from 18% (5/28) or 14% (4/28) for the 1st and 2nd
dilution to 41% (23/56), 62% (69/112), or 88% (98/112) for
the 3rd, 4th, and 5th dilutions, respectively (Fig. 2).

If only the results for dilutions 1, 2, and 3 were included,
small differences of up to minimum or maximum deviations
of 2 bp relative to the results provided by the reference labo-
ratory (B) were often recorded. In 27 cases, minimum or
maximum values exceeding 2 bp were observed (Table 6).
Most (63%; 17/27) deviations occurred in results reported
by laboratory A. Some of the deviations were extreme and
ranged up to 28 or 30 bp (laboratories A and C; Table 6).

Median differences in the typing results relative to ref-
erence laboratory B were not equally distributed among
the laboratories. Overall, the majority (70%; 16/23) of the

major differences (i.e., median differences > 1 bp) occurred
in particular markers, for which participants employed
primers labeled with different fluorophores compared to
reference laboratory B. In lineage typing, major differences
were only observed between laboratory A and the refer-
ence laboratory (100%; 4/4). In the affected marker regions,
laboratory A had used VIC, instead of HEXy; to label frag-
ments (Table 6). In fingerprinting analysis, all laboratories
reported differences of > 1 bp relative to laboratory B.
Of 20 differences, 12 occurred in cases with differences
in labeling (Table 6). If only median differences of > 2
bp were counted, 78% (7/9) of the differences occurred
in cases with differences in fluorophore labeling (NEDg,
instead of Atto550g, and vice versa, and TAMRAy, instead
of NEDy; details on primer labeling in Table 3).

Based on the results of the first part of the ring trial, it
was observed that the fluorophore attached to primers for
amplification of MS markers may have had an impact on
the fragment sizes determined by capillary sequencing
(Table 7). Thus, the literature on this topic was reviewed
and differences in publications on the MS typing of RH,
ME49, and NED strains were observed on 20 occasions
(Table 7). In the vast majority of these cases (n = 17), the
laboratory had used an alternative to the originally reported
fluorophore, i.e., HEXp, was replaced with VICg,, NEDg,
with Atto550g,, or NEDp, with TAMRAy, (Table 7). Also,
the reference laboratory B had recently started to replace
NEDy, with Atto550g, for the amplification of the N60g, and
M102g, markers (Table 7).

Fingerprinting T. gondii type
Divergences in fragment length determination

Fingerprinting markers (M48, M102, N60, N82, AA, N61,
and N83) can be used to differentiate strains within the same
lineage. In the second part of the ring trial, laboratories B
and E reported identical fingerprinting results in all regions
of the duplicates of 10 different strains, i.e., on 70 occasions
(10 strains, seven fingerprinting regions). While laboratory
A reported non-existing differences in two (3%), laboratories
C and D reported non-existing differences in seven (10%) or
18 (25%) of 70 occasions, respectively (Table 8).
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Fig. 1 Real-time PCR results to quantify specific DNA in the samples
of the first part of the ring trial on Toxoplasma gondii microsatellite
typing according to the dilution of samples. A Median, 25-75% quan-
tile (box), minimum and maximum (whiskers) of Ct values reported
by all participants of the ring trial. B Median, 25-75% quantile (box),
minimum and maximum (whiskers) of Ct values stratified for labora-
tories participating in the ring trial (Lab)

Interlaboratory divergence in fragment length
determination

In the second part of the ring trial, most of the differences
recorded relative to reference laboratory B did not exceed
minimum or maximum deviations of >2 bp. Unlike in
the first part of the ring trial, minimum or maximum val-
ues exceeding 2 bp were observed in less cases (n = 10;
Table 9). Most (60%; 6/10) of these deviations occurred in
results reported by laboratory A. However, deviations were
far less extreme as compared to the first part and ranged up
to 6 bp in one laboratory (laboratory E; Table 9).

Typing non-archetypal T. gondii strains

Divergence in fragment length determination in duplicated
samples

In the third part, not only fingerprinting, but also typing markers
varied between the isolates. Since the samples had been pro-
vided in duplicate, it was possible to assess the extent, to which
duplicates were correctly recognized. Compared to the second

part of the ring trial, the ability to recognize samples with iden-
tical profiles increased for all laboratories except laboratory C
(i.e., n =7 in second part but n = 10 in third part). The results
for one marker (IV.1) were not available for analysis in the case
of one isolate (FRENCHGUIANA15) in laboratories A, C, and
E, because they failed to amplify this marker (Table 10).

Interlaboratory divergence in fragment length
determination

In the third part, most of the differences recorded relative
to reference laboratory B did not exceed minimum or maxi-
mum deviations of > 2 bp. Compared to the other parts of
the ring trial, minimum or maximum values exceeding 2 bp
were observed in a small number of cases (n = 7; Table 11).
The majority (71%; 5/7) of such deviations occurred in the
results of laboratories that had chosen fluorophores that dif-
fered from those used by the reference laboratory (Table 11).

All laboratories correctly identified archetypal T. gondii
type III or type II variants, although laboratories C and D did
not report the variation in this isolate (Table 12). All labo-
ratories, except laboratory C, recognized all non-archetypal
strains as such. Laboratory C misclassified Africa 1 as type
I, and the Caribbean 1, 2, and 3 as type III, and for two
Amazonian isolates the result “Unclassified” was provided.
All remaining laboratories, except laboratory C, correctly
identified Caribbean 1, 2, and 3, determined the Amazonian
isolate as Unclassified or as Amazonian, and the type IlI-like
isolate as Unclassified (laboratory D), type III variant (labo-
ratories B and E), or South American 4-like (laboratory A).

Effects due to use of different fluorophore labeling
and different suppliers for primers

To confirm that the different fluorophores used caused differ-
ences in the apparent sizes of amplified PCR products, compara-
tive experiments were performed using the DNAs from RH,

Table5 Summarized results of the linear correlation between Ct
value and DNA concentration in the samples of the first part of the
ring trial on microsatellite typing for Toxoplasma gondii

Laboratory  R? Regression line equa- Proportion of

tion positive samples
recognized

A 0.606  y=—1.142In(x) + 97.9%
21.554

B 0.653 y=—1.035In(x) + 100%
21.818

C 0.710  y=—1.075In(x) + 95.8%
19.083

D 0.577  y=-0.974In(x) + 85.4%
18.629

E 0.596 y=-—1.0lIn(x) + 18.196 93.8%
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Fig.2 Relationship between Correct typing
typing results and DNA con-
centration: Proportion and 95%
confidence intervals of correct
(green) and false (orange) typ-
ing or typing not possible (blue)
in the samples of the first part
of the ring trial on Toxoplasma
gondii microsatellite typing
according to the dilution of
samples for all laboratories

and operators (i.e., type I, II,
111, or II x III recombinant).
Note: Number of replicas per
strain DNA varied according to
sample dilution (please refer to
Table 1)
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MEA49, and NED reference strains and the primer pairs corre-
sponding to the marker regions N60, M102, and AA provided
by the different laboratories, labeled with NEDy, TAMRAy; or
Atto550g,. Capillary sequencing as well as the assessment of
profiles was done in laboratory E. The results obtained in labora-
tory E using reagents provided by reference laboratory B were
identical with those previously obtained by laboratory B.
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NEDy,-labeled N60 fragments were 4 to 5 bp shorter
and M102 fragments 2 bp shorter as compared to the
Atto550g-1abeled reference (Table 13). TAMRAp-labeled
N60 was 2 bp shorter compared to Atto550g-labeled ref-
erence, while the M102 fragments had the same length.

Table 6. Resglts of the first part Marker
of the ring trial on microsatellite
typing for Toxoplasma gondii

Median differences [minimum; maximum] in fragment size relative to the results of
laboratory B stratified by laboratory operator or software

in relation to results provided A-17 A-2% C D E-1° E-2"
by laboratory B as a reference: - -
Median [minimum; maximum] Lineage typing marker
differences in length observed B18 0[- 1;0] 0[-1;0] 0 [0;4] 0[0;0] 0 [0;0] 0[0;0]
for eft‘Ch maTgeS %"“t‘garei o the M33 0[0:2] 0[0:2] 1[0;1] 01[0:0] 0[0:0] 0[0:0]
results provided by the reference ) i i i i i
laboratory (laboratory B). TUB2 0 [0;0] 0 [0;0] 0[0;0] 0 [0;0] 0 [0;0] 0 [0;0]
Median differences exceeding XI1 010;1] 010;1] 010:1] 010;01] 010501 010,01
1 bp are typed in bold. TegM-A 0[0;11° 0[=12;1]° 0[- 1;0] 0[0;0] 01[050] 01[050]
Mmm;lm ;nlf maXImglealgeS W35 3[0;31° 3[0;31° 0 [0:0] 0 [0:0] 0 [0;0] 0 [0;0]
exceeding 2 bp are underline - e i i i i
and in italics. Note: The use v 2 [=4;2] 2 [=4;2] 0[0;1] 0[0;2] 0[0;0] 0[0;0]
of Atto550 for N60 and M102 B17 0[=428]° 0[- 1;28]° 0[0;1] 0[-2:0] 0100] 000]
by reference laboratory B was Fingerprinting marker
a dfglzt“ﬁffom lthf‘: original N82 2[0:2° 2[1;91 2[0:15] 0[0;2] 0[0:0] 0[0:0]
method. The analysis was i i i .. i i
restricted to sample dilutions 1, N6l 411101 3110 010:30] 0[=20] 010:01 010:01
2, and 3 M43 1[=3;2] 1[-2;2] 1[=3;3] 01[0:2] 0 [0;0] 0[0;0]
N83 —-1[-1;0] —-1[-1;0] 0[0;2] 0 [0;0] 0[0;0] 0 [0;0]
N60 -5[=50"  —4[=501' -5[=50" 1[-L1° 1[L1] L[L1:1]
M102 -2[=70" -2(=Z701' —2[=301" 2[=44]° 2[0;2] 2[0:2]
AA 2[0:5] 2[0;3] 210;2] 1031 3.51(3:3% 3.51(3:3¢

“In laboratory A, two different software tools were used, i.e., Peak Scanner 2.0 (A-1) or Osiris (A-2). Yn

laboratory E, two operators (E-1

, E-2) assessed raw data, i.e., electrophoresis profiles; Differences to refer-

ence laboratory: °VIC, instead of HEXp; NEDy, instead of Atto550g; “TAMRAp, instead Atto550; 'TAM-
RAy, instead of NEDg; #Atto550y, instead of NEDg,
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Table 7 Results of the first part of the ring trial on microsatellite typ-
ing for Toxoplasma gondii in relation to literature data: Median dif-
ferences in length observed for each marker of reference strains com-
pared to the results provided in literature, i.e., for RH [31] or ME49
and NED [32]. Only markers are listed, for which laboratories used

other fluorophores than those reported in the original reference. In
the case of median differences exceeding 1 bp, entries are typed in
bold. Fluorophores, different from the original description, are also
indicated in bold. The analysis was restricted to sample dilutions 1,
2,and 3

Marker Median differences in fragment size relative to literature, number of observations, fluorophore stratified by laboratory opera-

tor or software

A-1? A-22 B D E-1° E-2b
N8§2 1.6,n=12, VICy 1.6, n=11,VICy 0,n=12,HEXy 2,n=10,HEXy O0,n=11,HEXy 0,n=12,HEXy 0, n=12, HEXy
TeM-A  0.4,n=11,VICy 0.5,n=10,VICy 0,n=12,HEXy 0,n=10,HEXy 0,n=11,HEXy 0,n=12,HEXy 0, n=12, HEX
W35 29,1n=9, VICy 2.8,n=9,VICy, 0,n=9,HEXy  0,n=8,HEXy  0,n=11,HEXy 0,n=12,HEXy 0,n=12, HEXy
V.1 2, n=9, VICy, 2,n=10,VICy  0,n=12,HEXy 0,n=7,HEXy  0,n=11,HEXy 0,n=12,HEXy 0,n=12, HEXy
B17 —0.3,n=9, VICy —0.35, n=10, 0,n=12, HEXy 0,n=8, HEXy  0,n=11,HEXy 0,n=12,HEXy 0,n=12, HEXy
VIC,,
N60 —0.2,n=11 - 0.3, n=11, 4, n=12, — 1, n=10, 5, n=12, 5, n=12, 5, n=12,
NEDy, NEDy, Atto550, NEDy, TAMRA, Atto550, Atto550,
M102 - 0.5, n=9, — 0.3, n=9, 2, n=11, 0,n=9,NEDy,  4,n=12, 4, n=12, 4, n=12,
NEDg, NEDg, Atto550 TAMRA Atto550 Atto550
AA 1.8, n=11,NEDy 1.6, n=11,NEDg 0,n=11,NEDy 2,n=7,NEDy  3,n=12, 3, n=12, 3, n=12,
TAMRA, Atto550,, Atto550,,

In laboratory A, two different software tools were used, i.e., Peak Scanner 2.0 (A-1) or Osiris (A-2). °In laboratory E, two operators (E-1, E-2)

assessed raw data, i.e., electrophoresis profiles

Different suppliers for primers

The Atto550g-labeled N60 fragments were identical to the
reference Atto550g-1abeled fragments, if primer pairs sup-
plied by company EU were used by laboratory E. In contrast,
if Atto550g-1abeled primer pairs bought from company ME
were used by laboratory E, fragments were 2 bp longer than
the reference Atto550g-labeled fragments (Table 13). In the
case of the AA marker, TAMRAp, and Atto550y, (EU) frag-
ments were 2 bp longer and Atto550; (ME) fragments were
4 bp longer than reference NEDy, fragments.

Discussion

Typing of T. gondii strains is important to study the global
population structure of the parasite. Genomic diversity of 7.
gondii may influence the epidemiology of the parasite, affect-
ing, for example, definitive host and intermediate host adapta-
tion [23, 33, 34]. In addition, some 7. gondii genotypes are
reported to have a higher virulence for particular hosts than
other genotypes [35, 36]. Such differences in virulence may
exist between different host species, but also at the intra-host-
species level [37, 38].

Table 8 Failure in identifying

- . DNA number of pro- Success in identifying duplicates stratified by laboratory operator or

duplicates in samples of viding laboratory software

the second part of the ring

trial on microsatellite typing A-1? B C D E-1 or E-2"

for Toxoplasma gondii per — —

laboratory D200109 AA - N61 AAF, N83F -
D200111 - - - AAP, Ng3F -
D200113 - - N60", N61~ M48", N617, N§2P
D200114 - - - N825, AAP, Ng§3F -
D200118 - - N60~, N617 M48", AAF, Ng3H -
D200119 AAP - N61~ N61Y -
D200121 - - - Ng2H -
D200127 - - N61~ - -
D200129 - - - Ng2! -
D212556 - - - M48", N§2F -

Negative control -

“In laboratory A, Peak Scanner 2.0 (A-1) was used as software tool. °In laboratory E, two operators (E-1,
E-2) assessed raw data, i.e., electrophoresis profiles; : 1 bp difference; ) bp difference
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Table 9 Second part of the

) ’ . . Marker Median differences [minimum; maximum] in fragment size relative to results of
ring trial on microsatellite . laboratory B stratified by laboratory operator or software
typing for Toxoplasma gondii:
Median [minimum; maximum] A-17 C D E-1° E-2P
differences in length observed - -
for each marker compared to the Lineage typing marker
reference laboratory. Median B18 0 [0;0] 0[0;0] 0[0;0] 0 [0;0] 0[0;0]
typed in bold. Minimum and
. . TUB2 1[0;1] 0 [0;0] 0 [0;0] 0 [0;0] 0 [0;0]
maximum values exceeding 2
bp are underlined and in italics. XL1 1[0:1] 01[0:1] 010;0] 0[00] 0[050]
Note: The use of Atto550g, for TeM-A 1[1:1] 0 [0;0] 0 [0:0] 0 [0:0] 0 [0;0]
Fgo and M ]; 02 by rgfer_e“.ce W35 3[3:3° 01[0:1] 01[0:0] 01[0:0] 0[0:0]
aboratory B was a deviation e ) ) ) )
from the original method V1 2(2:2] 0[0:1] 0 10:0] 0 0:0] 0 10:0]
B17 0[0;0]¢ 0 [0;1] 0 [0;0] 0 [0;0] 0 [0;0]
Fingerprinting marker
N82 1.5 [1;2]° 2 [2;2] 2 [052] 0 [0;0] 0 [0;0]
N61 1[1;1] 1[0;2] 0[-2;2] 0 [0;0] 0 [0;0]
M48 2 [2;2] 1[1;2] 2 [052] 0[-1;1] 0[-1;1]
N83 0[- 1;0] 0 [0;0] 0 [—2;0] 0 [0;0] 0 [0;0]
N60 -5[=5;=31 -5[=5=3" - 1[-1;0° 1[1;2] 0[0:2]
M102 -3[=3=3]° -2[-2; -2/ 2[2;2]° 2 [2;2] 2[0;2]
AA 2[-132] 2[1:3] 202/ 333 4[4:6)F

In laboratory A, Peak Scanner 2.0 (A-1) was used as software tool. ®In laboratory E, two operators (E-1,
E-2) assessed raw data, i.e., electrophoresis profiles; Differences to reference laboratory: “VICy, instead of
HEXp; ‘NEDy, instead of Atto550p; “TAMRAg, instead Atto550; 'TAMRAp, instead of NEDg;; $Atto550g,

instead of NEDy,

Table 10 Failure in identifying duplicates in samples of the third part
of the ring trial on microsatellite typing for Toxoplasma gondii per
laboratory

DNA designa- Success in identifying duplicates stratified by

tion of providing laboratory operator or software

laboratory a 5

A-1 B C D E-1

BENINO2 - - N61-,N83" - -

FRENCHGUI- - - - - -
ANAO1

GABONO2 - - XL - -

GUADE- - - - - -
LOUPEOQ2

MARTINIQUEO3 - - - - -

SENEGAL17 - - W35, 1Vl , - -

Né61

GABONO3 - - IV, Nel® - -

FRENCHGUI- - - IVl - -
ANAL11

FRENCHGUI- V.M - N6l IV.INA MI1025, Tv.INA
ANALS N§2-

Negative control - - - - R

In laboratory A, Peak Scanner 2.0 (A-1) was used as software tool.
®In laboratory E, the operator E-1 assessed raw data, i.e., electropho-
resis profiles; : 1 bp difference; =) bp difference; NA: no result for
V.1

@ Springer

Multilocus MS typing was established more than one dec-
ade ago [11] and has proven to be suitable to discriminate
T. gondii strains at the level of lineages globally [8, 15, 39]
as well as on the intra-lineage level [17, 40]. Essentially,
laboratories currently use this technique to study strains and
clinical samples from different geographical areas. As a con-
sequence, differences in typing results between laboratories
could introduce bias in population genetic studies comparing
MS genotypes from different geographical locations. This
is also true within the same geographical region such as in
Europe with several laboratories using MS genotyping [9].

Our study revealed numerous differences in MS typ-
ing protocols, although all participants of the ring trial,
including the reference laboratory, referred to the original
description of the MS typing methodology [11]. Laborato-
ries used different real-time PCR procedures to quantify 7.
gondii DNA prior to typing, different fluorophores (Table 3),
capillary sequencers, size standards, and different software
tools to assess fragment length of amplified marker regions
(Table 4). Differences in the allele identification, supported
by various software tools, were noted. Only with particu-
lar software, not available to all participants, was it pos-
sible to ease and automatize allele identification (Table 4).
Not all participating laboratories used the same software
and some were not able to automatize allele identification
in the respective software. Some of the applied tools (i.e.,
Gene-Mapper and Geneious Prime) allowed the definition
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Table 11 Third part of the ring trial on microsatellite typing for Toxo-
plasma gondii: Median [minimum; maximum] differences in length
observed for each marker compared to the results reported by the
reference laboratory. Median differences exceeding 1 bp are typed in
bold. Minimum and maximum values exceeding 2 bp are underlined
and in italics. Note: The use of Atto550g for N60g and M102, by
reference laboratory B was a deviation from the original method

Marker Median [minimum; maximum] differences per labora-
tory, software or operator
A-1? C D E-1°
Lineage typing marker
B18 0[0;0] 0[0;0] 01[0;0] 0 [0;0]
M33 0 [0;0] 0 [0;0] 0 [—2;0] 0 [-2;0]
TUB2 0[0;0] 0[—2;0] 01[0;0] 0 [0;0]
XI.1 0[0;0] 0[00.5] 01[0;0] 0 [0;0]
TgM-A 0 [0;0] 01[0;1] 0[0;0] 0[0;0]
W35 0 [0;01° 0[0;0.5] 01[0;0] 0 [0;0]
Iv.1 0 [0;01° 0[0;0.5] 0[0;0] 0 [0;0]
B17 0 [- 2;0]° 0[- 1;0] —-2[-2;-2] O[-2;0]
Fingerprinting marker
N82 2 [2;2]° 2[2;2] 2[1;2] 0[0;0]
N61 0[0;0] 0.5 [0;1.5] 2[2;2] 0[0;0]
M48 0[0;0] 1[1;2] 0 [0;0] 0 [0;0]
N&3 0 [0;0] 01[0;1] 0[0;0] 0 [0;0]
N60  —4[=5=4]" —4[=5=4]" —2[-2;=3]° 2[2;3]
M102 —4[=4;=4] —2[-2;—119 —0[-1,0° 2[2;2]
AA 0 [00] 2(2;3] 2 2;21 4[4:4]®

“In laboratory A, Peak Scanner 2.0 (A-1) was used as software tool.
*Tn laboratory E, the operator E-1 assessed raw data, i.e., electropho-
resis profiles; Differences to reference laboratory: “VICy, instead of
HEXp; *NEDy, instead of Atto550p; *TAMRAy, instead Atto550;
TTAMRAy, instead of NEDg;; $Atto550, instead of NEDp,

of loci and bins to ease allele identification. The inclusion
of characterized reference DNAs can help to define loci and
subsequently the respective bins. Furthermore, participating

Table 12 Typing results reported by the laboratories (A—E) compared
to results reported in the literature: The set provided in the third part
of the ring trial on microsatellite typing for Toxoplasma gondii com-

laboratories had different levels of experience in 7. gondii
MS typing, which ranged from several years to a few weeks.

The first part of this ring trial focused on lineage typing
and the effect of T. gondii DNA concentrations on typing. As
usually done for field samples, each laboratory tried to quan-
tify T gondii DNAs in the samples. Each laboratory used a
different real-time PCR protocol (Table 4); however, overall
high correlation coefficients between Ct values and DNA
content in samples were observed. Nevertheless, Ct values
differed by more than 3 Ct units in some cases (Table 5).
This must be kept in mind for the interpretation of results
reported in the literature. Nevertheless, laboratory-specific
Ct values provide valuable information for optimizing DNA
concentrations of samples (e.g., field samples) subsequently
used for MS typing.

The results revealed that from dilution 3 (0.01 ng/pL T.
gondii DNA) onwards, the proportion of samples increased,
in which laboratories were no longer able to determine the
lineage type. However, the proportion of reporting incorrect
lineage typing results did not increase with decreasing DNA
content. The results were consistent among the participat-
ing laboratories and relative to the results of the reference
laboratory only up to dilution 2 (0.1 ng/pL T. gondii DNA).
Thus, it seems to be important to estimate the level of T.
gondii DNA concentration in samples prior to MS typing,
and to use this information to select those samples, for which
lineage typing (and subtyping) is most likely possible, or to
optimize DNA concentration for typing (Fig. 3).

It should be noted that not only a limited concentration of
DNA may negatively influence the accuracy of determining
the correct fragment size, but also an excess of 7. gondii
DNA may cause problems. In the first part of this ring trial,
it was noted that the proportion of correct lineage typing
was lower in dilution 1 (1 ng/pL 7. gondii DNA) than in
dilution 2 (0.1 ng/pL T. gondii DNA) samples. It has been

prised of two strains with an archetypal and seven strains with non-
archetypal genotype

Sample ID Type according Type determined by laboratory

to literature

A-1? B C D E-1°

BENINO2 Africa 1 Africa 1 Africa 1 I Africa 1 Africa 1
GABONO3 I I I il 11 I
GABONO2 III-like South American 4-like III variant TUB2 11T Unclassified III variant TUB2
FRENCHGUIANAI1S Amazonian Unclassified Amazonian Unclassified Amazonian Unclassified
FRENCHGUIANATI11 Amazonian Unclassified Amazonian Unclassified Amazonian Unclassified
GUADELOUPEOQ2 Caribbean 2 Caribbean 2 Caribbean 2 11T Caribbean 2 Caribbean 2
FRENCHGUIANAO1 Caribbean 1 Caribbean 1 Caribbean 1 11 Caribbean 1 Caribbean 1
MARTINIQUEO3 Caribbean 3 Caribbean 3 Caribbean 3 111 Caribbean 3 Caribbean 3
SENEGALI17 1 I-like II variant W35 1T 1I I variant W35

In laboratory A, Peak Scanner 2.0 (A-1) was used as software tool. ®In laboratory E, the operator E-1 assessed raw data, i.e., electrophoresis
profiles. “Designated as type II in literature although W35 showed a variation from type II pattern (244 bp instead of 242)
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Table 13 Effect of different fluorophores and primer suppliers on
microsatellite fragment sizes: Differences in microsatellite (MS) typ-
ing for Toxoplasma gondii between Atto550p- and NEDg-labeled MS

fragments N60, M102, and AA for reference 7. gondii strains RH,
ME49, and NED using reagents provided to laboratory E by labora-
tories participating of the ring trial on 7. gondii microsatellite typing

Marker Strain Laboratory, commercial supplier of primer, primer labeling
Fragment size determined with Differences between fragment size determined in laboratory E using rea-
reagents provided by reference gents of participating laboratories: laboratory, supplier, fluorophore
laboratory B: supplier, fluoro-
phore
AB, Atto550g, AB, NEDy, A, IN, NEDy, C, AB, NEDy, D, EU, E, ME, E, EU,
TAMRAyg,  Atto550y, Atto550y,
N60 RH 149 NA -4 -4 -2 2 0
ME49 147 NA -5 -5 -2 2 0
NED 151 NA -4 -4 -2 2 0
M102 RH 168 NA -2 -2 0 2 0
ME49 176 NA -2 -2 0 2 0
NED 192 NA -2 -2 0 2 0
AA RH NA 265 0 0 2 4 2
ME49 NA 265 0 0 2 4 2
NED NA 267 0 0 2 4 2

noted previously that an overrepresentation of target DNA
may cause so-called minus-A peaks during capillary elec-
trophoresis [41]. Minus-A peaks can occur, if a number of
amplified fragments lack a terminal adenine at the 3’ end,
which is usually added by many DNA polymerases with-
out the use of the template. We studied the occurrence of

minus-A peaks for the markers M33 and M102. Both mark-
ers showed double peaks, where the intensity of the first
peak (assumed to be a minus-A peak as detailed in the typing
guidelines, provided as Supplementary File Text 1) increased
with increasing DNA concentrations, while the intensity of
the second peak (assumed to be the correct peak) decreased.

Microsatellite typing workflow |

Possible and observed effects on reported
fragment size

| Recommendations |

Effects due to suboptimal DNA
concentration and purity

Multiplexor singleplex

PCR amplification

"

Effects due to varying fluorophorelabelling;
e.g. up to 7 bp larger fragments if NEDy, is
replaced by Atto550; or TAMRA

Effects due to unintended or systematic
differences in primer synthesis which
results in larger or smaller fragments

{ Optimize DNA concentration
| and purity

Select appropriate fluorophore
or numerically correct results

Check new primer batches
using reference DNAs

Capillary electrophoresis -

Possible effects observed related to
differences in capillary sequencer, size
standards used

Check new equipment or size
standards using reference
DNAs |

Software to assess capillary

sequencing profiles

Effects due to differences in localisation of
bins for automaticallele identification i

~7 Effects due to false interpretation of stutter ‘

Adjust the definition of bins
using reference DNAs |

| peaks caused by DNA polymerase slippage

Strain classification
L

Effects due to limited experience

Effects due to false strain classification "

' 7 Follow guidelinesand look for
«“ help from experienced
e = laboratories

Fig. 3 Possible and observed effects on the Toxoplasma gondii microsatellite marker fragment size determination: Steps affected in the microsat-

ellite typing workflow and recommendations for optimization
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This can cause incorrect results, if the operator or the soft-
ware normally choose the highest peak as the correct one.

Major differences, mainly affecting fingerprinting mark-
ers, were observed in results reported in all parts of the ring
trial, especially among those laboratories that used different
fluorophores for labeling forward primers (Tables 6, 7, 9,
and 11). Comparative experiments performed exclusively
in laboratory E, but using primers from the other participat-
ing laboratories, confirmed these observations (Table 13).
Effects on apparent fragment sizes in capillary sequencing
due to differences in fluorophore labeling, especially for flu-
orescein and rhodamine dyes, have been reported previously
[42]. However, these effects and their root-causes remained
largely understudied. The fluorophores used in our study,
Atto550g and TAMRA,, are rhodamine dyes, while NEDy,
belongs to the fluorescein dyes. The previous study reported
that TAMRAGg-labeled fragments tended to be larger than
NEDy,-labeled fragments and that this effect depended on
the fragment size, i.e., the smaller the fragment, the stronger
the retardation in capillary electrophoresis of TAMRAY,
relative to NEDp-labeled fragments [42]. Results of com-
parative experiments with various reagents in laboratory E
(Table 13) were mainly in accord with this observation for
markers labeled with NEDy, in the original protocol. The
strongest effects of a 4-5-bp retardation in Atto550, relative
to NEDy,-labeled fragments were observed in the smallest
fragment N60 (149-151 bp) and a 2-bp retardation in the
larger fragments M 102 (168—192 bp) and AA (265-267 bp).
TAMRA-labeled fragments also appeared to be 2 bp larger
relative to NEDp-labeled fragments, but size-dependent dif-
ferences could not be determined.

In contrast to TAMRAG, and Atto550g, VICy, (used in
laboratory A instead of HEXp,) belongs to the fluorescein-
like dyes, similar to HEXp,, so no effects on fragment size
were expected. This was confirmed in our analysis.

It should be mentioned here that an additional retardation
of 2 bp was noted when Atto550g-labeled primer pairs, used
to amplify N60, M102, or AA, had been purchased from
the company ME and not from the companies AB or EU
(Table 13). The reasons for the differences related to the
primer supplier remain unknown. A potential error in the
order of the primers was excluded and it should be noted that
all primer pairs with different sequences from this supplier
were affected. Most likely, the differences seem to be linked
to primer production. Differences in the chemical reactions
applied to label primers with fluorophores may be possible.

Thus, in general it seems to be important to validate
new reagents by using defined reference DNAs, ideally
included in each run of capillary sequencing (Fig. 3). In
addition, comparative experiments with defined reference
DNAs should become mandatory, if the method is newly
established in a laboratory or even if previously used prim-
ers are replaced by new ones (Fig. 3). In our view, it is

unlikely that different PCR kits or enzymes contribute to
differences in the amplified fragments, but this was not
assessed in our ring trial because all participants used the
same multiplex PCR Kkit.

Results for MS typing were discussed among the par-
ticipants in web-based meetings. Overall, an improvement
of typing results relative to those of the reference labora-
tory was observed between the first and second parts of the
ring trial, probably because participants gained experience
and were given access to a laboratory internal guideline
established in reference laboratory B. While one of the
laboratories with little previous experience (laboratory A)
obtained results that differed in determined fragment sizes
relative to results provided by the reference laboratory by
up to 28 bp (Table 6), including only dilution 1 and 2
results, this was no longer the case in further parts of the
ring trial. In the second and third parts, deviations of a
maximum of 5 bp were observed (Tables 9 and 11). This
clearly shows the need for guidance, if 7. gondii MS typing
is newly established in a laboratory (Fig. 3).

So-called stutter peaks are frequently reported in MS
typing (examples are displayed in the typing guidelines,
provided as Supplementary File Text 1) and are caused by
slippage of the DNA polymerase. They occur more often,
when the number of MS repeats is >20, and less frequent,
if the repeat number is <10 [41]. Specific guidelines (lab-
oratory-specific guidelines similar to the guidelines pro-
vided in Supplementary File Text 1) may provide help to
identify the correct fragment size (Fig. 3). However, stutter
peaks remain a problem in MS typing, because it may not
always be possible to determine the true variation in repeat
numbers in the original DNA.

In the final part of the ring trial, DNA from strains not
belonging to the archetypal lineages types I, 11, and III
was analyzed in the participating laboratories. Although
the differences in the results were minor, especially for
the typing markers (Table 12), none of the exotic strains
was correctly classified by the semi-automatic system in
place in one of the laboratories (laboratory C) (Table 2),
due to limited references in the system version. Based on
the results of laboratory C, correct typing would have been
possible, if additional non-archetypal references would
have been added to the system. This highlights the chal-
lenges of automatization for an organism with substantial
genetic variation. One of the isolates was classified by
some of the laboratories as type II, and by others as type II
variant or type II-like, which shows that also for MS-based
classification of lineages or the nomenclature of genotypes
clear rules or guidelines are necessary (Fig. 3).

In conclusion, the results of this interlaboratory ring trial
suggest that harmonization of MS typing appears to be pos-
sible, which might allow the combination of larger data sets
on T. gondii genotypes. This is an important prerequisite
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to study and unravel the molecular epidemiology of this
parasite. The use of different fluorophores to label frag-
ments during amplification was identified as a major source
of divergence. After numerical adjustments of fragment
size results, based on comparative analyses using defined
reference DNAs, differences due to the use of other fluo-
rophores no longer presented a problem and results were
comparable to those previously reported in the literature.
In addition, minor differences of 2 bp could be attributed to
different primer suppliers. Further minor differences prob-
ably resulted from limited experience, less suitable software
for assessing capillary electrophoresis profiles, and missing
software options to automatize allele identification. These
observations are not only important for typing 7. gondii, but
may also be relevant for other applications of MS typing
(i.e., forensic identification and relatedness testing, cell line
identification, or population studies).
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tary material available at https://doi.org/10.1007/s10096-023-04597-7.

Acknowledgements We would like to thank Andrea Biarwald, Mareen
Tuschy, and Jackie Thomson for excellent technical assistance and
all TOXOSOURCES consortium members for creating an inspiring
research environment.

Author contribution All authors contributed to the study conception
and design. Material preparation, data collection, and analysis were per-
formed by MJ, GC, KPF, NP, MFE, CMH, LOA, RCB, LG, CL, PM,
MLD, LMO, PJ, AM, and GS. The first draft of the manuscript was writ-
ten by GS, MJ, and GC and all authors commented on previous versions
of the manuscript. All authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. MJ, PM, MFE, RCB, FIC, LOM, PJ, and GS are part of the
TOXOSOURCES consortium, supported by funding from the Euro-
pean Union’s Horizon 2020 Research and Innovation program under
grant agreement No. 773830: One Health European Joint Programme.
Part of this work was also supported by funds from the French Agence
Nationale de la Recherche (ANR project IntroTox 17-CE35-0004 given
to AM). CMH was supported by funding from the Scottish Govern-
ment Rural and Environment Science and Analytical Services Division
(RESAS). The stay of GC at Friedrich-Loeffler-Institut (FLI) was sup-
ported by ERASMUS+ of the European Union and the Foerderverein
of the FLI. We want to acknowledge the Biological Resource Center
(BRC) Toxoplasma for providing strains and the French National Refer-
ence Center for toxoplasmosis for data information regarding strains.

Data availability The datasets generated and/or analyzed during the
current study are available as Supplementary File Data Table 1.

Declarations

Ethics approval Not applicable

Consent to participate Not applicable

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

@ Springer

adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Stelzer S, Basso W, Silvan JB, Ortega-Mora LM, Maksimov P,
Gethmann J, Conraths FJ et al (2019) Toxoplasma gondii infection
and toxoplasmosis in farm animals: risk factors and economic
impact. Food Waterborne Parasitol 12:¢00037. https://doi.org/10.
1016/j.fawpar.2019.e00037

2. Schliiter D, Daubener W, Schares G, Gross U, Pleyer U, Liider C
(2014) Animals are key to human toxoplasmosis. Int J Med Micro-
biol 304:917-929. https://doi.org/10.1016/j.ijmm.2014.09.002

3. Robert-Gangneux F, Darde ML (2012) Epidemiology of and diag-
nostic strategies for toxoplasmosis. Clin Microbiol Rev 25:264—
296. https://doi.org/10.1128/CMR.05013-11

4. Dubey JP (2022) Toxoplasmosis of animals and humans, 3rd edn.
CRC Press, Boca Raton, USA

5. Bouwknegt M, Devleesschauwer B, Graham H, Robertson LJ, van
der Giessen JW, The Euro-FBP Workshop P (2018) Prioritisation
of food-borne parasites in Europe, 2016. Euro Surveill: Bulletin
Europeen sur les Maladies Transmissibles Eur Commun Dis Bull
23. https://doi.org/10.2807/1560-7917.ES.2018.23.9.17-00161

6. Jones JL, Hanson DL, Dworkin MS, Alderton DL, Fleming JL,
Kaplan JE, Ward J (1999) Surveillance for AIDS-defining oppor-
tunistic infections 1992-1997. Morb Mortal Wkly Rep CDC Sur-
veilance Summ 48:1-22

7. Torgerson PR, Mastroiacovo P (2013) The global burden of con-
genital toxoplasmosis: a systematic review. Bull World Health
Organ 91:501-508. https://doi.org/10.2471/BLT.12.111732

8. Galal L, Hamidovi¢ A, Dardé ML, Mercier M (2019) Diversity of
Toxoplasma gondii strains at the global level and its determinants.
Food Waterborne Parasitol 15:e00052. https://doi.org/10.1016/j.
fawpar.2019.e00052

9. Fernandez-Escobar M, Schares G, Maksimov P, Joeres M,
Ortega-Mora LM, Calero-Bernal R (2022) Toxoplasma gondii
genotyping: a closer look into Europe. Front Cell Infect Mi 12.
https://doi.org/10.3389/fcimb.2022.842595

10. Lorenzi H, Khan A, Behnke MS, Namasivayam S, Swapna LS,
Hadjithomas M, Karamycheva S et al (2016) Local admixture
of amplified and diversified secreted pathogenesis determi-
nants shapes mosaic Toxoplasma gondii genomes. Nat Commun
7:10147. https://doi.org/10.1038/ncomms 10147

11. Ajzenberg D, Collinet F, Mercier A, Vignoles P, Darde ML (2010)
Genotyping of Toxoplasma gondii isolates with 15 microsatel-
lite markers in a single multiplex PCR assay. J Clin Microbiol
48:4641-4645. https://doi.org/10.1128/JCM.01152-10

12. Ellegren H (2004) Microsatellites: simple sequences with com-
plex evolution. Nat Rev Genet 5:435-445. https://doi.org/10.1038/
nrg1348

13. Su C, Zhang X, Dubey JP (2006) Genotyping of Toxoplasma
gondii by multilocus PCR-RFLP markers: a high resolution
and simple method for identification of parasites. Int J Parasitol
36:841-848. https://doi.org/10.1016/].ijpara.2006.03.003


https://doi.org/10.1007/s10096-023-04597-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.fawpar.2019.e00037
https://doi.org/10.1016/j.fawpar.2019.e00037
https://doi.org/10.1016/j.ijmm.2014.09.002
https://doi.org/10.1128/CMR.05013-11
https://doi.org/10.2807/1560-7917.ES.2018.23.9.17-00161
https://doi.org/10.2471/BLT.12.111732
https://doi.org/10.1016/j.fawpar.2019.e00052
https://doi.org/10.1016/j.fawpar.2019.e00052
https://doi.org/10.3389/fcimb.2022.842595
https://doi.org/10.1038/ncomms10147
https://doi.org/10.1128/JCM.01152-10
https://doi.org/10.1038/nrg1348
https://doi.org/10.1038/nrg1348
https://doi.org/10.1016/j.ijpara.2006.03.003

European Journal of Clinical Microbiology & Infectious Diseases (2023) 42:803-818

817

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Su C, Khan A, Zhou P, Majumdar D, Ajzenberg D, Darde ML,
Zhu XQ et al (2012) Globally diverse Toxoplasma gondii isolates
comprise six major clades originating from a small number of
distinct ancestral lineages. Proc Natl Acad Sci U S A 109:5844—
5849. https://doi.org/10.1073/pnas.1203190109

Chaichan P, Mercier A, Galal L, Mahittikorn A, Ariey F, Morand S,
Boumediene F et al (2017) Geographical distribution of Toxoplasma
gondii genotypes in Asia: a link with neighboring continents. Infect
Genet Evol 53:227-238. https://doi.org/10.1016/j.meegid.2017.06.002
Galal L, Ajzenberg D, Hamidovic A, Durieux MF, Darde ML,
Mercier A (2018) Toxoplasma and Africa: one parasite, two oppo-
site population structures. Trends Parasitol 34:140—154. https://
doi.org/10.1016/j.pt.2017.10.010

Shwab EK, Saraf P, Zhu XQ, Zhou DH, McFerrin BM, Ajzenberg D,
Schares G et al (2018) Human impact on the diversity and virulence of
the ubiquitous zoonotic parasite Toxoplasma gondii. Proc Natl Acad Sci
U S A 115:E6956-E6E63. https://doi.org/10.1073/pnas.1722202115
Sabin A (1941) Toxoplasmic encephalitis in children. JAMA
116:801-814

Lunde MN, Jacobs L (1983) Antigenic differences between endozo-
ites and cystozoites of Toxoplasma gondii. J Parasitol 69:806-808
Dardé ML, Bouteille B, Pestre-Alexandre M (1992) Isoenzyme
analysis of 35 Toxoplasma gondii isolates and the biological and
epidemiological implications. J Parasitol 78:786-794

Stollberg KC, Schares G, Mayer-Scholl A, Hrushetska I, Diescher
S, Johne A, Richter MH et al (2021) Comparison of direct and
indirect Toxoplasma gondii detection and genotyping in game:
relationship and challenges. Microorganisms 9:1663. https://doi.
org/10.3390/microorganisms9081663

Hamidovic A, Etougbetche JR, Tonouhewa ABN, Galal L,
Dobigny G, Houemenou G, Da Zoclanclounon H et al (2021) A
hotspot of Toxoplasma gondii Africa 1 lineage in Benin: how new
genotypes from West Africa contribute to understand the parasite
genetic diversity worldwide. PLoS Negl Trop Dis 15:¢0008980.
https://doi.org/10.1371/journal.pntd.0008980

Galal L, Ariey F, Gouilh MA, Darde ML, Hamidovic A,
Letourneur F, Prugnolle F et al (2022) A unique Toxoplasma
gondii haplotype accompanied the global expansion of cats. Nat
Commun 13:5778. https://doi.org/10.1038/s41467-022-33556-7
Mercier A, Ajzenberg D, Devillard S, Demar MP, de Thoisy B,
Bonnabau H, Collinet F et al (2011) Human impact on genetic
diversity of Toxoplasma gondii: example of the anthropized envi-
ronment from French Guiana. Infect Genet Evol 11:1378-1387.
https://doi.org/10.1016/j.meegid.2011.05.003

Slany M, Dziedzinska R, Babak V, Kralik P, Moravkova M, Slana
1 (2019) Toxoplasma gondii in vegetables from fields and farm
storage facilities in the Czech Republic. FEMS Microbiol Lett
366. https://doi.org/10.1093/femsle/fnz170

Homan WL, Vercammen M, De Braekeleer J, Verschueren H
(2000) Identification of a 200- to 300-fold repetitive 529 bp DNA
fragment in Toxoplasma gondii, and its use for diagnostic and
quantitative PCR. Int J Parasitol 30:69-75

Galal L, Schares G, Stragier C, Vignoles P, Brouat C, Cuny T,
Dubois C et al (2019) Diversity of Toxoplasma gondii strains
shaped by commensal communities of small mammals. Int J Para-
sitol 49:267-275. https://doi.org/10.1016/j.ijpara.2018.11.004
Jokelainen P, Murat JB, Nielsen HV (2018) Direct genetic charac-
terization of Toxoplasma gondii from clinical samples from Den-
mark: not only genotypes II and III. Eur J Clin Microbiol Infect
Dis 37:579-586. https://doi.org/10.1007/s10096-017-3152-z
Opsteegh M, Langelaar M, Sprong H, den Hartog L, De Cra-
eye S, Bokken G, Ajzenberg D et al (2010) Direct detection and

30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

41.

42.

genotyping of Toxoplasma gondii in meat samples using magnetic
capture and PCR. Int J Food Microbiol 139:193-201. https://doi.
org/10.1016/j.ijfoodmicro.2010.02.027

Talabani H, Asseraf M, Yera H, Delair E, Ancelle T, Thulliez P,
Brezin AP et al (2009) Contributions of immunoblotting, real-
time PCR, and the Goldmann-Witmer coefficient to diagnosis of
atypical toxoplasmic retinochoroiditis. J Clin Microbiol 47:2131—
2135. https://doi.org/10.1128/JCM.00128-09

Li M, Mo XW, Wang L, Chen H, Luo QL, Wen HQ, Wei W et al
(2014) Phylogeny and virulence divergency analyses of Toxo-
plasma gondii isolates from China. Parasit Vectors 7:133. https://
doi.org/10.1186/1756-3305-7-133

Ajzenberg D, Dumetre A, Darde ML (2005) Multiplex PCR for
typing strains of Toxoplasma gondii. J Clin Microbiol 43:1940-
1943. https://doi.org/10.1128/JCM.43.4.1940-1943.2005

Khan A, Ajzenberg D, Mercier A, Demar M, Simon S, Darde ML,
Wang Q et al (2014) Geographic separation of domestic and wild
strains of Toxoplasma gondii in French Guiana correlates with a
monomorphic version of chromosomela. PLoS Negl Trop Dis
8:e3182. https://doi.org/10.1371/journal.pntd.0003182

Lilue J, Miiller UB, Steinfeldt T, Howard JC (2013) Recipro-
cal virulence and resistance polymorphism in the relationship
between Toxoplasma gondii and the house mouse. eLife 2:¢01298.
https://doi.org/10.7554/eLife.01298

Khan A, Jordan C, Muccioli C, Vallochi AL, Rizzo LV, Belfort
R Jr, Vitor RW et al (2006) Genetic divergence of Toxoplasma
gondii strains associated with ocular toxoplasmosis. Brazil Emerg
Infect Dis 12:942-949. https://doi.org/10.3201/eid1206.060025
Behnke MS, Khan A, Wootton JC, Dubey JP, Tang K, Sibley LD
(2011) Virulence differences in Toxoplasma mediated by amplifica-
tion of a family of polymorphic pseudokinases. Proc Natl Acad Sci
U S A 108:9631-9636. https://doi.org/10.1073/pnas.1015338108
Mukhopadhyay D, Arranz-Solis D, Saeij JPJ (2020) Influence of
the host and parasite strain on the immune response during Toxo-
plasma infection. Front Cell Infect Mi 10:580425. https://doi.org/
10.3389/fcimb.2020.580425

Calero-Bernal R, Fernandez-Escobar M, Katzer F, Su C,
Ortega-Mora LM (2022) Unifying virulence evaluation in Tox-
oplasma gondii: a timely task. Front Cell Infect Mi 12:868727.
https://doi.org/10.3389/fcimb.2022.868727

Galal L, Sarr A, Cuny T, Brouat C, Coulibaly F, Sembene M, Diagne
M et al (2019) The introduction of new hosts with human trade shapes
the extant distribution of Toxoplasma gondii lineages. PLoS Negl Trop
Dis 13:e0007435. https://doi.org/10.1371/journal.pntd.0007435
Ajzenberg D, Collinet F, Aubert D, Villena I, Darde ML, ToxoBs
F, network g, Devillard S. (2015) The rural-urban effect on spatial
genetic structure of type Il Toxoplasma gondii strains involved in
human congenital toxoplasmosis, France, 2002-2009. Infect Genet
Evol 36:511-516. https://doi.org/10.1016/j.meegid.2015.08.025
de Valk HA, Meis JF, Klaassen CH (2007) Microsatellite based typing
of Aspergillus fumigatus: strengths, pitfalls and solutions. J Microbiol
Methods 69:268-272. https://doi.org/10.1016/j.mimet.2007.01.009
Hahn M, Wilhelm J, Pingoud A (2001) Influence of fluorophor
dye labels on the migration behavior of polymerase chain reac-
tion--amplified short tandem repeats during denaturing capillary
electrophoresis. Electrophoresis 22:2691-2700. https://doi.org/
10.1002/1522-2683(200108)22:13

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1073/pnas.1203190109
https://doi.org/10.1016/j.meegid.2017.06.002
https://doi.org/10.1016/j.pt.2017.10.010
https://doi.org/10.1016/j.pt.2017.10.010
https://doi.org/10.1073/pnas.1722202115
https://doi.org/10.3390/microorganisms9081663
https://doi.org/10.3390/microorganisms9081663
https://doi.org/10.1371/journal.pntd.0008980
https://doi.org/10.1038/s41467-022-33556-7
https://doi.org/10.1016/j.meegid.2011.05.003
https://doi.org/10.1093/femsle/fnz170
https://doi.org/10.1016/j.ijpara.2018.11.004
https://doi.org/10.1007/s10096-017-3152-z
https://doi.org/10.1016/j.ijfoodmicro.2010.02.027
https://doi.org/10.1016/j.ijfoodmicro.2010.02.027
https://doi.org/10.1128/JCM.00128-09
https://doi.org/10.1186/1756-3305-7-133
https://doi.org/10.1186/1756-3305-7-133
https://doi.org/10.1128/JCM.43.4.1940-1943.2005
https://doi.org/10.1371/journal.pntd.0003182
https://doi.org/10.7554/eLife.01298
https://doi.org/10.3201/eid1206.060025
https://doi.org/10.1073/pnas.1015338108
https://doi.org/10.3389/fcimb.2020.580425
https://doi.org/10.3389/fcimb.2020.580425
https://doi.org/10.3389/fcimb.2022.868727
https://doi.org/10.1371/journal.pntd.0007435
https://doi.org/10.1016/j.meegid.2015.08.025
https://doi.org/10.1016/j.mimet.2007.01.009
https://doi.org/10.1002/1522-2683(200108)22:13
https://doi.org/10.1002/1522-2683(200108)22:13

European Journal of Clinical Microbiology & Infectious Diseases (2023) 42:803-818

M. Joeres'

Authors and Affiliations

M. L. Dardé?3® . L. M. Ortega-Mora*
M. Joeres
maike . joeres @fli.de
G. Cardron

garance.crdnl @gmail.com

K. Passebosc-Faure
karine.passebosc-faure @chu-limoges.fr

N. Plault
nicolas.plault@inserm.fr

M. Fernandez-Escobar
merfer02 @ucm.es

C. M. Hamilton
clare.hamilton @moredun.ac.uk

L. O’Brien-Anderson
OBl @ssi.dk

R. Calero-Bernal
r.calero@ucm.es

L. Galal
lokman.galal @unilim.fr

C. Luttermann
christine.luttermann @fli.de

P. Maksimov
pavlo.maksimov @fli.de

F. J. Conraths
franz.conraths @t-online.de

M. L. Dardé
marie-laure.darde @unilim.fr

@ Springer

- G. Cardron’ - K. Passebosc-Faure?
L. O'Brien-Anderson® - R. Calero-Bernal*
- P. Jokelainen®

-N. Plault® - M. Fernandez-Escobar*® - C. M. Hamilton®
- C. Luttermann’® - P. Maksimov'® - F. J. Conraths'
- A. Mercier?3® - G. Schares'

L. M. Ortega-Mora
luisucm@ucm.es

P. Jokelainen
pijo@ssi.dk

A. Mercier
aurelien.mercier @unilim.fr

Institute of Epidemiology, Federal Research Institute
for Animal Health, Friedrich-Loeffler-Institut, Siidufer 10,
17493 Greifswald-Insel Riems, Germany

Centre National de Référence (CNR) Toxoplasmose Centre
Hospitalier-Universitaire Dupuytren, Limoges, France

Inserm U1094, IRD U270, Univ. Limoges, CHU Limoges,
EpiMaCT - Epidemiology of Chronic Diseases in Tropical
Zone, Institute of Epidemiology and Tropical Neurology,
OmegaHealth, Limoges, France

SALUVET, Animal Health Department, Faculty
of Veterinary Sciences, Complutense University of Madrid,
Madrid, Spain

The Moredun Research Institute, Penicuik, Midlothian, UK

Infectious Disease Preparedness, Statens Serum Institut,
Copenhagen, Denmark

Institute of Immunology, Federal Research Institute
for Animal Health, Friedrich-Loeffler-Institut, -Insel Riems,
Greifswald, Germany


https://orcid.org/0000-0002-7855-8579
https://orcid.org/0000-0001-6752-8916
https://orcid.org/0000-0002-0530-544X
https://orcid.org/0000-0002-2101-5194
https://orcid.org/0000-0003-2323-0135
https://orcid.org/0000-0002-2921-3849
https://orcid.org/0000-0002-6977-9900
https://orcid.org/0000-0002-9457-0658
https://orcid.org/0000-0002-7400-9409
https://orcid.org/0000-0002-9808-4569
https://orcid.org/0000-0002-4986-6783
https://orcid.org/0000-0002-3035-5094
https://orcid.org/0000-0003-4332-5879
http://orcid.org/0000-0002-3217-289X

	A ring trial to harmonize Toxoplasma gondii microsatellite typing: comparative analysis of results and recommendations for optimization
	Abstract
	Introduction
	Materials and methods
	Participating laboratories
	Origin of samples
	Questionnaire to asses divergence from original method
	Statistics

	Results
	Questionnaire results
	PCR results to quantify T. gondii DNA in samples
	Typing archetypal T. gondii and impact of DNA concentration
	Fingerprinting T. gondii type II
	Divergences in fragment length determination
	Interlaboratory divergence in fragment length determination

	Typing non-archetypal T. gondii strains
	Divergence in fragment length determination in duplicated samples
	Interlaboratory divergence in fragment length determination

	Effects due to use of different fluorophore labeling and different suppliers for primers
	Different fluorophore labeling
	Different suppliers for primers

	Discussion
	Anchor 23
	Acknowledgements 
	References


