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A B S T R A C T   

Cryptosporidium is a protozoan parasite of global public health importance that causes gastro-
enteritis in a variety of vertebrate hosts, with many human outbreaks reported yearly, often from 
ingestion of contaminated water or food. Despite the major public health implications, little is 
typically known about sources of contamination of disease outbreaks caused by Cryptosporidium. 
Here, we study a national foodborne outbreak resulted from infection with Cryptosporidium par-
vum via romaine lettuce, with the main goal to trace the source of the parasite. To do so, we 
combined traditional outbreak investigation methods with molecular detection and character-
ization methods (i.e. PCR based typing, amplicon and shotgun sequencing) of romaine lettuce 
samples collected at the same farm from which the contaminated food was produced. Using 18S 
rRNA typing, we detected C. parvum in two out of three lettuce samples, which was supported by 
detections in the metagenome analysis. Microbial source tracking analysis of the lettuce samples 
suggested sewage water as a likely source of the contamination, albeit with some uncertainty. In 
addition, the high degree of overlap in bacterial species content with a public human gut mi-
crobial database corroborated the source tracking results. The combination of traditional and 
molecular based methods applied here is a promising tool for future source tracking in-
vestigations of food- and waterborne outbreaks of Cryptosporidium spp. and can help to control 
and mitigate contamination risks.   

1. Introduction 

Cryptosporidiosis is a diarrhoeal disease caused by protozoa of the genus Cryptosporidium. Human infection is predominantly 
caused by the species C. hominis and C. parvum. While C. hominis infection affects almost only humans, C. parvum can infect a wider 
range of animals. The transmission route is faecal-oral by direct contact with infected persons or animals, or indirectly by ingesting 
contaminated water or food (Ryan et al., 2018). The most common symptom is watery diarrhoea with sudden onset but abdominal 
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pain, fever, nausea, dehydration, and weight loss also occur. The incubation time can be up to 14 days with a mean of 7 days (Chalmers 
and Davies, 2010). Cryptosporidiosis may last longer than gastroenteritis caused by many other agents but is usually self-limited in 
immunocompetent people (Cacciò and Chalmers, 2016). However, for immunocompromised people, diarrhoea can be severe and even 
life-threatening, since treatment options are limited (Chalmers and Davies, 2010). Despite the relatively severe and unpleasant 
diarrhoea, cryptosporidiosis is grossly underreported; due to lack of accurate laboratory diagnosis strategies and surveillance (Cacciò 
and Chalmers, 2016; Harvala et al., 2016). 

Globally, drinking water or recreational water associated cryptosporidiosis outbreaks are more frequently reported than foodborne 
outbreaks (Gharpure et al., 2009; McKerr et al., 2018; Robertson et al., 2013). The Nordic European countries seem to be over-
represented in terms of foodborne outbreaks with several outbreaks from fresh produce reported from Sweden, Norway, Finland and 
Denmark (Robertson and Chalmers, 2013). Since oocysts are sensitive to desiccation, the cold damp climate could be an explaining 
factor. However, Robertson and Chalmers (2013) concluded that the reason was more likely that these countries had more directed 
investigations and reporting in place than in most other parts of the world. Reported Swedish foodborne outbreaks have been caused 
mainly by C. parvum (and sometimes by C. hominis) associated with contaminated argula salad (Insulander et al., 2013), parsley (from a 
béarnaise sauce) (Insulander et al., 2008), unpasteurised juice with spinach, kale (National Veterinary Institute, 2020) and two un-
determined, but related to food, which were linked by the gp60 subtype (Gherasim et al., 2012). However, the source of contamination 
could not be determined in any of these outbreaks. The ability to trace foodborne pathogens, or faecal indicators, to their point of 
origin is important for the food industry, food regulatory agencies, and public health since this information can help to better un-
derstand sources of contamination and take the right corrective actions to prevent transmission (Fu and Li, 2014). 

Outbreak investigation strategies at the farm level are of special concern. More complete assessments of these events and more 
research into the biology and ecology of pathogen-produce interactions are needed to identify prevention strategies (Lynch et al., 
2009). However, to trace-back foodborne outbreaks is a challenge. For example, only in 763 out of 5363 outbreaks investigated was the 
same causative agent identified in the food vehicle or food chain as in humans in the EU 2012 (EFSA, 2014), and similar trends have 
been observed more recently (EFSA, 2021). For fresh produce, microbiological confirmation is especially challenging given the short 
shelf life and rapid distribution and consumption, leading to loss of trace-back evidence. This is especially true for pathogens with a 
relatively long incubation time such as Cryptosporidium spp. (Lynch et al., 2009). The contamination route of the vegetable in question 
is another cause of concern. Pathogens can originate in soil, introduced through the addition of soil amendments like slurry, manure or 
biosolids. Pathogens can also be waterborne or introduced via human handling of fresh produce, as well as from ingress of farmed, wild 
and domestic animals into fields (European Commission, 2017). 

Here, we have used a Cryptosporidium foodborne outbreak in Sweden, which was reported in late summer 2016, as a case study to 
trace the cause of contamination on the vegetable vehicle. On the 30th August the disease control unit, responsible for regional health 
care coordination at the County Council of Norrbotten, contacted the Authorities, e.g. Public Health Agency, Luleå municipality and 
the National Food Agency, after a suspected foodborne outbreak. Fifty out of 100 teachers and pre-school teachers had fallen ill with 
frequent diarrhoeal incidences after an event in Luleå on the 17th August. The incubation time (four to seven days) together with 
symptoms (watery diarrhoea) indicated cryptosporidiosis. A week after the outbreak was detected (6th September) there were three 
laboratory confirmed cases of cryptosporidiosis reported in the national reporting system of communicable diseases, SmiNet. 

In this paper, we characterize and trace the origin of the foodborne cryptosporidiosis outbreak at the production farm. To do so, we 
first performed traditional outbreak investigation methods, such as case interviews, sampling of patients, and back-tracing to identify 
romaine lettuce produced at a specific farm as the likely source of the outbreak. Then, to complement the outbreak investigation, 
additional sampling of romaine lettuce and other crops at the farm were performed and sequenced, with both amplicon and shotgun 
sequencing techniques, in order to track the faecal source at the site and to characterize the microbial content of the romaine lettuce 
including detection of Cryptosporidium. 

2. Methods 

2.1. Epidemiological trace-back investigations 

Among the food served for lunch for the company of teachers and pre-school teachers – chicken, romaine lettuce, feta, parmesan 
and spinach pie – romaine lettuce was the most likely source of Cryptosporidium. Hence, when two additional cases from two other 
cities, appeared in the investigation, they were specifically asked about meals in restaurants and consumption of lettuce. One of them 
had eaten a halloumi salad with romaine lettuce as one of the ingredients in Sundsvall on the 14th August. The other person had a 
Caesar salad in Kiruna on 18th August. The health inspectors of the respective municipality therefore put their effort in tracing the 
lettuce, i.e. brands, wholesalers and, in the end, producer/farm. 

2.2. Laboratory investigation of human cases 

Seven stool samples were analysed for the presence of Cryptosporidium oocyst at the regional laboratories, all were found positive. 
Identification of oocysts was performed using microscopy of acid-fast stained smears. Six of the samples were further analysed for the 
presence of additional bacterial pathogens (Shigella, E. coli (Ehec), Salmonella, Yersinia and Campylobacter) using cultivation. In one 
sample, detection of viruses (Noro-, Adeno-, and Rotaviruses) and Clostridium difficile toxin were tested. All test results were negative. 
Five samples were examined at the Public Health Agency for confirmation and molecular typing. 

DNA from the human faecal samples was extracted using a QIAmp DNA mini kit (Qiagen, Hilden, Germany) according to the 
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manufacturer’s instructions. Prior to extraction, oocyst disruption was done by beadbeating using a BulletBlender (Techtum, Sweden). 
Cryptosporidium species identification was made by investigation of the 18S rRNA gene by PCR, followed by restriction fragment length 
polymorphism (RFLP) and bi-directional sequencing of the PCR amplicon (Xiao et al., 2001, 1999). 

To further characterize the isolates, partial sequences of the 60 kDa glycoprotein (gp60) gene were amplified (Alves et al., 2003) 
and PCR products were subsequently sequenced. Editing and analysis of sequences were done using CLC Main Workbench (Qiagen, 
Aarhus, Denmark, version 6.9.1) and compared with sequences in the GenBank database using the Basic Local Alignment Search Tool 
(BLAST; NCBI www.ncbi.nlm.nih.gov/blast/BLAST.cgi). 

2.3. Environmental trace-back investigation 

Prior to the cryptosporidiosis outbreak, an ongoing project at the National food agency, with aim to characterize and investigate the 
microbial quality of both ready-to-eat vegetables and the irrigation water for the crops on major production farms in Sweden, con-
ducted a large scale sampling effort (Livsmedelsverket, 2019). In August 2016, sampling of both romaine lettuce, which originated 
from the same batch as the lettuce connected to the outbreak, and other vegetables was performed at the same farm which produced 
the contaminated romaine lettuce. All crops were harvested in triplicates from separate locations at the farmland. The farm is situated 
in Skåne in Southern Sweden and is certified under a standard for quality-assured production through third-party certification 
(Kvalitetssystem, 2016) using stricter guidelines than the global good agriculture practices (Global GAP, 2016). The county board of 
Skåne inspected the farm after the outbreak but could neither find any remarks on the production nor on the handling of the produce. 
The lettuce was free-land cultured and over-head irrigated using ramps. The irrigation water came from two bores (deep wells) with 
high water quality: E. coli, enterococci or coliform bacteria normally not detected in 100 ml. On one occasion during the project (8th 
August 2016), 1 MPN E. coli 100 ml− 1 was detected in the irrigation water in one of the ramps (data not shown). According to the 
company manager, only chemical fertilizers were used on the fields. Despite being situated in one of the more animal dense counties in 
Sweden, there are neither animal farms, nor wastewater outlets in the close vicinity to the groundwater source or the fields from where 
the romaine lettuce was harvested. To our knowledge, no confirmed cases of cryptosporidiosis were reported locally to the farm nor 
among the farm workers. 

2.4. Microbiological investigation of vegetables 

Since the authorities were notified 13 days after the event in Luleå, the possibility to track the contaminated food for sampling was 
deemed minimal and no microbiological investigation on food was initiated. However, samples of romaine lettuce from the same farm 
and batch, had previously been analysed for faecal contamination within the irrigation water project (Livsmedelsverket, 2019). 
Extracted DNA and eluate from these lettuce samples was saved in the freezer which gave an opportunity to further investigate the 
cause of the outbreak by looking for Cryptosporidium specific DNA and performing faecal source tracking based on amplicon and 
shotgun sequencing, respectively. 

The vegetables harvested in the project included three or four replicates of broccoli, iceberg lettuce, leek, cauliflower, chive, 
parsley and romaine lettuce collected at five farms in the south of Sweden. The romaine lettuce were sampled pre-harvest 8th August 
2016, originating from the same batch as the romaine lettuce heads causing cryptosporidiosis in the case example, and sent to the 

Table 1 
Results from microbiological analyses of vegetables from the farm (sampled six days before the onset of the outbreak) including 16S rRNA microbial 
source tracking and metagenome based analyses.  

Sample Coliform 
bacteria 
(CFU/g) 

E. coli 
(CFU/g) 

Intestinal 
enterococci 
(CFU/g) 

Clostridium 
perfringens 
(CFU/g) 

Bacterial 
pathogens 

Cryptosporidium Source- 
tracking 16S 

Human gut 
associated 
species 

Romaine 
lettuce A 

190 <10 < 100 10 Neg 25 g C. parvum Sewage 
(1.8%), Gull 
(0.1%), 
Unknown 
(0.5%) 

239 

B 270 270 < 100 < 10 Neg 25 g C. parvum Unknown 
(1.6%) 

542 

C < 10 <10 < 100 < 10 Neg 25 g Negative Unknown 
(0.9%) 

140 

Cauliflower A <10 <10 < 100 <10 Neg 25 g ND – – 
B 200 10 < 100 <10 Neg 25 g ND Unknown 

(0.1%) 
– 

C <10 <10 < 100 <10 Neg 25 g ND – – 
Leek A 43,200 <10 < 100 <10 Neg 25 g ND – – 
B <10 <10 < 100 <10 Neg 25 g ND – – 
C 20 <10 < 100 <10 Neg 25 g ND – – 
Lettuce A 60 <10 < 100 <10 Neg 25 g ND – – 
B 20 <10 < 100 <10 Neg 25 g ND – – 
C 30 <10 < 100 <10 Neg 25 g ND – –  
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National Food Agency in a cooling bag. The day after harvest, 10 g from each subsample (i.e. lettuce head) was shredded and put in 90 
ml of peptone buffer. This was then treated for one minute at normal speed in a Steward stomacher for analysis of bacterial indicators. 
E. coli and coliform bacteria were analysed by plate spreading on Chromocult® Coliform ES-agar (Merck; Darmstadt, Germany). In-
testinal enterococci were enumerated using NMKL No. 68 (NMKL, 2011) and anaerobic sulphite reducing bacteria according to NMKL 
No. 56 (NMKL, 2015). Further, 25 g of each vegetable sample was analysed by standard enrichment methods for the presence of 
Salmonella, Campylobacter, shigatoxin-producing E. coli and ESBL-producing E. coli. None of these organisms were detected in any of 
the samples (Table 1). 

2.5. DNA extraction and molecular analyses 

Nucleic acids were extracted from 2 ml of the peptone buffer from the Stomacher protocol using a modification of the protocol of 
Meta-G-Nome DNA Isolation Kit (Epicentre Biotechnologies, Madison, Wisconsin, United States) as follows: 2 ml of eluate was 
centrifuged at 13,000 ×g for 60 min at 4 ◦C; then, 1.9 ml was removed, and the pellet stored at − 20 ◦C until extraction. The samples 
were resuspended in 200 μl TE-buffer and mixed by vortexing. 

Cryptosporidium samples for molecular analysis were prepared using the aforementioned DNA extractions and two additional 
preparations. The additional preparations were made from stored (− 20 ◦C for 10 months) aliquots of 14 ml peptone water from the 
stomacher preparations, two for each romaine lettuce head. The samples were used for either immunomagnetic separation, IMS, or 
direct extraction. The IMS was done using the Dynabeads™ GC-Combo kit (Applied Biosystems) according to manufacturer’s protocol 
with a starting volume of 10 ml and with a final volume of 50 μl purified material. The other 14 ml sample was first centrifuged 2700 
×g for 10 min, the supernatant was removed to 1 ml and the sample was transferred to a microcentrifuge tube and centrifuged at full 
speed for 3 min. The supernatant was removed, and the remaining sample was extracted with PowerSoil®DNA Isolation Kit (Mo Bio 
Laboratories Inc.) according to the manufacturer’s protocol and eluted in 80 μl water. 

2.6. Cryptosporidium analyses 

Molecular detection and identification of Cryptosporidium species was done by amplification of the 18S rRNA gene by PCR, followed 
by bi-directional sequencing of the PCR amplicons. A nested PCR protocol for partial amplification of the 18S rRNA gene was set up 
with all three DNA preparations as template. The reaction was set up using primers by Xiao et al. (1999) and reaction conditions and 
settings as described in Björkman et al. (2018). Two μl of the first reaction was used as template for the second reaction using the same 
reaction conditions except that annealing temperature was raised to 63 ◦C. Subtyping was performed through partial amplification of 
the gp60 gene using the same PCR mixture as for 18S but with primers described in Alves et al. (2003) (Table 1). The gp60 annealing 
temperature was 52 ◦C in the first PCR and 55 ◦C in the second. Achieved sequences were compared with sequences deposited in 
GenBank using Basic Local Alignment Search Tool (BLAST, NCBI, http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). 

2.7. Microbial source tracking: Amplicon sequencing and shotgun sequencing 

DNA was isolated using the Meta-G-Nome DNA Isolation Kit (Epicentre Biotechnologies, Madison, Wyoming, United States) and 
amplified using the “No. 5 Hot Mastermix 2.5x kit” (5 PRIME, Hilden, Germany) with bacteria/archaeal primers 515F/806R, specific 
for the V4 region of the 16S rRNA gene (Caporaso et al., 2012). The forward and reverse primers were modified to include a 12-nucle-
otide Golay barcode. All samples were amplified in triplets and pooled after PCR amplification (94 ◦C for 3 min, 35 cycles; 94 ◦C for 45 
s; 50 ◦C for 1 min; 72 ◦C for 1.5 min, and 10 min to finish). The PCR product was run on a 1% agarose gel and the DNA concentration 
was estimated with a Qubit fluorometer (Invitrogen). The amplicons were pooled at equimolar concentrations and purified with the 
“Ultra Clean PCR Clean-Up kit” (MoBio; Carlsbad, CA, USA) following the supplier’s instructions. Finally, the DNA concentration of the 
pooled amplicon product was measured with a Qubit fluorometer and adjusted to 2 nM. The library was denaturised and diluted as 
described by Illumina (MiSeq System User Guide, Part # 15027617 Rev. C), before it was loaded into a MiSeq (Illumina) using 500 bp 
paired-end reagent kits. 

To process the raw sequence data, the dada2 pipeline was used. Samples were demultiplexed by using deML with default settings 
(Renaud et al., 2015). Read length truncation parameters were decided based on Phred quality scores plot for each sequencing run and 
varied between 140 and 180 for forward reads and between 120 and 135 for reverse reads. The obtained sequence reads were then 
assigned a taxonomic group by using the reference database Silva, version 138, based on 99% sequence identity (Quast et al., 2013). 
Low abundance amplicon sequence variants (ASVs) were filtered out from the data, following recommendations by Bokulich et al. 
(2013) on Illumina-generated amplicon data: ASVs with a number of sequences less than 0.001% of the total number of sequences were 
discarded with a minimum of detection in three samples required for them to be retained. To carry out an microbial source tracking 
(MST) analysis, SourceTracker version 1.0.0 (Knights et al., 2011) was utilized. In short, the MST analysis is based on defining bacterial 
fingerprints for known source environment, and compare those to the bacterial profile of a possibly contaminated sample (i.e. a sink 
sample). The rarefying depth of the MST library was set to 10,000 to reduce the required computational time. However, sink or test 
samples were not rarefied to maximize the taxa resolution as the goal was to find low abundance ASVs of possible faecal origin. Default 
values of all other parameters in SourceTracker were used. The MST library was setup as described in Hägglund et al. (2018), with 
some modifications: the wild bird faecal environment was partitioned into waterfowl (n = 15) and gull (n = 13) sources, and 17 crop 
samples (four broccoli, two cauliflower, four chive, three iceberg lettuce, three leek, and one parsley, with negative detection on E. coli, 
enterococci and coliforms) as background environment of the contaminated romaine lettuce samples. By defining the background 

J. Ahlinder et al.                                                                                                                                                                                                       

http://www.ncbi.nlm.nih.gov/blast/Blast.cgi


Food and Waterborne Parasitology 26 (2022) e00142

5

community composition, the natural variation was effectively incorporated in the MST library to avoid inflation of false-positive 
source detection. In addition, 12 negative control samples (i.e. no-template PCR) were added to account for possible lab contami-
nation, following Pullerits et al. (2020). One cauliflower sample (replicate B) was included in the MST analyses to check for systematic 
contamination at the sampling site. 

To further increase the resolution, shotgun sequencing of the three romaine lettuce samples was performed. Sequencing libraries 
were prepared using a Kapa HyperPlus Single-Index Adapter Kit with TruSeq adapters (Illumina, San Diego, CA, United States), with 
sample-specific multiplex adaptor according to the manufacturer’s instructions. The libraries were sequenced using a single lane in a 
HiSeq2500 System (Illumina) at the SciLifeLab National Genomics Infrastructure Platform at KTH, Stockholm. Raw data were filtered 
(i.e. removing adapters and low quality sequences) using Trimmomatic (Bolger et al., 2014). Reads were taxonomically classified 
using. 

Centrifuge (Kim et al., 2016) based on the NCBI nucleotide (nt) database (Agarwala et al., 2018). The taxonomic composition of the 
romaine lettuce samples were visualized using the phyloseq R package (McMurdie and Holmes, 2013). Trimmed reads were mapped 
against the reference genome of C. parvum Iowa II strain (accession number NC_006980) using BWA (Li and Durbin, 2009). To create 
human gut associated bacterial signatures, the taxonomic composition of the romaine lettuce samples, at the species level, was 
compared to the GMrepo database containing annotated human gut metagenomes (Wu et al., 2020). Low abundant species with less 
than 500 reads assigned were removed. The Venn diagram of the human gut associated species present in the samples was made using 
the ggVenn R package. 

3. Results 

3.1. Epidemiological investigation 

In total, there were 50 estimated cases from three cities falling ill between 23rd and 25th of August 2016. The incubation times 
were between four and nine days. Based on the interviews and information from the health inspectors’ visits on the respective res-
taurants, romaine lettuce produced by a company in Southern Sweden was considered to cause the outbreak. Since the evidence was 
considered as convincing, no further epidemiological trace-back, e.g. case-control study was performed. 

Pr
op

or
tio

n

Fig. 1. The inferred source proportions of reads originating from faecal and unknown source environments of the three romaine lettuce samples and 
the cauliflower control sample, where standard deviations of the estimate are shown on top of the bars. The colour of the bars indicate the source of 
the signal. The sources calf, cow, dog, poultry, horse, swine and sheep were included in the microbial source tracking library but excluded from the 
figure as not represented in the samples. 
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3.2. Microbiological investigations 

3.2.1. Analysis and typing of Cryptosporidium 
Analyses of clinical samples by microscopy, performed at the local public health laboratory, confirmed seven positive cases. Five 

samples were analysed for species determination and subtyping. All five samples showed 100% identity to C. parvum 18S (GenBank 
accession number KM012040.1.) and gp60 subtype IIdA24G1 (GenBank accession number JQ028865). 

Triplicate DNA preparations were performed from three romaine lettuce heads obtained from the aforementioned producer. The 
18S nested PCR generated positive results on two lettuce heads, in two out of three triplicates, respectively. No sample was positive 
after IMS. The sequenced 18S amplicons showed 100% identity to C. parvum. 

E. coli was detected in two of the three romaine lettuce samples in numbers corresponding to 270 and 10 CFU/ g respectively, 
sulphite-reducing anaerobes in two (10 CFU/ g) whereas intestinal enterococci were not detected (detection limit 100 CFU/ g). In the 
other vegetables, E. coli was detected (10 CFU/ g) in one cauliflower sample but apart from that no specific faecal indicator was found 
(Table 1). 

Several attempts were made to get a positive gp60 PCR but no sample was positive in any of the preparations. 

3.2.2. Microbial source tracking 
To infer the source origin of the contaminated romaine lettuce, collected samples (i.e. sink and background samples) were first 

sequenced by using amplicon sequencing of the 16S rRNA gene, V4 hypervariable region, to obtain the bacterial community 
composition or fingerprints (Fig. S1). To aid the MST library, both waterfowl faeces (i.e. mallard and goose) and milli-Q reference 
water (i.e. PCR blanks) were collected and sequenced. One cauliflower sample, collected at the same vegetable producer farm, was 
included together with the three romaine lettuce samples as sink samples in the MST analysis, in order to check for joint faecal signals. 
Other faecal environments in the MST library represented cow, calf, dog, horse, poultry, swine, sheep, and untreated sewage (Fig. S2). 
A sewage contamination was inferred in the romaine lettuce sample replicate A, with a source proportion of 1.8% of the total sequence 
(Fig. 1, Table 1). A weak gull bird faecal signal was detected in the same sample totalling 0.1% of the reads, with standard error interval 
did not include zero proportion. The source origin for some proportion of the data could not be resolved (to the pre-defined source 
environments in the faecal library) and were classified to the “Unknown” source in all three romaine lettuce samples and was most 
prominent in the A sample. The main component of the inferred source proportion was the background environment, ranging between 
96 and 99.9% of the data, suggesting that the background variation was properly taken care of, which reduces the risk of false positive 
signals. Inadvertent contamination, via no- template PCR control, were detected in the assemblages. In total, 18 ASVs underpinned the 
inferred sewage signal in the romaine lettuce sample A, with taxonomic assignments to bacterial families Planococcaceae (Firmicutes), 
Coxiellaceae (Proteobacteria), Sphingobacteriaceae (Bacteroidetes) and Cytophagaceae (Bacteroidetes) which have been detected in 
faecal environments. Also, four ASVs assigned to bacterial family Moraxellaceae, which has previously been classified to sewer 
infrastructure-associated environments (Newton et al., 2013). The signal to the unknown environment consisted of n = 11, n = 53, and 
n = 41 ASVs for romaine lettuce samples A, B and C respectively. For sample B and C, the unknown signal contained families which was 
identified in the sewage signal for sample A, which suggests a similar source but less accurate in terms of which ASVs that were 
detected within families. The bacterial families that did overlap between unknown signals in samples B and C with the sewage signal in 
sample A was related to faecal environments including Moraxellaceae, Planococcaceae, Coxiellaceae and Sphingobacteriaceae. 
Interestingly, the family Paenibacillaceae (Firmicutes) was also present in the unknown signal which has been isolated in various 
faecal environments. The result of the MST analysis on the cauliflower sample did not show any faecal contamination and almost no 
sequences assigned to the unknown environment. 

Fig. 2. A, Taxonomic composition at the genus level of the human faecal signal in the romaine lettuce samples where the top 20 abundant genus are 
shown. B, distribution of species in the samples associated with the human faeces database. 
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To further decipher the faecal contamination of the romaine lettuce samples, shotgun sequencing was carried out and the resulting 
species’ assignments were compared to a human gut metagenome database GMrepo. The composition of human gut related bacteria 
differed in the samples with sample B having a relatively large proportion of the genus Bacillus, which was not as abundant in samples 
A and C (Fig. 2A). Interestingly, a large number of species did overlap with about 20–30% of the total detected species in the samples 
(Fig. 2B). A particularly large number of species overlapped in sample B, with 60% of all human gut-associated species in the lettuce 
samples were unique to this assemblage. In the set of overlapping species, there were some which are highly associated with human 
and animal faecal environments: Escherichia coli, Enterococcus faecium, Enterococcus faecalis, Clostridium spp. (10 species including 
Clostridium perfringens). Also, reads taxonomically classified to potential pathogenic species were found such as Legionella pneumophila 
(sample A and B), Mycobacterium tuberculosis (in all samples), Campylobacter jejuni (in all samples), and Coxiella burnetii (sample A). 

Several Cryptosporidium species were detected in the taxonomic classification analysis, with C. parvum being the most abundant, 
albeit at a low total frequency: 4219, 307 and 249 unique reads for samples A, B and C, respectively. The other species detected were 
Cryptosporidium muris and C. hominis, present in all samples. We mapped all reads to the reference genome of C. parvum (the Iowa II 
strain), which resulted in a mapping frequency of 1.8%, 1.0% and 0.7% of the trimmed reads and an average coverage of all bases (i.e. 
average number of bases mapped at a position) in the reference of 15.5, 9.5 and 8.4 in samples A, B and C, respectively. Although no 
complete genomes were recovered, these results suggests that C. parvum were present in the collected romaine lettuce samples. 

Taken together, there are indications of a human faecal contamination in the samples, both derived via metagenomics analyses 
from 16S rRNA amplicon and shotgun sequencing. A sewage signal was inferred in the 16S rRNA data for sample A, while sample B and 
C seemed to have similar set of taxa suggesting a similar origin of contamination. A large proportion of the total species found with 
shotgun metagenomics analysis was overlapping with a human gut microbiome database, with a particularly diverse set in sample B. 

4. Discussion 

By a combination of traditional outbreak investigating methods and DNA sequencing methods we pinpoint the origin of the 
contaminated vegetables involved in a major Cryptosporidium outbreak in Sweden, and in addition indicate the likely source of the 
contamination of the vegetables. The evidence pointing towards romaine lettuce from a specific farm was convincing, since it could 
further explain cases from other cities for which the batch of lettuce was the only (known) common denominator. Since there was DNA 
and eluate left from samples from the same crops and farm (batch) we had the opportunity to establish the link between food and 
patient and, identify possible faecal sources of the romaine lettuce causing the described outbreak. 

We successfully determined species to C. parvum on romaine lettuce from the same batch as associated with the outbreak, as well as 
from the infected humans. C. parvum is the most common species to cause cryptosporidiosis in humans in Sweden (Insulander et al., 
2013; Lebbad et al., 2021). In a recent study 84% (211 of 250) of all domestically acquired Cryptosporidium infections were caused by 
C. parvum (Lebbad et al., 2021). Humans and livestock, particularly pre-weaned calves, are considered to be main reservoir hosts of 
C. parvum in the transmission of human cryptosporidiosis (Burnet et al., 2013). Wildlife, including wild ruminants, wild boar and birds 
may also be carriers of C. parvum with potential to contaminate the environment, farmed vegetables and water (García-Presedo et al., 
2013; Oliveira et al., 2017; Wells et al., 2015). Further molecular typing of the human samples identified gp60 subtype IIdA24G1. 
Several Swedish foodborne outbreaks have been associated with IIdA24G1 (Gherasim et al., 2012; National Veterinary Institute, 
2020). The gp60 subtype IIdA24G1 has never been observed in Swedish animals, however, IIdA24G1c, which is highly homologous to 
IIdA24G1, has previously been identified in four calves from two herds in Sweden (Silverlås and Blanco-Penedo, 2013). In an outbreak 
among veterinary students, IIdA24G1 was one of two identified gp60 subtypes and although the original source to those cases was 
never identified, the epidemiological investigation suggested those patients were infected on a cattle farm (Kinross et al., 2015). 

The farm on which the romaine lettuce originated used only chemical fertilizers. Hence, no contamination is likely to come from 
manure. Irrigation water is taken from a deep well on site and no surface water has been used. According to Livsmedelsverket (2019), 
the deep well water was not contaminated at the time, but may have been later in the distribution system at the farm. No domestic 
animals are kept on the grounds, but wild ruminants may enter the fields and graze, and wild birds may also visit the area. Although a 
common carrier of C. parvum, faeces from cattle was likely not the source of contamination, whereas wild animals cannot be excluded. 

Based on the source tracking analysis, the most likely source of the faecal pollution was human, either directly or from wastewater 
contamination of the irrigation water. First, we identified bacterial abundance patterns in the lettuce assemblages which matched with 
abundance pattern in sewage assemblages, with present bacterial families typical for human faecal environments. Second, the shotgun 
generated data allowed us to identify bacteria at the species level, which partly overlapped with the species content in a human gut 
microbiome database. Potential contamination sources of sewage at the farm, such as on-site wastewater contaminating the irrigation 
water source or the water used for washing, or infected people handling the lettuce, are all possible explanations of such event. 
However, there were uncertainty in the 16S based source tracking analysis: the proportion of reads assigned to the unknown envi-
ronment were present in all three lettuce assemblages. This result suggests either that the contaminating environments defined in the 
source tracking library were not representative for the contamination source at the site, or that the contaminating source was not 
present in the library at all. Spatiotemporal effects might have altered the composition of the sources (O’Dea et al., 2019), as most 
library samples were collected in different regions in Sweden three years earlier (Hägglund et al., 2018) and thus might not capture the 
bacterial diversity of the faecal contamination. By analysing spiked mesocosms containing different source contaminations, Brown 
et al. (2019) found that faecal source library composition substantially influenced the MST ability to infer source contributions 
correctly, with unknown sources (not accounted for) and large within source variability in composition as most detrimental for 
prediction accuracy. We cannot rule out the possibility of missing faecal sources in the library, as both deer and wild boar potentially 
could have contaminated the crops (Ballesté et al., 2020; McKee et al., 2021). Another source of uncertainty is the presence of 
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cosmopolite taxa which overlaps with multiple source environments, and could result in erroneous predictions, in particular with the 
background environment of the crops at the farm and faecal source library environments (Brown et al., 2019; Hägglund et al., 2018). In 
the present study, however, we included multiple samples from different crops at the same site as background representative com-
munities which should capture the variability in community composition of the crops and the contamination could thus be separated. 

We utilized different data sources in the metagenome and source tracking analyses to improve the source prediction. The amplicon 
16S rRNA sequencing provides us with a broad bacterial taxonomic coverage and profiles of a large set of samples in multiple envi-
ronments as this technique nowadays are cheap and easily accessible for diagnostic labs. Shotgun metagenomics, on the other hand, 
access entire genomes of all organisms present in the sample, not only bacteria but also viruses and eukaryotes. Furthermore, it’s less 
susceptible to the biases that are inherent in targeted gene amplification of the 16S rRNA, by avoiding the PCR step(s) and primer 
limitations in capturing the diversity of the sample (see e.g. Berry et al. (2011); Cai et al. (2013); Tremblay et al. (2015) for sources and 
quantification of bias in 16S rRNA gene amplification). Even though this sequencing technique becomes cheaper and more accessible, 
it is still difficult to sequence a large set of samples, both with respect to financial and data resources, required in microbial source 
tracking investigations as the variability in community composition of library and sink environments must be correctly assessed by the 
investigators, as in any supervised learning problem. Thus, a reasonable way forward might be to utilize both types of sequencing 
techniques: 16S rRNA to access the variability in composition in a large set of samples to perform signature based source tracking 
(Hägglund et al., 2018; Henry et al., 2016; Roguet et al., 2018) and shotgun metagenomics to investigate a few sink communities much 
more in detail (i.e. broader taxonomic coverage and finer phylogenetic resolution) to detect specific organisms of interest such as 
Cryposporidium spp. (Lokmer et al., 2019; Wylezich et al., 2019) and faecal and gut associated species (Almeida et al., 2019; Walker 
et al., 2014; Yatsunenko et al., 2012). 

Subtyping, or whole genome sequencing for bacteria, has improved outbreak investigations and is a valuable tool in order to detect 
an outbreak as well as to connect it to a specific food (Didelot et al., 2012). However, we do believe that microbial source tracking can 
be an important complement to typing, epidemiological and environmental investigations in a root cause analysis (Kase et al., 2017); 
especially in order to come as close to the upstream source as possible in order to suggest interventions or risk mitigation options. 

Data availability 

Supplementary data related to this article can be accessed at the Short Read Archive (https://www.ncbi.nlm.nih.gov/sra), project 
reference PRJNA768652. The obtained gp60 sequence has accession number OK317684. 

Declaration of Competing Interest 

The authors report no conflict of interest. 

Acknowledgments 

This project was financed by The Swedish Civil Contingencies Agency (MSB) through the project “Contamination of ready-to-eat 
vegetables with faecally polluted irrigation water - risk-based guidelines and consensus in monitoring”. Harry Ahola, Anna Macellaro 
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