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1  | INTRODUC TION

Parasites can co-exist within their host in the form of rich communi-
ties or assemblages that entertain different ecological interactions, 
from facilitation to competition and exclusion (Clark et  al.,  2016; 
Pedersen & Fenton,  2007). There can be multiple incentives to 

describe these assemblages, from the point of view of parasite com-
munity ecology or host health and fitness consequences of multiple 
infections (Bordes & Morand, 2011; Marzal et  al.,  2008; de Roode 
et al., 2005). In birds, there is growing interest in the study of eukary-
otic endoparasite communities for poultry farming (Hauck, 2017), con-
servation biology (Carlson et al., 2011; Riper et al., 1986), ecological 
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Abstract
There is growing interest in the study of avian endoparasite communities, and me-
tabarcoding is a promising approach to complement more conventional or targeted 
methods. In the case of eukaryotic endoparasites, phylogenetic diversity is extreme, 
with parasites from 4 kingdoms and 11 phyla documented in birds. We addressed this 
challenge by comparing different primer sets across 16 samples from 5 bird species. 
Samples consisted of blood, feces, and controlled mixes with known proportions of 
bird and nematode DNA. Illumina sequencing revealed that a 28S primer set used in 
combination with a custom blocking primer allowed detection of various plasmodiid 
parasites and filarioid nematodes in the blood, coccidia in the feces, as well as two 
potentially pathogenic fungal groups. When tested on the controlled DNA mixes, 
these primers also increased the proportion of nematode DNA by over an order of 
magnitude. An 18S primer set, originally designed to exclude metazoan sequences, 
was the most effective at reducing the relative number of avian DNA sequences and 
was the only one to detect Trypanosoma in the blood. Expectedly, however, it did not 
allow nematode detection and also failed to detect avian malaria parasites. This study 
shows that a 28S set including a blocking primer allows detection of several major 
and very diverse bird parasite clades, while reliable amplification of all major parasite 
groups may require a combination of markers. It helps clarify options for bird parasite 
metabarcoding, according to priorities in terms of the endoparasite clades and the 
ecological questions researchers wish to focus on.
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history (Cornuault et al., 2012; Hellgren et al., 2011), descriptive epi-
demiology (Santiago-Alarcon et al., 2008), or biodiversity and bioge-
ography of avian parasites (Enslow et al., 2020; Fecchio et al., 2019). 
To date, most studies have focused on selected parasite groups, po-
tentially missing interactions beyond these groups for lack of a prac-
tical approach to assess broader parasite diversity. Such interactions 
between phylogenetically distant parasite groups are very likely in 
birds; for instance, positive and negative correlations between avian 
malaria apicomplexans and microfilaria blood parasites have been 
observed using conventional methods (Clark et al., 2016). Likewise, 
interactions between microparasites and helminths from different 
tissues (bloodstream and digestive tract) demonstrated in other hosts 
may also be consequential (Graham, 2008; Knowles, 2011).

Molecular approaches have greatly facilitated research across 
a broad diversity of parasitic taxa and may help unravel the huge 
and largely undescribed diversity of bird parasites (Carlson 
et al., 2020). Metabarcoding in particular has become a standard ap-
proach to describe biological communities in a variety of contexts 
(Deiner et al., 2017; Pollock et al., 2018; Xu, 2016) and holds poten-
tial for surveying parasite communities. Metabarcoding involves am-
plifying a small (up to a few hundred bases long) genetic marker (“the 
barcode”) using a pair of primers that will anneal in all target taxa. 
Next-generation sequencing technology is then used to sequence 
the diversity of barcode variants obtained. These sequences are 
searched against a reference database (e.g., the Silva or the BOLD 
databases) to identify the taxa amplified from the sample whose se-
quence is also present in the database. The primer pair is a defining 
feature of the barcode and will determine which taxa are amplified 
and thus detected as part of the sampled community. Finding and 
using adequate primers is therefore key to the success of any me-
tabarcoding enterprise.

Exhaustive description of parasite communities on a large scale 
may be difficult with traditional techniques such as microscopy, 
and there can be important benefits of applying a metabarcoding 
approach to parasite identification. For instance, it enables detec-
tion of all parasite life stages; it makes high throughput processing 
of samples possible; and DNA sequences are easy to share between 
laboratories (Aivelo,  2015; Aivelo & Medlar,  2018). As such, me-
tabarcoding is being used extensively to study bacterial communi-
ties, with the 16S rRNA gene being the barcode of choice across 
many host taxonomic groups, including birds (Ganz et  al.,  2017; 
Leclaire et al., 2019). Studies using metabarcoding for eukaryotic en-
doparasite characterization are much less common however. Most 
have been conducted in mammals, where they aimed at identify-
ing fecal parasites (Aivelo & Medlar, 2018; Avramenko et al., 2018; 
Gogarten et al., 2020). In birds, where blood parasites such as api-
complexans also have a major importance, parasite metabarcoding 
studies investigating both fecal and blood samples are missing.

The phylogenetic diversity of bird eukaryotic endoparasites is 
extreme and spans no less than four different kingdoms. It includes 
unicellular parasites from both the Chromista and Protozoa king-
doms, fungi, and metazoans (birds, together with bony fish, have 
been predicted to harbor the largest number of undescribed helminth 

species; Carlson et al., 2020). The major issue preventing bird para-
site metabarcoding investigations is the lack of a practical primer set 
to capture this astounding diversity, while not amplifying excessive 
amounts of unwanted targets such as host DNA. This issue stems 
from the fact that some major parasites groups (e.g., helminths) are 
phylogenetically closer to the avian host than they are from other 
parasites of interest (e.g., protozoans) and is especially acute with 
blood samples, where red blood cells are nucleated. Therefore, the 
aim of this study was to test different candidate metabarcoding 
primer sets for their ability to recover the broadest complement of 
parasites from major clades, in both blood and fecal samples, despite 
large quantities of nontarget (host) DNA being present.

From the literature, we selected five different primers sets that 
have potential to detect diverse bird-infecting parasite clades. Some 
are targeted at the 18S rDNA, either for all eukaryotes or for single-
celled eukaryotes only, while others are targeted at the 28S rDNA 
region and were complemented with custom blocking primers to 
reduce amplification of host sequences. We then carried out direct 
laboratory comparisons using a set of samples including bird blood 
and fecal DNA extracts, as well as artificial mixes consisting of bird 
blood DNA spiked in with different proportions of nematode DNA.

2  | MATERIAL S AND METHODS

2.1 | Samples

Sixteen samples were used for this study, consisting of:

-	 Eight passerine bird blood DNA samples, known to be positive 
for hemosporidian parasites, based on the cytochrome b nested 
PCR described in Reis et  al.  (2021).

-	 Six bird fecal DNA samples.
-	 Two artificial mixes consisting of hemosporidian-negative bird 

blood DNA spiked with different proportions of nematode DNA 
(1:100 or 1:1,000 by mass).

Bird samples were collected on São Tomé Island (Gulf of Guinea, 
Africa). Species (illustrated on Figure 1), tissue, and collection year 
for each sample are summarized in Table 1. Samples were preserved 
in ethanol, and DNA was extracted using the PureLink Genomic 
DNA Mini Kit (Invitrogen) for blood samples, and the Stool DNA 
Isolation Kit (Norgen) for fecal and nematode samples, following 
manufacturer's instructions.

The research complied with all relevant national and interna-
tional legal requirements, and the protocol and procedures were 
ethically reviewed and approved by the CIBIO's research center 
focal point of RedeORBEA (Network of the Bodies Responsible for 
Animal Welfare). In accordance with the legal determinations, CIBIO 
complies with all the conditions spelled out in the Convention on 
Biological Diversity for the use of genetic resources, any associated 
Traditional Knowledge and the sharing of resulting benefits between 
the parties concerned.
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2.2 | Primers

We tested five different primer sets deemed promising for bird para-
site metabarcoding (Table 2). The five primer sets were applied to 
the same above set of 16 samples.

Primer set 1, here coded “xca,” was developed for the simultane-
ous analysis of the intestinal parasites and diet from the feces of farm-
land birds through environmental DNA metabarcoding (Cabodevilla 
et al., 2020). It is a generalist eukaryotic primer pair targeting a short 
region of the 18S gene (~180 bp amplicons; Figure S1). It is capable of 
amplifying a wide range of eukaryotic organisms from unicellulars to 
plants, fungi, and metazoans, while excluding bacteria and Archaea. 
It has been shown to amplify various potentially parasitic groups 
such as apicomplexans, nematodes, and platyhelminthes.

Primer set 2, coded “nes,” was developed to study animal-
associated micro-eukaryotic communities (del Campo et al., 2019). 
This primer set is designed to amplify unicellular eukaryotes only, 
thus excluding host DNA, but also potential metazoan parasites, 
such as helminths. It entails a nested PCR with a first round using 
a set of unicellular-specific primers to exclude metazoans, followed 
by a second round using the primers of Comeau et al.  (2011), also 
developed to study micro-eukaryotic communities. In silico analy-
ses suggested that this set could amplify potentially parasitic groups 
such as Alveolata or Heterokonta; empirical analysis of human fecal 
samples yielded less than 10% human reads.

Primer set 3, coded “dc2,” was also developed to retrieve 
micro-eukaryotes (and exclude metazoans) from animal- and plant-
associated microbiomes, using a single PCR round (Bass & del 
Campo,  2020). In silico analyses also suggested a good sequence 
match with potentially parasitic groups such as Alveolata and 
Heterokonta.

Whereas primer sets 1–3 above targeted the 18S gene, primer 
sets 4 and 5 both targeted the 28S gene. Both used the same PCR 
primers RM2F and RM3R described in Kounosu et  al.  (2019) and 
deemed to amplify efficiently both Apicomplexa and helminths, 
while offering a reasonable amplicon length (~240 bp) and exclud-
ing bacterial sequences. These primers were shown to effectively 
amplify nematodes, platyhelminthes, and coccidia. In an attempt 
to improve their specificity by reducing amplification of host DNA, 
we designed two different blocking primers (Figure S2) to prevent 
annealing of the reverse PCR primer on bird sequences, resulting 
in primer sets 4 (“bl3”) and 5, (“bl4”) respectively. Blocking primers 
are oligonucleotides that are modified at their 3′ end so that they 
cannot initiate elongation during PCR; they are designed to match 
the sequence of unwanted templates, but not that of target tem-
plates. They shall therefore selectively block amplification of nontar-
get sequences during PCR, either by competition with the forward 
or reverse PCR primer during annealing, or by preventing complete 
elongation along the nontarget DNA strands (Vestheim et al., 2011). 
Further primer description is provided in Table 2 and Table S1.

2.3 | Library preparation and next-
generation sequencing

For primer sets xca, nes (first round), and dc2, PCR were carried out 
in reactions containing 5  µl 2× Qiagen Multiplex PCR Master Mix 
with a final concentration of 0.4  µM of each forward and reverse 
primer. For the bl3 and bl4 primer sets, reactions were carried out 
as above, except that the respective blocking primers were also 
included to a final concentration of 12  µM. Either 1 or 2  µl DNA 
extracts were used as template, respectively, for blood and fecal 

F I G U R E  1   Bird species whose blood 
or fecal samples were used to assess 
different primer sets for eukaryotic 
endoparasite metabarcoding. Top left: São 
Tomé paradise-flycatcher (Terpsiphone 
atrochalybeia); top right: São Tomé thrush 
(Turdus olivaceofuscus); bottom left: São 
Tomé weaver (Ploceus sanctithomae); 
bottom right: Principe seedeater (Crithagra 
rufobrunnea). Original pictures by Lars 
Petersson, reproduced with permission
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samples (which usually contain less DNA than blood samples), and 
water was added to a final reaction volume of 10 µl. The methods 
described here are intended to be applied to samples whose sta-
tus for any given parasite clade has not been previously assessed. 
Therefore, template DNA amount was not adjusted according to any 
previous information on, for example, parasitemia; back titrations 
indicated that the total template DNA amount ranged between 8 
and 78 ng per reaction. For the nes primer set (second round), PCR 
were carried out in reactions containing 5 µl 2× Kapa HiFi HotStart 
ReadyMix Mix (Roche) with a final concentration of 0.5 µM of each 
forward and reverse primer. Two microliters of round one PCR prod-
ucts were used as template, and water was added to a final reaction 
volume of 10 µl. Cycling conditions varied between primers and are 
detailed in Table S1.

PCR primers included 5′ overhangs (Table  2) to allow subse-
quent library preparation for Illumina sequencing. Following the 
first PCR, amplicons were directly indexed (without intermediate 
cleaning step) with i5 and i7 indexes. Indexing PCR were carried out 

in 10 µl reactions containing 5 µl 2× Kapa HiFi HotStart ReadyMix, 
0.5  µM each indexing primer, 2  µl PCR product as template, and 
2  µl water. Primers were P5: 5′-AATGATACGGCGACCACCGAGAT
CTACACxxxxxxxTCGTCGGCAGCGTC-3′ and P7: 5′-CAAGCAGA
AGACGGCATACGAGATxxxxxxxGTCTCGTGGGCTCGG-3′ as in da 
Silva et al. (2019), where xxxxxxx indicates the seven-base sample-
specific indexes. Cycling consisted of a 3-min incubation at 95℃, 
followed by nine cycles each consisting of 30 s at 95℃, 30 s at 55℃, 
and 30  s at 72℃, followed by a final elongation step of 5  min at 
72℃. Indexed products were then cleaned using the AMPure XP 
beads (Beckman Coulter) and quantified using the Epoch Microplate 
pectrophotometer. Samples were pooled by barcode to an equal 
concentration of 0.25 nM of each sample in the pool, and product 
sizes were ascertained using the TapeStation (Agilent). Pool con-
centrations were quantified more precisely for Illumina sequencing 
using qPCR. Sequencing was carried out on a MiSeq (M01998) ma-
chine using a Nano v2 500-cycle kit, with a PhiX spike-in of 15% by 
molarity.

Sample name
Sample 
type Species Collection year

B_Cri_1 Blood Principe seedeater
(Crithagra rufobrunnea )

2014

B_Cri_2 Blood Principe seedeater
(Crithagra rufobrunnea)

2014

B_Plo_1 Blood São Tomé weaver
(Ploceus sanctithomae)

2019

B_Plo_2 Blood São Tomé weaver
(Ploceus sanctithomae)

2019

B_Ter_1 Blood São Tomé paradise-flycatcher
(Terpsiphone atrochalybeia)

2019

B_Ter_2 Blood São Tomé paradise-flycatcher
(Terpsiphone atrochalybeia)

2019

B_Tur_1 Blood São Tomé thrush
(Turdus olivaceofuscus)

2019

B_Tur_2 Blood São Tomé thrush
(Turdus olivaceofuscus)

2019

F_Tur_1 Feces São Tomé thrush
(Turdus olivaceofuscus)

2019

F_Plo_1 Feces São Tomé weaver
(Ploceus sanctithomae)

2019

F_Tur_2 Feces São Tomé thrush
(Turdus olivaceofuscus)

2019

F_Plo_2 Feces São Tomé weaver
(Ploceus sanctithomae)

2019

F_Ter_1 Feces São Tomé paradise-flycatcher
(Terpsiphone atrochalybeia)

2019

F_Ter_2 Feces São Tomé paradise-flycatcher
(Terpsiphone atrochalybeia)

2019

1in100 Mix Newton's sunbird (Anabathmis 
newtonii) and Spirurida nematodea 

Bird: 2017
Nematode: 2014

1in1000 Mix Newton's sunbird (Anabathmis 
newtonii) and Spirurida nematodea 

Bird: 2017
Nematode: 2014

aIsolated from a Gallotia stehlini lizard.

TA B L E  1   List of bird samples used to 
test primers for parasite metabarcoding
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2.4 | Data analysis

Sequences were demultiplexed using bcl2fastq, and adapters were 
trimmed with the Illumina software. For each primer set, paired-end 
reads were merged accepting a 10% mismatch rate using vsearch. 
Only merged reads of a length comprised between 50 and 500 bp 
and containing both forward and reverse PCR primers (allowing a 
10% mismatch) were kept, and primers were then removed from 
these sequences using cutadapt. Reads containing ambiguous nu-
cleotides were also removed. Reads were clustered using swarm 
following a two-step procedure, first with aggregation distance = 1 
and then with aggregation distance = 3. vsearch was then used to 
identify and remove clusters whose seed sequence was deemed 
chimeric. The remaining clusters were affiliated using BLAST and 
the Silva 138 or 138.1 database (https://www.arb-silva.de/), result-
ing in an affiliated OTU (Operational Taxonomic Unit) table for each 
primer set. These analyses were carried out using the FROGS suite 
in Galaxy (Escudié et al., 2018). Subsequent analyses on the affiliated 
OTU tables were carried out using R. The OTU table taxonomy in-
formation was manually curated, and the datasets were trimmed to 
the twenty most abundant OTUs for each primer set × sample type 
(blood, fecal, or mix) combination for analyses.

3  | RESULTS

3.1 | Sequencing and filtering metrics

We carried out one sequencing run that included all primer sets. A 
total of 2,157,180 reads were obtained, of which 2,038,148 (94.48%) 
passed the Illumina “chastity filter”. Error rate was 1.08% and, aver-
age proportion of ≥Q30 bases was 84.90%. These sequencing reads, 
in fastq format, are available from the Bourret et al. (2021) dataset.

Between 114,461 and 179,008 read pairs were obtained for each 
primer set (for the 16 samples combined). These were kept if they 
could be paired-end assembled, contained both the forward and 
reverse primer sequences, were 50–500 nucleotides long, had no 
ambiguous base calls, and were deemed nonchimeric. The propor-
tion of reads passing these filters varied between 66% and 92% for 
four of the primer sets, while it was 37% for primer set dc2. This was 
due to a substantial number of reads being eliminated because they 
were less than 50 nucleotides long. The remaining sequence clusters 
(hereafter referred to as Operational Taxonomic Units, OTU) were 

subsequently affiliated using the SILVA database (Quast et al., 2013). 
While 97%–99% of reads were affiliated for four of the primer sets, 
only 1% of reads were affiliated in the case of dc2; this marker was 
subsequently abandoned. Table 3 provides a summary of the num-
ber of reads kept and affiliated for each primer set.

3.2 | Blood samples

Figure  2 shows that most (84%–98% of total depending on the 
primer) sequences returned by primer sets xca, bl3, and bl4 were 
from the avian hosts. This was not the case with the nes set, where 
host sequences were absent; this confirms the efficacy of this 
primer set at avoiding amplification of metazoan sequences. The 
most abundant clusters returned by nes were affiliated to Malassezia 
(Basidiomycota) which made up 55% of reads. Malassezia is a mostly 
commensal yeast genus, associated with the skin of warm-blooded 
animals (Torres et al., 2020). Some Malassezia species have birds as 
their main host (Theelen et al., 2018), whereas others have been as-
sociated with systemic infection including fungemia in humans. To 
date, fungemia has not been reported in birds, however, and the 
Malassezia detected here could be contaminants from the skin of 
birds (or field workers), rather than bird blood parasites.

In terms of blood parasite detection, the xca, bl3, and bl4 primers all de-
tected substantial microfilaria DNA in both Turdus individuals (4,710 micro-
filaria reads were detected in individual Tur_2 by bl4; Figure 2). Consistent 
with its bias against metazoans, the nes primer set failed to detect any mi-
crofilaria nematodes. Of note, extremely low microfilaria read counts were 
also returned by bl3 in Cri_2, Plo_1, and Ter_1 (one single read in each indi-
vidual), and bl4 in Plo_1 and Ter_1 (two reads each). Such low read counts 
are invisible in Figure 2. Detailed read counts are provided in Table S2.

Plasmodiidae, another major blood parasite group, was detected 
with substantial read numbers in three individuals using the bl3 set 
and in four individuals using the bl4 set (up to 1,434 reads in a single 
individual). Lower levels were also detected by bl3 in Cri_1 and Tur_1 
(30 and eight reads, respectively) and by bl4 in Tur_2 (34 reads). A di-
versity of plasmodiid sequences was retrieved with bl3 and bl4, con-
sisting of five different clusters affiliated to either Plasmodium (four 
different clusters, of which three were hosted by a single Ploceus 
individual) or Haemoproteus (one cluster). Despite being unicellular, 
these malaria parasites were not detected with the nes primer set. 
On the other hand, the nes set was the only one to detect infection 
of the Tur_1 individual by Trypanosoma, with over a thousand reads.

TA B L E  3   Performance of the various primer sets tested for the detection of avian eukaryotic endoparasites

Primer set
Initial read pair 
number

Read pairs kept (average 
per sample)

Proportion 
affiliated

No. different parasite 
families in blood samples

No. different parasite 
families in fecal samples

xca 172,319 158,959 (9,935) 99% 3 3

nes 179,008 119,171 (7,448) 97% 2 1

dc2 114,461 42,733 (2,670) 1% n.a n.a

bl3 119,190 100,086 (6,255) 99% 4 2

bl4 156,153 135,632 (8,477) 99% 4 3
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     |  10827BOURRET et al.

Various primer sets also allowed detection of fungal families that 
include bird pathogens, namely Aspergillaceae or Debaryomycetaceae 
which, respectively, host the avian pathogens Aspergillus fumigatus 
(Beernaert et al., 2010) and Candida albicans (Jacobsen et al., 2008). 
Finally, a substantial number of plant DNA reads (up to 3,882 reads 
in one individual) occurred with the nes primers, which was not ex-
pected; most of these plant amplicons were less than 250 nt long, that 
is, substantially shorter than the main 420 nt nes peak (Figure S1).

3.3 | Fecal samples

Figure 3 shows the number of reads obtained for the most prevalent 
taxonomic groups detected in six bird fecal DNA samples. The diver-
sity of taxa detected was generally higher than with blood samples 
and included parasite, host, and diet-related items.

Parasitic coccidia such as Eimeria or Isospora (family Eimeriidae) 
were detected in the two Terpsiphone individuals with all four 
primer sets. Remarkably, all four sets consistently returned a higher 
Eimeriidae read count for individual Ter_1 than individual Ter_2. 
Besides these two individuals, the bl3 set also detected a sizeable 
Eimeria population in Plo_1 (67 reads).

The three primer pairs xca, bl3, and bl4 returned notable num-
bers of Aspergillaceae DNA reads, most consistently in both Turdus 
and one Terpsiphone individuals. Debaryomycetaceae were also re-
covered, notably in both Turdus individuals by both xca and bl4. All 
primers retrieved other Ascomycota (up to 1,641 reads in one indi-
vidual with xca), belonging to a variety of taxa that were not bird par-
asites but rather plant pathogens such as Cladosporium or Ramularia. 
The nes primer set also returned large numbers of fungi reads from 
the phylum Basidiomycota. These reads were from taxa that are 
not known bird pathogens, including some Malassezia alongside 

F I G U R E  2   Read counts across eight blood DNA samples from four bird species for the four metabarcoding primer sets xca, nes, bl3, and 
bl4, showing the most prevalent taxonomic groups detected. NP, nonparasitic. Cri: Crithagra rufobrunnea; Plo: Ploceus sanctithomae; Ter: 
Terpsiphone atrochalybeia; Tur: Turdus olivaceofuscus
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taxa from the Auriscalpiaceae family—which interestingly are plant 
pathogens and wood saprotrophs (Nguyen et al., 2016), and there-
fore likely came from the diet.

The nes primer set identified a ciliate population (phylum 
Ciliophora) in one Turdus individual. These reads were affiliated 
to class Colpodea, a group of ciliates that are common in fresh-
water and soil habitats but generally not considered pathogenic. 
Other Ciliophora pathogenic in birds, such as Balantidium (class 
Litostomatea) (Marietto-Gonçalves et al., 2008), were not detected. 
Of note, a substantial Enterococcus (bacterial) population (1,911 
reads) was also detected with the nes primers in the same individual, 
whereas no bacteria were found with the other primers.

Diet or diet-related items were abundantly detected with most 
primers. For instance, relatively abundant plant DNA was recovered 
from Ploceus and Turdus individuals with most primers, while it was 

much less abundant in the insectivorous Terpsiphone flycatchers. 
Individual Ter_2 had a large number of arthropod reads, consistent 
with its diet. Individual Ter_1 had a large number of reads allocated 
to noncoccidian apicomplexans with the three primer sets xca, bl3, 
and bl4. These reads were affiliated to order Arthrogregarida; this 
group (related to the Cryptogregarida that infect birds) include par-
asites of arthropods, which in turn are part of the flycatcher's diet.

3.4 | Artificial DNA mixes

We quantified the ability of the four primer sets to detect a known, 
low proportion (1% or 0.1%) of target (helminth) DNA in the presence 
of a high proportion of nontarget (bird) DNA. The best results were 
obtained with the bl3 and the bl4 primer sets since they returned 

F I G U R E  3   Read counts across six fecal DNA samples from three bird species for the four metabarcoding primer sets xca, nes, bl3, and 
bl4, showing the most prevalent taxonomic groups detected. NP, nonparasitic. Plo: Ploceus sanctithomae; Ter: Terpsiphone atrochalybeia; Tur: 
Turdus olivaceofuscus
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     |  10829BOURRET et al.

the most nematode reads for both mixes (Figure  4). As expected, 
the nes primers did not return any nematode read from either mix, 
whereas xca maintained the nematode reads close to their original 
proportions (0.7% in the 1% mix and 0.28% in the 0.1% mix, Table 4). 
On the other hand, the bl3 set increased the proportion of nematode 
reads to 9.6% in the 1% mix, and 1.69% in the 0.1% mix (i.e., roughly 
a 17-fold increase). The bl4 set also increased the nematode DNA 
proportions, to 13.7% in the 1% mix, and to 1.71% in the 0.1% mix 
(also a 17-fold increase).

Reads from taxa other than bird or nematode were retrieved with 
all four primer sets, although their identity and proportions were 
variable. As expected, the nes primers yielded very few host (bird) 
reads, and instead returned mostly Malassezia. The bl3 and bl4 prim-
ers also yielded some Malassezia, while nes, bl3, and bl4 detected 

tropical lichens (Ascomycota), and the xca set returned some unex-
pected DNA reads from a variety of nonbird vertebrate groups.

4  | DISCUSSION

We tested five different primer sets for avian eukaryotic endo-
parasite metabarcoding in order to shed light on the usefulness 
of the data that can be obtained from the different sets and help 
researchers choose the most appropriate for their aims. For that 
purpose, eight blood samples, six fecal samples, and two controlled 
“bird+nematode” mixes were analyzed, and the outcome (in terms 
of parasite detection) was compared, revealing the pros and cons of 
each primer set.

F I G U R E  4   Read counts from two DNA 
mixes consisting of Anabathmis (bird) DNA 
(99% or 99.9%) spiked in with Spirurida 
nematode DNA (1% or 0.1%, respectively), 
retrieved by the four metabarcoding 
primer sets xca, nes, bl3, and bl4
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Different criteria can be used to compare the parasite detection 
capacity of different primers for a given sample type (e.g., blood or 
feces). Those include the following:

(i)		 the number of different parasite clades detected,
(ii)	 the total number of parasite reads across all samples taken 

together,
(iii)	the overall proportion of parasite reads across all samples taken 

together,
(iv)	the average of parasite read proportions across individual 

samples,
(v)	 the number of positive individuals.

To apply those criteria, the notions of “parasite clade” and “par-
asite reads” need to be defined, in the context of a metabarcoding 
analysis that is contingent upon the phylogenetic resolution of the 
markers and the completeness of the reference database. In this 
study, “parasite clade” is meant as any taxonomic family which in-
cludes known avian eukaryotic endoparasites; and a “parasite read” 
is a sequencing read affiliated to a parasite clade.

Criterion (i) (the number of different parasite clades) clearly 
seems relevant to the description of the global biodiversity of par-
asite communities and could arguably be used first; Table 3 shows 
how the primers tested here fared according to this criterion. 
Criteria (ii) and (iii) (the overall number or proportion of parasite 
reads, respectively) give an overview of the capacity of a primer set 
to yield workable numbers of parasite reads. We think that, provided 
the same sequencing effort is applied to the different test primers 
and samples, the total number of reads is preferable since it will also 
account for the efficacy of the whole process (from PCR to sequenc-
ing), directly answering the question of how many parasite reads can 
be obtained. The proportion-based criteria (iii) and (iv) may be used if 
the sequencing effort is different from primer to primer, with criteria 
(iv) or (v) being preferable if the sequencing depth is substantially 
different between samples. For criterion (v) (the number of positive 
individuals), positivity needs to be defined in terms of the minimum 
number (or proportion) of parasite reads granting a sample the “pos-
itive” status. While in theory an individual with a single parasite read 
can be counted as positive, a higher threshold can be used in an 

effort to increase specificity. While many studies simply disregard 
single reads, defining such a threshold is in fact not trivial (Alberdi 
et al., 2018; Deagle et al., 2019), and the impact of threshold choice 
on real and artefactual biodiversity detection should be assessed 
using controlled DNA mixes.

Our results suggest that primer sets bl3 or bl4 are good op-
tions to study highly diverse blood parasites (Figure 2 and Table 3). 
For fecal samples, both xca and bl4 returned three parasite clades 
(including fungi); however, the mix experiment showed that the 
bl4 set has a stronger bias towards nematodes compared to the 
host, so we would recommend using this set. It is apparent from 
this study that no single primer set was infallible however. For 
instance, both bl3 and bl4 missed the Trypanosoma infection de-
tected by nes, a marker which may therefore prove interesting if 
researchers wish to focus on some specific clades (having also 
shown a capacity to detect Ciliophora, a phylum which includes 
the digestive parasite Balantidium). Depending on the researchers' 
needs, other molecular parasite detection strategies can also be 
considered. For instance, a nested PCR combined with restriction-
based parasite DNA enrichment has been applied to human blood 
samples, detecting Plasmodium, Trypanosoma, and filarial nema-
todes (Flaherty et al., 2021). Likewise, the penguin diet primers of 
Jarman et  al.  (2013) have good potential to detect fecal parasite 
populations. Another possible approach is to carry out multiple 
targeted PCR to specifically detect various parasite groups, as 
done by Cannon et al. (2018).

Some fascinating co-infection patterns were detected in the 
small sample set analyzed here. Figure 2 shows that one Turdus 
olivaceofuscus individual (Tur_1) was simultaneously infected 
with microfilaria (Animalia), Plasmodiidae (Chromista), and 
Trypanosoma (Protozoa) in the blood. Although the identification 
of these three extremely divergent parasitic taxa would be possi-
ble visually on a blood smear, applying this to many samples would 
be labor-intensive. The metabarcoding approach also has the 
added benefit of providing genetic information on the parasites, 
which may, in some instances, shed some light on phylogenetic re-
lationships among parasite lineages. In addition, both fungal fam-
ilies were present in the feces of that same bird (Figure 3), which 
therefore totaled co-infections by five parasite clades from four 
different kingdoms. While bl4 alone detected four of these five 
clades (80%), it took a combination of two markers (bl4 and nes) 
to unravel the full breadth of this co-infection. The bl3 and bl4 
sets also revealed that one Ploceus sanctithomae individual (Plo_2) 
harbored three different Plasmodium clusters. Such co-infections 
of individual birds with different Plasmodium lineages have been 
reported before using Sanger sequencing of the cytochrome b, 
based on the detection of double peaks (Reis et al., 2021; Rooyen 
et  al.,  2013). However, co-infections may be missed using this 
method if a lineage is substantially more abundant or preferen-
tially amplified compared to the others, resulting in a single visible 
peak (Bernotienė et al., 2016). The bl3 and bl4 set also revealed 
that the plasmodiid infecting both Crithagra rufobrunnea individ-
uals was Haemoproteus, as opposed to Plasmodium in the other 

TA B L E  4   Nematode read count and fold increase obtained in 
two samples consisting of bird DNA spiked in with either 1% or 
0.1% nematode DNA, using the four metabarcoding primer sets 
xca, nes, bl3, and bl4

Set name

1% mix 0.1% mix

Nematode 
reads

Fold 
increase

Nematode 
reads

Fold 
increase

xca 143 0.7 19 2.8

nes 0 n.a 0 n.a

bl3 780 9.6 186 16.9

bl4 1,247 13.7 189 17.1
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     |  10831BOURRET et al.

bird species. This is interesting to note since it shows that a single 
marker is capable of detecting both genera.

Clearly, a primary purpose of using these fragments is to diagnose 
infections by a broad range of parasite groups. It should be noted, 
also, that using primers able to detect simultaneously host, diet, and 
parasites of both the host and its diet (insects and plants), may allow 
a broader understanding of the ecosystem, by facilitating the inte-
gration of ecological and epidemiological data (Ezenwa, 2021). As an 
illustration of its use for ecological studies, we are currently applying 
the bl4 set to a large number of samples from São Tomé to assess the 
impact of anthropogenic habitat modification (deforestation for oil 
palm monoculture) on bird parasite communities.

The use of these short fragments for parasite evolutionary 
analyses may also be possible, in instances where a given primer 
set enables detection of different OTU (or amplicon sequence vari-
ants) from the same parasite clade. For instance, the detection of 
several distinct Plasmodium OTU with the 28S primers may shed 
some light on their evolutionary relationships across bird samples. 
It should be noted on the other hand that individual apicomplexan 
genomes harbor several very different 18S gene copies, as inves-
tigated in Plasmodium, Cryptosporidium, and Toxoplasma (Nishimoto 
et al., 2008; Rooney, 2004; Stenger et al., 2015). As such, 18S se-
quence variation cannot be used to infer phylogenetic relationships 
between individuals in this group; 28S rDNA could be a preferable 
marker for that purpose, provided it does not display such intrag-
enome heterogeneity (which to our knowledge has not been de-
scribed, to date).

5  | CONCLUSION

This side-by-side comparison of some promising primer sets 
for bird parasite metabarcoding showed that combining the 28S 
primers RM2F and RM3R (Kounosu et  al.,  2019) with a blocking 
primer offers an interesting option to describe major components 
of parasite biological diversity in the blood and feces, including 
helminths, apicomplexans, and fungi. This strategy also demon-
strated potential to enrich an experimental mixture by returning 
more nematode reads than were initially present, and more than is 
returned by the xca set. This is promising in terms of the ability of 
these primers to detect co-infections with helminths and malaria 
parasites, which will be interesting considering the known facilita-
tion process by helminths in mammals including humans (Salazar-
Castañon et al., 2014). More generally, helminth infections are now 
being shown to have massive and far-ranging implications, inter-
acting with pathogens as diverse as coccidia (Clerc et  al.,  2019), 
highly pathogenic bacteria (Reynolds et al., 2017; Togarsimalemath 
et  al.,  2021), viruses (Hartmann et  al.,  2019), and even prions 
(Sánchez-Quintero et al., 2019). The four-kingdom co-infection in 
one individual in this study, as well as the variety of plasmodiid 
strains detected in another sample, all show promise that meta-
barcoding has immense potential to reveal fascinating ecological 
interactions in bird parasite communities.

ACKNOWLEDG MENTS
We are grateful to a number of colleagues from CIBIO who helped 
with this project, notably Maria Magalhães and Susana Lopes for 
assistance with library preparation and Illumina sequencing, and 
Vanessa Mata, Ana Pereira, Raquel Xavier, Ricardo Lopes for advice 
on blocking primer design and testing. We are also grateful to Paulo 
de Oliveira from Universidade de Évora for insights on fungal ecol-
ogy and to the field assistants on São Tomé, who helped with bird 
sample collection: Sidney “Dulay” Samba, Martim Veiga, and Ricardo 
“Mito” Fonseca. The nematodes whose DNA was extracted to serve 
in the test mixes were donated by Anna Perera from CIBIO, and the 
DNA from the bird used in these test mixes was extracted by Sandra 
Reis from CIBIO. This work was funded by Portuguese National 
Funds through FCT (Foundation for Science and Technology) under 
the IF/00744/2014/CP1256/CT0001 Exploratory Research Project 
(CL) and the PTDC/BIA-EVL/29390/2017 “DEEP” Research Project 
(VB, RGL, CL). Structural funding to CIBIO was provided by FCT 
(UIDB/50027/2020).

CONFLIC T OF INTERE S T
The authors declare that there is no conflict of interest.

AUTHOR CONTRIBUTIONS
Vincent Bourret: Conceptualization (equal); Data curation (equal); 
Formal analysis (equal); Investigation (equal); Methodology (equal); 
Writing-original draft (equal); Writing-review & editing (equal). 
Rafael Gutiérrez López: Investigation (equal); Writing-review & ed-
iting (equal). Martim Melo: Investigation (equal); Writing-review & 
editing (equal). Claire Loiseau: Conceptualization (equal); Funding 
acquisition (equal); Investigation (equal); Project administration 
(equal); Writing-review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
The sequencing data generated during this study and support-
ing the above discussion are publicly available through the Open 
Science Framework (OSF) at this URL: https://osf.io/9zxht/​?view_
only=c956d​adb5f​0a48d​093bc​f082a​c5ab38b.

ORCID
Vincent Bourret   https://orcid.org/0000-0002-7153-8612 

R E FE R E N C E S
Aivelo, T. (2015). Longitudinal monitoring of parasites in individual wild 

primates. Ph.D Thesis, University of Helsinki, Helsinki. http://rgdoi.
net/10.13140/​RG.2.1.2218.0563

Aivelo, T., & Medlar, A. (2018). Opportunities and challenges in metabar-
coding approaches for helminth community identification in wild 
mammals. Parasitology, 145(5), 608–621. https://doi.org/10.1017/
S0031​18201​7000610

Alberdi, A., Aizpurua, O., Gilbert, M. T. P., & Bohmann, K. (2018). 
Scrutinizing key steps for reliable metabarcoding of environmental 
samples. Methods in Ecology and Evolution, 9(1), 134–147. https://doi.
org/10.1111/2041-210X.12849

Avramenko, R. W., Bras, A., Redman, E. M., Woodbury, M. R., Wagner, 
B., Shury, T., Liccioli, S., Windeyer, M. C., & Gilleard, J. S. (2018). High 

 20457758, 2021, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.7748 by Inrae - D

ipso, W
iley O

nline L
ibrary on [12/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://osf.io/9zxht/?view_only=c956dadb5f0a48d093bcf082ac5ab38b
https://osf.io/9zxht/?view_only=c956dadb5f0a48d093bcf082ac5ab38b
https://orcid.org/0000-0002-7153-8612
https://orcid.org/0000-0002-7153-8612
http://rgdoi.net/10.13140/RG.2.1.2218.0563
http://rgdoi.net/10.13140/RG.2.1.2218.0563
https://doi.org/10.1017/S0031182017000610
https://doi.org/10.1017/S0031182017000610
https://doi.org/10.1111/2041-210X.12849
https://doi.org/10.1111/2041-210X.12849


10832  |     BOURRET et al.

species diversity of trichostrongyle parasite communities within and 
between Western Canadian commercial and conservation bison 
herds revealed by nemabiome metabarcoding. Parasites & Vectors, 
11(1), 299. https://doi.org/10.1186/s1307​1-018-2880-y

Bass, D., & del Campo, J. (2020). Microeukaryotes in animal and plant 
microbiomes: Ecologies of disease? European Journal of Protistology, 
76, 125719. https://doi.org/10.1016/j.ejop.2020.125719

Beernaert, L. A., Pasmans, F., Van Waeyenberghe, L., Haesebrouck, 
F., & Martel, A. (2010). Aspergillus infections in birds: A review. 
Avian Pathology, 39(5), 325–331. https://doi.org/10.1080/03079​
457.2010.506210

Bernotienė, R., Palinauskas, V., Iezhova, T., Murauskaitė, D., & Valkiūnas, 
G. (2016). Avian haemosporidian parasites (Haemosporida): A com-
parative analysis of different polymerase chain reaction assays in 
detection of mixed infections. Experimental Parasitology, 163, 31–37. 
https://doi.org/10.1016/j.exppa​ra.2016.01.009

Bordes, F., & Morand, S. (2011). The impact of multiple infections on wild 
animal hosts: A review. Infection Ecology & Epidemiology, 1(1), 7346. 
https://doi.org/10.3402/iee.v1i0.7346

Bourret, V., Gutiérrez López, R., Melo, M., & Loiseau, C. (2021). 
Metabarcoding of avian parasites. https://osf.io/9zxht/​?view_on-
ly=c956d​adb5f​0a48d​093bc​f082a​c5ab38b

Cabodevilla, X., Gomez-Moliner, B. J., & Madeira, M. J. (2020). 
Simultaneous analysis of the intestinal parasites and diet through eDNA 
metabarcoding. https://www.autho​rea.com/users/​30630​3/artic​
les/43715​8-simul​taneo​us-analy​sis-of-the-intes​tinal​-paras​ites-and-
diet-throu​gh-edna-metab​arcod​ing?commi​t=abe8b​94898​8346c​
fa58d​56761​b865b​6c7dd​2cd17

Cannon, M. V., Bogale, H., Rutt, L., Humphrys, M., Korpe, P., Duggal, P., 
Ravel, J., & Serre, D. (2018). A high-throughput sequencing assay to 
comprehensively detect and characterize unicellular eukaryotes and 
helminths from biological and environmental samples. Microbiome, 
6(1), 195. https://doi.org/10.1186/s4016​8-018-0581-6

Carlson, C. J., Dallas, T. A., Alexander, L. W., Phelan, A. L., & Phillips, A. J. 
(2020). What would it take to describe the global diversity of para-
sites? Proceedings of the Royal Society B: Biological Sciences, 287(1939), 
20201841. https://doi.org/10.1098/rspb.2020.1841

Carlson, J. S., Martínez-Gómez, J. E., Cornel, A., Loiseau, C., & Sehgal, 
R. N. M. (2011). Implications of Plasmodium parasite infected 
mosquitoes on an insular avifauna: The case of Socorro Island, 
México. Journal of Vector Ecology, 36(1), 213–220. https://doi.
org/10.1111/j.1948-7134.2011.00159.x

Clark, N. J., Wells, K., Dimitrov, D., & Clegg, S. M. (2016). Co-infections 
and environmental conditions drive the distributions of blood par-
asites in wild birds. Journal of Animal Ecology, 85(6), 1461–1470. 
https://doi.org/10.1111/1365-2656.12578

Clerc, M., Fenton, A., Babayan, S. A., & Pedersen, A. B. (2019). Parasitic 
nematodes simultaneously suppress and benefit from coccidian 
coinfection in their natural mouse host. Parasitology, 146(8), 1096–
1106. https://doi.org/10.1017/S0031​18201​9000192

Comeau, A. M., Li, W. K. W., Tremblay, J.-É., Carmack, E. C., & Lovejoy, C. 
(2011). Arctic Ocean microbial community structure before and after 
the 2007 record sea ice minimum. PLoS One, 6(11), e27492. https://
doi.org/10.1371/journ​al.pone.0027492

Cornuault, J., Bataillard, A., Warren, B. H., Lootvoet, A., Mirleau, P., 
Duval, T., Milá, B., Thébaud, C., & Heeb, P. (2012). The role of immi-
gration and in-situ radiation in explaining blood parasite assemblages 
in an island bird clade. Molecular Ecology, 21(6), 1438–1452. https://
doi.org/10.1111/j.1365-294X.2012.05483.x

da Silva, L. P., Mata, V. A., Lopes, P. B., Pereira, P., Jarman, S. N., 
Lopes, R. J., & Beja, P. (2019). Advancing the integration of multi-
marker metabarcoding data in dietary analysis of trophic gener-
alists. Molecular Ecology Resources, 19(6), 1420–1432. https://doi.
org/10.1111/1755-0998.13060

de Roode, J. C., Helinski, M. E. H., Anwar, M. A., & Read, A. F. (2005). 
Dynamics of multiple infection and within-host competition in ge-
netically diverse malaria infections. The American Naturalist, 166(5), 
531–542. https://doi.org/10.1086/491659

Deagle, B. E., Thomas, A. C., McInnes, J. C., Clarke, L. J., Vesterinen, E. J., 
Clare, E. L., Kartzinel, T. R., & Paige Eveson, J.. (2019). Counting with 
DNA in metabarcoding studies: How should we convert sequence 
reads to dietary data? Molecular Ecology, 28(2), 391–406. https://doi.
org/10.1111/mec.14734

Deiner, K., Bik, H. M., Mächler, E., Seymour, M., Lacoursière-Roussel, A., 
Altermatt, F., Creer, S., Bista, I., Lodge, D. M., de Vere, N., Pfrender, 
M. E., & Bernatchez, L. (2017). Environmental DNA metabarcod-
ing: Transforming how we survey animal and plant communities. 
Molecular Ecology, 26(21), 5872–5895. https://doi.org/10.1111/
mec.14350

del Campo, J., Pons, M. J., Herranz, M., Wakeman, K. C., del Valle, J., 
Vermeij, M. J. A., Leander, B. S., & Keeling, P. J. (2019). Validation of 
a universal set of primers to study animal-associated microeukary-
otic communities. Environmental Microbiology, 21(10), 3855–3861. 
https://doi.org/10.1111/1462-2920.14733

Enslow, C., Vallender, R., Rondel, E., & Koper, N. (2020). Host dispersal 
and landscape conversion are associated with the composition of 
haemosporidian parasites of the golden-winged warbler. Parasitology, 
147(1), 96–107. https://doi.org/10.1017/S0031​18201​9001240

Escudié, F., Auer, L., Bernard, M., Mariadassou, M., Cauquil, L., Vidal, K., 
Maman, S., Hernandez-Raquet, G., Combes, S., & Pascal, G. (2018). 
FROGS: Find, rapidly, OTUs with galaxy solution. Bioinformatics, 
34(8), 1287–1294. https://doi.org/10.1093/bioin​forma​tics/btx791

Ezenwa, V. O. (2021). Co-infection and nutrition: Integrating ecological 
and epidemiological perspectives. In D. L. Humphries, M. E. Scott, 
& S. H. Vermund (Eds.), Nutrition and infectious diseases: Shifting the 
clinical paradigm (pp. 411–428). Springer International Publishing. 
https://doi.org/10.1007/978-3-030-56913​-6_14

Fecchio, A., Bell, J. A., Pinheiro, R. B. P., Cueto, V. R., Gorosito, C. A., 
Lutz, H. L., Gaiotti, M. G., Paiva, L. V., França, L. F., Toledo-Lima, G., 
Tolentino, M., Pinho, J. B., Tkach, V. V., Fontana, C. S., Grande, J. 
M., Santillán, M. A., Caparroz, R., Roos, A. L., Bessa, R., … Collins, 
M. D. (2019). Avian host composition, local speciation and disper-
sal drive the regional assembly of avian malaria parasites in South 
American birds. Molecular Ecology, 28(10), 2681–2693. https://doi.
org/10.1111/mec.15094

Flaherty, B. R., Barratt, J., Lane, M., Talundzic, E., & Bradbury, R. S. 
(2021). Sensitive universal detection of blood parasites by selec-
tive pathogen-DNA enrichment and deep amplicon sequencing. 
Microbiome, 9(1), 1. https://doi.org/10.1186/s4016​8-020-00939​-1

Ganz, H. H., Doroud, L., Firl, A. J., Hird, S. M., Eisen, J. A., & Boyce, W. M. 
(2017). Community-level differences in the microbiome of healthy 
wild mallards and those infected by Influenza A viruses. Msystems, 
2(1), e00188-16 https://doi.org/10.1128/mSyst​ems.00188​-16

Gogarten, J. F., Calvignac-Spencer, S., Nunn, C. L., Ulrich, M., Saiepour, 
N., Nielsen, H. V., Deschner, T., Fichtel, C., Kappeler, P. M., Knauf, 
S., Müller-Klein, N., Ostner, J., Robbins, M. M., Sangmaneedet, 
S., Schülke, O., Surbeck, M., Wittig, R. M., Sliwa, A., Strube, C., … 
Noll, A. (2020). Metabarcoding of eukaryotic parasite communities 
describes diverse parasite assemblages spanning the primate phy-
logeny. Molecular Ecology Resources, 20(1), 204–215. https://doi.
org/10.1111/1755-0998.13101

Graham, A. L. (2008). Ecological rules governing helminth-microparasite 
coinfection. Proceedings of the National Academy of Sciences of the 
United States of America, 105(2), 566–570. https://doi.org/10.1073/
pnas.07072​21105

Hartmann, W., Brunn, M.-L., Stetter, N., Gagliani, N., Muscate, F., Stanelle-
Bertram, S., Gabriel, G., & Breloer, M. (2019). Helminth infections 
suppress the efficacy of vaccination against seasonal Influenza. 

 20457758, 2021, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.7748 by Inrae - D

ipso, W
iley O

nline L
ibrary on [12/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1186/s13071-018-2880-y
https://doi.org/10.1016/j.ejop.2020.125719
https://doi.org/10.1080/03079457.2010.506210
https://doi.org/10.1080/03079457.2010.506210
https://doi.org/10.1016/j.exppara.2016.01.009
https://doi.org/10.3402/iee.v1i0.7346
https://osf.io/9zxht/?view_only=c956dadb5f0a48d093bcf082ac5ab38b
https://osf.io/9zxht/?view_only=c956dadb5f0a48d093bcf082ac5ab38b
https://www.authorea.com/users/306303/articles/437158-simultaneous-analysis-of-the-intestinal-parasites-and-diet-through-edna-metabarcoding?commit=abe8b948988346cfa58d56761b865b6c7dd2cd17
https://www.authorea.com/users/306303/articles/437158-simultaneous-analysis-of-the-intestinal-parasites-and-diet-through-edna-metabarcoding?commit=abe8b948988346cfa58d56761b865b6c7dd2cd17
https://www.authorea.com/users/306303/articles/437158-simultaneous-analysis-of-the-intestinal-parasites-and-diet-through-edna-metabarcoding?commit=abe8b948988346cfa58d56761b865b6c7dd2cd17
https://www.authorea.com/users/306303/articles/437158-simultaneous-analysis-of-the-intestinal-parasites-and-diet-through-edna-metabarcoding?commit=abe8b948988346cfa58d56761b865b6c7dd2cd17
https://doi.org/10.1186/s40168-018-0581-6
https://doi.org/10.1098/rspb.2020.1841
https://doi.org/10.1111/j.1948-7134.2011.00159.x
https://doi.org/10.1111/j.1948-7134.2011.00159.x
https://doi.org/10.1111/1365-2656.12578
https://doi.org/10.1017/S0031182019000192
https://doi.org/10.1371/journal.pone.0027492
https://doi.org/10.1371/journal.pone.0027492
https://doi.org/10.1111/j.1365-294X.2012.05483.x
https://doi.org/10.1111/j.1365-294X.2012.05483.x
https://doi.org/10.1111/1755-0998.13060
https://doi.org/10.1111/1755-0998.13060
https://doi.org/10.1086/491659
https://doi.org/10.1111/mec.14734
https://doi.org/10.1111/mec.14734
https://doi.org/10.1111/mec.14350
https://doi.org/10.1111/mec.14350
https://doi.org/10.1111/1462-2920.14733
https://doi.org/10.1017/S0031182019001240
https://doi.org/10.1093/bioinformatics/btx791
https://doi.org/10.1007/978-3-030-56913-6_14
https://doi.org/10.1111/mec.15094
https://doi.org/10.1111/mec.15094
https://doi.org/10.1186/s40168-020-00939-1
https://doi.org/10.1128/mSystems.00188-16
https://doi.org/10.1111/1755-0998.13101
https://doi.org/10.1111/1755-0998.13101
https://doi.org/10.1073/pnas.0707221105
https://doi.org/10.1073/pnas.0707221105


     |  10833BOURRET et al.

Cell Reports, 29(8), 2243–2256.e4. https://doi.org/10.1016/j.
celrep.2019.10.051

Hauck, R. (2017). Interactions between parasites and the bacterial mi-
crobiota of chickens. Avian Diseases, 61(4), 428–436. https://doi.
org/10.1637/11675​-05191​7-Review.1

Hellgren, O., Križanauskienė, A., Hasselquist, D., & Bensch, S. (2011). 
Low haemosporidian diversity and one key-host species in a 
bird malaria community on a mid-atlantic island (Sao Miguel, 
Azores). Journal of Wildlife Diseases, 47(4), 849–859. https://doi.
org/10.7589/0090-3558-47.4.849

Jacobsen, M. D., Bougnoux, M.-E., d'Enfert, C., & Odds, F. C. (2008). 
Multilocus sequence typing of Candida albicans isolates from animals. 
Research in Microbiology, 159(6), 436–440. https://doi.org/10.1016/j.
resmic.2008.05.003

Jarman, S. N., McInnes, J. C., Faux, C., Polanowski, A. M., Marthick, J., 
Deagle, B. E., Southwell, C., & Emmerson, L. (2013). Adélie penguin 
population diet monitoring by analysis of food DNA in scats. PLoS 
One, 8(12), e82227. https://doi.org/10.1371/journ​al.pone.0082227

Knowles, S. C. L. (2011). The effect of helminth co-infection on malaria 
in mice: A meta-analysis. International Journal for Parasitology, 41(10), 
1041–1051. https://doi.org/10.1016/j.ijpara.2011.05.009

Kounosu, A., Murase, K., Yoshida, A., Maruyama, H., & Kikuchi, T. (2019). 
Improved 18S and 28S rDNA primer sets for NGS-based parasite 
detection. Scientific Reports, 9(1), 15789. https://doi.org/10.1038/
s4159​8-019-52422​-z

Leclaire, S., Strandh, M., Dell'Ariccia, G., Gabirot, M., Westerdahl, H., & 
Bonadonna, F. (2019). Plumage microbiota covaries with the major 
histocompatibility complex in Blue petrels. Molecular Ecology, 28(4), 
833–846. https://doi.org/10.1111/mec.14993

Marietto-Gonçalves, G. A., Fernandes, T. M., Silva, R. J., Lopes, R. S., 
& Andreatti Filho, R. L. (2008). Intestinal protozoan parasites with 
zoonotic potential in birds. Parasitology Research, 103(5), 1237–1240. 
https://doi.org/10.1007/s0043​6-008-1125-y

Marzal, A., Bensch, S., Reviriego, M., Balbontin, J., & Lope, F. D. (2008). 
Effects of malaria double infection in birds: One plus one is not 
two. Journal of Evolutionary Biology, 21(4), 979–987. https://doi.
org/10.1111/j.1420-9101.2008.01545.x

Nguyen, N. H., Song, Z., Bates, S. T., Branco, S., Tedersoo, L., Menke, 
J., Schilling, J. S., & Kennedy, P. G. (2016). FUNGuild: An open an-
notation tool for parsing fungal community datasets by ecologi-
cal guild. Fungal Ecology, 20, 241–248. https://doi.org/10.1016/j.
funeco.2015.06.006

Nishimoto, Y., Arisue, N., Kawai, S., Escalante, A. A., Horii, T., Tanabe, K., 
& Hashimoto, T. (2008). Evolution and phylogeny of the heteroge-
neous cytosolic SSU rRNA genes in the genus Plasmodium. Molecular 
Phylogenetics and Evolution, 47(1), 45–53. https://doi.org/10.1016/j.
ympev.2008.01.031

Pedersen, A. B., & Fenton, A. (2007). Emphasizing the ecology in para-
site community ecology. Trends in Ecology & Evolution, 22(3), 133–139. 
https://doi.org/10.1016/j.tree.2006.11.005

Pollock, J., Glendinning, L., Wisedchanwet, T., & Watson, M. (2018). The 
madness of microbiome: Attempting to find consensus “best practice” 
for 16S microbiome studies. Applied and Environmental Microbiology, 
84(7), e02627-17 https://doi.org/10.1128/AEM.02627​-17

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, 
J., & Glöckner, F. O. (2013). The SILVA ribosomal RNA gene database 
project: Improved data processing and web-based tools. Nucleic Acids 
Research, 41(D1), D590–D596. https://doi.org/10.1093/nar/gks1219

Reis, S., Melo, M., Covas, R., Doutrelant, C., Pereira, H., de Lima, R., & 
Loiseau, C. (2021). Influence of land use and host species on par-
asite richness, prevalence and co-infection patterns. International 
Journal for Parasitology, 51(1), 83–94. https://doi.org/10.1016/j.
ijpara.2020.08.005

Reynolds, L. A., Redpath, S. A., Yurist-Doutsch, S., Gill, N., Brown, E. 
M., van der Heijden, J., Brosschot, T. P., Han, J., Marshall, N. C., 

Woodward, S. E., Valdez, Y., Borchers, C. H., Perona-Wright, G., & 
Finlay, B. B. (2017). Enteric helminths promote Salmonella coinfec-
tion by altering the intestinal metabolome. The Journal of Infectious 
Diseases, 215(8), 1245–1254. https://doi.org/10.1093/infdi​s/jix141

Rooney, A. P. (2004). Mechanisms underlying the evolution and 
maintenance of functionally heterogeneous 18S rRNA genes in 
Apicomplexans. Molecular Biology and Evolution, 21(9), 1704–1711. 
https://doi.org/10.1093/molbe​v/msh178

Salazar-Castañon, V. H., Legorreta-Herrera, M., & Rodriguez-Sosa, M. (2014). 
Helminth parasites alter protection against Plasmodium infection. BioMed 
Research International, 2014. https://doi.org/10.1155/2014/913696

Sánchez-Quintero, A., Bradford, B. M., Maizels, R., Donaldson, D. S., & Mabbott, 
N. A. (2019). Effect of co-infection with a small intestine-restricted hel-
minth pathogen on oral prion disease pathogenesis in mice. Scientific 
Reports, 9(1), 6674. https://doi.org/10.1038/s4159​8-019-42900​-9

Santiago-Alarcon, D., Whiteman, N. K., Parker, P. G., Ricklefs, R. E., & 
Valkiūnas, G. (2008). Patterns of parasite abundance and distribu-
tion in island populations of Galápagos endemic birds. The Journal of 
Parasitology, 94(3), 584–590.

Stenger, B. L. S., Clark, M. E., Kváč, M., Khan, E., Giddings, C. W., Dyer, 
N. W., Schultz, J. L., & McEvoy, J. M. (2015). Highly divergent 18S 
rRNA gene paralogs in a Cryptosporidium genotype from eastern 
chipmunks (Tamias striatus). Infection, Genetics and Evolution, 32, 113–
123. https://doi.org/10.1016/j.meegid.2015.03.003

Theelen, B., Cafarchia, C., Gaitanis, G., Bassukas, I. D., Boekhout, T., 
& Dawson, T. L. (2018). Malassezia ecology, pathophysiology, and 
treatment. Medical Mycology, 56(suppl_1), S10–S25. https://doi.
org/10.1093/mmy/myx134.

Togarsimalemath, S. K., Pushpamithran, G., Schön, T., Stendahl, O., & 
Blomgran, R. (2021). Helminth antigen exposure enhances early 
immune control of Mycobacterium tuberculosis in monocytes and 
macrophages. Journal of Innate Immunity, 13(3),148–163. https://doi.
org/10.1159/00051​2279

Torres, M., de Cock, H., & Celis Ramírez, A. M. (2020). In vitro or in 
vivo models, the next frontier for unraveling interactions between 
Malassezia spp. and hosts. How much do we know? Journal of Fungi, 
6(3), 155. https://doi.org/10.3390/jof60​30155

van Riper, C., van Riper, S. G., Goff, M. L., & Laird, M. (1986). The epi-
zootiology and ecological significance of malaria in Hawaiian 
land birds. Ecological Monographs, 56(4), 327–344. https://doi.
org/10.2307/1942550

van Rooyen, J., Lalubin, F., Glaizot, O., & Christe, P. (2013). Avian 
haemosporidian persistence and co-infection in great tits 
at the individual level. Malaria Journal, 12(1), 40. https://doi.
org/10.1186/1475-2875-12-40

Vestheim, H., Deagle, B. E., & Jarman, S. N. (2011). Application of 
blocking oligonucleotides to improve signal-to-noise ratio in a PCR. 
Methods in Molecular Biology (Clifton, N.J.), 687, 265–274. https://doi.
org/10.1007/978-1-60761​-944-4_19

Xu, J. (2016). Fungal DNA barcoding. Genome, 59(11), 913–932. https://
doi.org/10.1139/gen-2016-0046

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Bourret V, Gutiérrez López R, 
Melo M, Loiseau C. Metabarcoding options to study 
eukaryotic endoparasites of birds. Ecol Evol. 2021;11:10821–
10833. https://doi.org/10.1002/ece3.7748

 20457758, 2021, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.7748 by Inrae - D

ipso, W
iley O

nline L
ibrary on [12/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.celrep.2019.10.051
https://doi.org/10.1016/j.celrep.2019.10.051
https://doi.org/10.1637/11675-051917-Review.1
https://doi.org/10.1637/11675-051917-Review.1
https://doi.org/10.7589/0090-3558-47.4.849
https://doi.org/10.7589/0090-3558-47.4.849
https://doi.org/10.1016/j.resmic.2008.05.003
https://doi.org/10.1016/j.resmic.2008.05.003
https://doi.org/10.1371/journal.pone.0082227
https://doi.org/10.1016/j.ijpara.2011.05.009
https://doi.org/10.1038/s41598-019-52422-z
https://doi.org/10.1038/s41598-019-52422-z
https://doi.org/10.1111/mec.14993
https://doi.org/10.1007/s00436-008-1125-y
https://doi.org/10.1111/j.1420-9101.2008.01545.x
https://doi.org/10.1111/j.1420-9101.2008.01545.x
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.funeco.2015.06.006
https://doi.org/10.1016/j.ympev.2008.01.031
https://doi.org/10.1016/j.ympev.2008.01.031
https://doi.org/10.1016/j.tree.2006.11.005
https://doi.org/10.1128/AEM.02627-17
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1016/j.ijpara.2020.08.005
https://doi.org/10.1016/j.ijpara.2020.08.005
https://doi.org/10.1093/infdis/jix141
https://doi.org/10.1093/molbev/msh178
https://doi.org/10.1155/2014/913696
https://doi.org/10.1038/s41598-019-42900-9
https://doi.org/10.1016/j.meegid.2015.03.003
https://doi.org/10.1093/mmy/myx134
https://doi.org/10.1093/mmy/myx134
https://doi.org/10.1159/000512279
https://doi.org/10.1159/000512279
https://doi.org/10.3390/jof6030155
https://doi.org/10.2307/1942550
https://doi.org/10.2307/1942550
https://doi.org/10.1186/1475-2875-12-40
https://doi.org/10.1186/1475-2875-12-40
https://doi.org/10.1007/978-1-60761-944-4_19
https://doi.org/10.1007/978-1-60761-944-4_19
https://doi.org/10.1139/gen-2016-0046
https://doi.org/10.1139/gen-2016-0046
https://doi.org/10.1002/ece3.7748

