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ABSTRACT Protists are a diverse and understudied group of microbial eukaryotic 
organisms especially in terrestrial environments. Advances in molecular methods are 
increasing our understanding of the distribution and functions of these creatures; 
however, there is a vast array of choices researchers make including barcoding genes, 
primer pairs, PCR settings, and bioinformatic options that can impact the outcome of 
protist community surveys. Here, we tested four commonly used primer pairs targeting 
the V4 and V9 regions of the 18S rRNA gene using different PCR annealing temperatures 
and processed the sequences with different bioinformatic parameters in 10 diverse 
soils to evaluate how primer pair, amplification parameters, and bioinformatic choices 
influence the composition and richness of protist and non-protist taxa using Illumina 
sequencing. Our results showed that annealing temperature influenced sequencing 
depth and protist taxon richness for most primer pairs, and that merging forward and 
reverse sequencing reads for the V4 primer pairs dramatically reduced the number 
of sequences and taxon richness of protists. The data sets of primers that targeted 
the same 18S rRNA gene region (e.g., V4 or V9) had similar protist community com­
positions; however, data sets from primers targeting the V4 18S rRNA gene region 
detected a greater number of protist taxa compared to those prepared with primers 
targeting the V9 18S rRNA region. There was limited overlap of protist taxa between 
data sets targeting the two different gene regions (80/549 taxa). Together, we show that 
laboratory and bioinformatic choices can substantially affect the results and conclusions 
about protist diversity and community composition using metabarcoding.

IMPORTANCE Ecosystem functioning is driven by the activity and interactions of the 
microbial community, in both aquatic and terrestrial environments. Protists are a group 
of highly diverse, mostly unicellular microbes whose identity and roles in terrestrial 
ecosystem ecology have been largely ignored until recently. This study highlights 
the importance of choices researchers make, such as primer pair, on the results and 
conclusions about protist diversity and community composition in soils. In order 
to better understand the roles protist taxa play in terrestrial ecosystems, biases in 
methodological and analytical choices should be understood and acknowledged.

KEYWORDS protist, microeukaryote, soil, 18S rRNA, small subunit rRNA

P rotists are eukaryotic organisms that are not taxonomically classified as plants, 
animals, or fungi, which lumps together an extremely diverse and polyphyletic 

group of mostly unicellular organisms, such as flagellates, ciliates, amoebae, and 
eukaryotic algae (1, 2). Protists facilitate many important processes in terrestrial and 
aquatic ecosystems, from photosynthetic autotrophs that make up the base of aquatic 
food webs (3, 4) to heterotrophic bacterivores and fungivores that mediate nutrient 
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cycling directly through regulating the size and composition of bacterial and fungal 
communities (5, 6) and indirectly by increasing available nutrients to plants and 
microbes through excretion (7, 8). Despite this, studies focused on protists in soil ecology 
continues to lag behind other microbial groups, such as bacteria and fungi (9).

One reason protist research may be lagging is that traditional techniques developed 
for studying these organisms are tedious, involving extracting protists from soil and 
then counting and identifying individuals under a microscope (10, 11). Critiques of 
these methods include the inefficient extraction of organisms, lack of morphological 
differentiating features among taxa, as well as bias in the groups that are amendable to 
growing under lab conditions (12, 13). Recent technological advances are increasing the 
number of studies using DNA-based amplicon sequencing to measure the composition 
and activities of protist communities in soil. These techniques increase our taxonomic 
resolution of protist organisms in a sample and decrease the time required for processing 
individual samples.

However, because the advent of molecular studies of protists is relatively recent, 
a consensus on how to characterize protist communities through nucleic acid-based 
analyses has not yet emerged (14). For instance, presently, there is no “universal” 
primer pair for identifying general protist community composition through amplicon 
sequencing even though most studies only use one primer pair to characterize protist 
composition. Many studies target the 18S rRNA gene for amplicon sequencing; however, 
multiple 18S rRNA regions have been proposed [e.g., V4, V9; (15, 16)] and numerous 
primer combinations within these different regions have been suggested (17). The Protist 
Ribosomal Reference (PR2) primer database [app.pr2-primers.org; (18)] is an excellent 
interactive database that provides simulated taxonomic results for primers curated from 
the literature for general and group-specific assays (410 primers as of 8/7/2023). And 
while this is a great in silico tool, comparing primers experimentally will directly test their 
utility in resolving differences in soil protist communities. Despite this, few studies have 
reported on how primer pair influences protist diversity and composition (19, 20) and 
these have mostly focused on marine or freshwater environments.

In addition to primer choice, annealing temperature during preparation of the 
sequencing libraries as well as bioinformatic parameters applied to sequencing reads 
can play a significant role in the interpretation of richness, diversity, and composition 
(14, 21). The higher the annealing temperature, the more specific the binding will be 
to the target DNA and fewer non-specific target sequences will be amplified. However, 
annealing conditions can become too stringent such that target sequences could also 
be omitted from the library. Few researchers spend the effort to rigorously test the 
effect of annealing temperature on community metrics most likely due to time and 
money constraints, but it has been shown to be important (22). Similarly, bioinformatic 
parameter choices when processing Illumina next-generation sequencing data such as 
sequence read trimming length and merging the forward and reverse reads could have 
important consequences for determining protist community and composition (23). The 
Illumina quality score of a sequence read, which is the probability that the base call 
at a position along the sequencing read is correct, tends to decrease toward the end 
of sequencing reads. One can choose to truncate these reads to minimize low-quality 
base calls, but it may come at a cost of shorter reads which contain less genetic 
information. Advances in denoising algorithms, such as DADA2 or Deblur (24, 25), are 
helping to correct these sequencing errors and help to retain more genetic information. 
After trimming the sequence reads, or not, the forward and reverse sequencing reads 
are typically merged to create a single, long sequence which is used to identify taxa. 
However, some target gene regions are variable in length and, because of this, forward 
and reverse reads cannot be successfully merged together and are discarded for some 
sequences because there is not enough overlap between the two reads. This is true for 
the ITS2 region used to identify fungi (21), as well as the V4 region of the 18S rRNA gene 
used here to target protists.
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In this study, we asked the following questions: (i) Does annealing temperature 
during sequence library preparation influence sequencing depth, taxon richness, or 
composition of protist and non-protist organisms; (ii) Does sequence trim length and/or 
forward and reverse read merging during the DADA2 denoising bioinformatic step 
influence sequencing depth, taxon richness, or composition of protist organisms; (iii) 
How does primer pair influence the composition, phylogenetic diversity, and relative 
abundance of protist taxa? We used 10 soils from temperate, boreal, tropical, arctic, and 
Antarctic ecosystems to address these questions.

MATERIALS AND METHODS

Soil sites and collection

Samples collected from 10 different ecosystems were used to compare the sequenc­
ing results generated with different 18S rRNA eukaryotic primers and bioinformatic 
parameters. In 2014, soil (0–10cm) was collected from the grassy interspaces of a 
mixed conifer forest, ponderosa pine forest, pinyon-juniper woodland, and high desert 
grassland, all part of the C. Hart Merriam Elevation gradient in northern Arizona, 
USA. Soil from a second grassland site was collected from the Hopland Research and 
Extension Center in northern California in 2021. Arctic soil from the Arctic LTER site at 
the Toolik Lake Field Station in Alaska and boreal soil from the SPRUCE (Spruce and 
Peatland Responses Under Changing Environments) experimental site in Minnesota were 
collected in 2017, as well as tropical soil from the Sabana Field Research Station in 
the Luquillo Experimental Forest in Puerto Rico. Soil and moss samples from Antarctica 
were collected near Palmer Station at the retreating Marr Ice Piedmont Glacier and on 
Litchfield Island, West Antarctic Peninsula, in 2019. All samples were stored at −80°C until 
DNA extraction.

DNA extraction and Illumina MiSeq sequencing

DNA was extracted from all samples (n = 3) using a Qiagen PowerSoil Pro (Qiagen LLC, 
Germantown, MD) kit and following the manufacturer’s protocol. Briefly, approximately 
0.5 g wet weight soil was extracted and re-suspended in 100 µL. DNA was quantified 
with a Qubit (Thermo Fisher Scientific, Hampton, NH) using the HS quantification kit and 
stored at −20°C until sequencing prep. Sample DNA concentrations used for sequence 
preparation were between 3 and 10 ng/µL.

Samples were prepared for sequencing using a two-step PCR method where the 
first PCR amplified the target sequence with primers modified with “universal tails (UT)” 
(UT-Forward: 5´ - ACCCAACTGAATGGAGC - 3´, UT-Reverse: 5´ - ACGCACTTGACTTGTCTT
C - 3´), and the second PCR used the UT sequences to attach a unique 8 bp barcode 
in addition to the Illumina flow cell adapter tails (P5/P7). The initial PCRs were set up 
in 15 µL reactions, which contained 1× Phusion Green Hot Start II Master Mix (Thermo 
Fisher Scientific, Hampton, NH), 2 mM MgCl2, 2 µL of template DNA, and 0.5 µM of one of 
four primer pairs, modified with the UT sequences: 1380F/1510R [(V9; (26), 1391F/EukBr 
(V9; (19, 26), 616*F/1132R (V4; (16), and TAReuk454FWD1/TAReukRev3 (V4; (19); Table 1). 
The PCR cycling conditions were as follows: 3 min at 98°C, followed by 35 cycles of 30 s at 
98°C, 30 s of annealing (various temperatures, see Table 1), and a 30-s extension at 72°C, 
with a 2-min final extension cycle. Three different annealing temperatures were tested 
for the V9 primer pairs: 57°C, 61°C, and 69°C. Fifty-five degrees Celsius and 60°C were 
used as annealing temperatures for the V4 616*F/1132R primer pair, and 64.5°C and 69°C 
were used for primer pair TAReuk454FWD1/REV3. The second PCR was a 25 µL reaction 
containing 1× Phusion Green Hot Start II Master Mix, 2 µL of amplicons from the initial 
PCR, and 0.1 µM primers. The thermocycling conditions were 2 min at 98°C, followed by 
10 cycles of 30 s at 98°C, 30 s at 60°C, and 30 s at 72°C, with a final extension of 5 min 
at 72°C. PCR products were purified using AMPure magnetic beads (Beckman Coulter, 
Brea, CA) and quantified using a BioTek plate reader and the Quant-iT DNA quantification 
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kit (Thermo Fisher Scientific, Hampton, NH). Samples from the two V9 primer pairs and 
three annealing temperatures were pooled together at equimolar concentrations and 
sequenced on an Illumina MiSeq instrument (Illumina, San Diego, CA) using a v.2 2 
× 150 cycle kit. Samples produced with the two V4 primer pairs and two annealing 
temperatures were pooled together at equimolar concentrations and sequenced on an 
Illumina MiSeq instrument using a v.3 2 × 300 cycle kit.

Bioinformatics

Sequences were processed using the QIIME2 bioinformatics platform (27). Demultiplexed 
sequencing reads were imported into QIIME2, and primers were trimmed off using 
the cutadapt plugin and the “trim-paired” command (28). Sequence trim lengths were 
determined by looking at the quality scores of the V4 and V9 rRNA gene region 
sequencing data sets separately and selecting lengths where the quality scores started 
to decline. Sequences were trimmed to 90 bp or 120 bp for the V9 primers and reads 
were merged during the denoising step using the DADA2 plugin (25). For the V4 primers, 
reads were trimmed to 250 bp or 280 bp. The sequences were then either merged 
together with the DADA2 plugin using the “denoise-paired” command in QIIME2 or 
only the forward sequencing read was used for subsequent analyses (“denoise-single” 
command). Reads were then assigned taxonomy using the “feature-classifier classify-
sklearn” command (29) and the PR2 reference database [14.4.0; (30); with the percent 
identity parameter set to 0.9 to ensure high confidence in taxonomic assignments. 
Amplicon sequence variants (ASVs) that were assigned to the same taxonomy were 
then merged together using the QIIME2 “collapse” command at the species level (L9), 
resulting in 549 unique taxonomic assignments ranging from species level to kingdom 
(i.e., protist taxa).

Statistics

The influence of annealing temperature and the DADA2 denoising bioinformatic 
parameters on the composition of the microbial community was tested using the 
“adonis” permutational multivariate analysis of variation (PERMANOVA) plugin from 
QIIME2. For each primer pair, a dissimilarity matrix was created using the “jaccard” 
method, which calculated community differences based on the presence/absence 
of taxa. Using these matrices, the “adonis” command was run using the formula 
“DADA2*annealing_temperature” to test for significant differences of these two factors 
and their interaction. This analysis was run using data from the total sequenced 
community and from data where non-protistan taxa were filtered out. Non-protistan 
taxa were considered to be sequences that were assigned with 90% confidence 
to Archaea, Bacteria, Eukaryota;__, Streptophyta, Opisthokonta;_, Fungi, Mesomyceto­
zoa, Metazoa, Eukaryota:plas, or Unassigned. Taxa associated with significant factors 
(“indicator species”) for each primer pair were identified using the “multipatt” command 
in the “indicspecies” 1.7.12 R package (31).

To test the effect of annealing temperature and DADA2 denoising parameters on 
protist taxon richness, samples were rarefied to two different depths (678 and 1,454 

TABLE 1 Primer sequences and annealing temperatures used in sequencing library preparation

Primer name Sequence (5´-3´) Annealing temperature Reference

1380F CCCTGCCHTTTGTACACAC 57°C, 61°C, 69°C (26)
1510R CCTTCYGCAGGTTCACCTAC
1391F GTACACACCGCCCGTC 57°C, 61°C, 69°C (19, 26)
EukBr TGATCCTTCTGCAGGTTCACCTAC
616*F TTAAARVGYTCGTAGTYG 55°C, 60°C (16)
1132R CCGTCAATTHCTTYAART
TAReukFWD1 CCAGCASCYGCGGTAATTCC 64.5°C, 69°C (19)
TAReukREV3 ACTTTCGTTCTTGATYRA
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sequences) on the data set after non-protist taxa were filtered out as described above. 
These rarefaction depths were chosen from species accumulation curves to maximize 
the richness in the data set while retaining the greatest number of samples for analyses 
(Fig. S1). Protist taxon richness was then calculated in QIIME2 using the “diversity alpha” 
command and the “observed_features” metric parameter. Analyses of variance (ANOVAs) 
and Tukey’s post hoc analyses were performed in R to test for significant differences 
between primer pair, annealing temperature, sequence trim length, and merging or 
single read DADA2 parameters and their interactions on protist richness.

Once the optimized annealing temperature and DADA2 denoising parameter 
combination was identified for each primer pair, as determined by the combination 
that resulted in the greatest protist taxa richness and least number of non-protist and/or 
greatest number of protist indicator species, differences in the relative abundances of 
protist and non-protist taxa between the four primer pairs were tested with ANOVAs 
in R. Principle coordinate analyses were conducted on protist taxa communities for 
the four primers using Bray-Curtis and Jaccard dissimilarity matrices, and visualizations 
were created in QIIME2 using the “emperor” plugin (32). For phylogenetic analyses, a 
phylogenetic tree was created in QIIME2 using the “align-to-tree-mafft-fasttree” pipeline 
(33, 34) for primers targeting the same 18S rRNA gene region (e.g., V4 or V9). Sequences 
were first clustered into operational taxonomic units (OTUs) at 97% identity using the 
“VSEARCH” plugin in QIIME2 (35). OTUs were chosen over ASVs as a more conservative 
approach to estimate protist taxon richness (36). A visualization of the phylogenetic 
diversity detected with each primer pair was created with the Interactive Tree of Life 
v6 [iTOL; itol.embl.de; (37)]. Phylogenetic diversity differences between the primers were 
tested using an unweighted UniFrac (38) distance matrix and the “adonis” plugin in 
QIIME2 (39).

RESULTS

Influence of annealing temperature and bioinformatic parameters on 
sequencing depth

Higher annealing temperatures decreased the total number of sequences detected for 
all primer pairs (Table 2). The 616*F/1132R primer pair at 55°C resulted in approximately 
3.2 million sequences, nearly three times more than the other primer pair and annealing 
temperature combinations (all approximately 1 million sequences). The number of total 
sequences that were retained after the DADA2 denoising bioinformatic steps was not 
largely different between the 90 bp and 120 bp trimming parameters for the 1380F/
1510R primer pair, though increasing annealing temperature increased the percent of 
initial sequences retained in the data set from approximately 81% to 87.5%. A similar 
trend with annealing temperature was seen for primer pair 1391F/EukBr with increasing 
temperature increasing the percent of initial sequences retained; however, there was an 
effect of trimming length for this primer pair where the percent of retained sequences 
was greater for the 90 bp trimming parameter compared to the 120 bp parameter. 
A greater proportion of initial sequences was retained for both V4 primer pairs when 
the forward and reverse sequencing reads were not merged together and only the 
forward read was used. For primer pair 616*F/1132R, the merged reads retained a lower 
percentage of sequences (30.8%) compared to the single read sequences (60.3%). The 
trend was similar for TAReukFWD1/REV3: 47.9% of the initial sequences were retained 
when the forward and reverse reads were merged and 61% were retained when only the 
forward read was used.

The percent of sequences that passed all filtering criteria (e.g., trim length, merging, 
chimeras) and were taxonomically assigned to protist organisms ranged from 0.5% 
to 32.4% across all primer pair, annealing temperature, and bioinformatic parameter 
combinations (Table 2). The percent of sequences that passed all filtering criteria that 
were assigned to protist taxa were not drastically different between the 90 bp and 
120 bp trimming parameters or annealing temperature for primer pair 1380F1510R; 
however, increasing the trim length from 90 bp to 120 bp considerably increased the 
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percent of sequences assigned to protist taxa for primer pair 1391F/EukBr from ~10.3% 
at the two lower temperatures to ~15.6%. Merging the forward and reverse reads for 
primer pair 616*F/1132R dramatically decreased the number of sequences assigned to 
protist taxa to <2% regardless of annealing temperature. Single read sequences that 
were assigned to protists for the 616*F/1132R primer pair remained relatively low (<5.5% 
at 55°C and <15% at 60°C). A similar pattern was observed for the TAReukFWD1/REV3 
primer pair, but the absolute values were not as small with an average of 31.5% of 
sequences assigned to protist taxa for the merged reads and 27.8% for the forward 
sequencing reads only.

Effect of annealing temperature and DADA2 denoising parameters on 
community composition and protist taxon richness

Both annealing temperature and DADA2 denoising parameters had a significant effect 
on the composition of all taxa sequenced and the protist community composition 
for primer pairs targeting the V4 18S rRNA region (616*F/1132R and TAReukFWD1/
REV3; Table 3; Fig. S3). Both annealing temperature and DADA2 denoising parameters 
influenced the composition of all taxa sequenced for primer pair 1381F/EukBr, while only 
annealing temperature affected the composition of protist taxa (Table 3). Primer pair 
1380F/1510R was the most stable in terms of community composition where annealing 
temperature was the only significant factor influencing the community composition of 
all taxa sequenced (Table 3).

Annealing temperature was significantly associated with 119 indicator species for 
primer pair 616*F/1132R. Of the 109 indicator species in data generated with an 
annealing temperature of 55°C, 97 were bacteria, 5 were archaea, 6 were fungi, and 1 was 
a plant mitochondrion, suggesting that this low annealing temperature is not optimal 
for targeting protist taxa. There were 10 indicator species associated with annealing 
temperature of 60°C, five being protist taxa. Sequencing results generated with single 
read DADA2 parameters trimmed to 250 bp and 280 bp had 291 and 296 indicator 
species associated with them, respectively, while the paired 280 bp and 250 bp trimmed 
reads had 52 and 6 indicator species, respectively. Eighty-eight percent of the indicator 
species for the paired reads were non-protist taxa (e.g., fungi), while the majority of 
the indicator species for the single read DADA2 parameters (~61%) were protist taxa, 
suggesting that merging reads together is not a successful strategy when targeting 
protist taxa using this primer pair.

Indicator species analysis found 73 taxa associated with annealing temperature for 
primer pair TAReukFWD1/REV3. For annealing temperature of 64.5°C, 33 of the 57 species 
were protist species (58%), whereas only 3 of the 16 indicator species were protist 
organisms for annealing temperature of 69°C (19%). There were 123 indicator species 
associated with DADA2 denoising parameters. The single read DADA2 parameters had 
almost twice the number of indicator species associated with them (58 taxa) compared 
to the paired reads (30.5 taxa). However, there was no obvious differentiation between 
the single read DADA2 parameter trimmed to 250 bp or 280 bp, suggesting that these 
two trim lengths are not an important factor influencing the composition of microbial 
taxa.

Indicator species analysis showed that 27 taxa were significantly associated with the 
DADA2 90 bp trimming parameter for primer pair 1391F/EukBr; none of which were 

TABLE 3 Factors influencing the description of taxon composition of total taxa sequenced and protist taxa onlya

1380F/1510R 1391F/EukBr 616*F/1132R TAREukFWD1/REV3

All taxa (n = 
179)

Target taxa (n 
= 177)

All taxa (n = 
179)

Target taxa (n = 
179)

All taxa (n = 239)Target taxa (n = 
218)

All taxa (n = 
239)

Target taxa 
(n = 239)

Annealing temp 2.81 (0.002) 1.09 (0.314) 4.34 (0.001) 2.24 (0.003) 10.21 (0.001) 1.71 (0.016) 5.17 (0.001) 2.66 (0.001)
DADA2 parameters 0.15 (1.0) 0.16 (1.0) 4.36 (0.001) 0.28 (1.0) 10.20 (0.001) 10.04 (0.001) 2.45 (0.001) 2.55 (0.001)
Temp x DADA2 0.03 (1.0) 0.009 (1.0) 0.33 (0.99) 0.02 (1.0) 0.59 (1.0) 0.78 (0.96) 0.21 (1.0) 0.16 (1.0)
aPERMANOVA F-statistics (P-value in parentheses) from Jaccard’s distance matrices are presented. Bold text indicates a significant value at P < 0.05.
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protist taxa, in contrast to the DADA2 120 bp trimmed data set. The highest annealing 
temperature (69°C) was associated with the most protist indicator taxa (14), whereas 
annealing temperatures of 57°C and 61°C were both only associated with two protist 
taxa. Therefore, amplicons prepared with an annealing temperature of 69°C and the 
paired reads trimmed to 120 bp during the DADA2 denoising bioinformatic step resulted 
in data with the highest number of protist indicator species.

For primer pair 1380F/1510R, indicator species analysis showed 26 indicator species 
were associated with the annealing temperature used in library construction. Nine of 10 
taxa associated with annealing temperature of 57°C only were bacteria. There were four 
indicator species at annealing temperature of 61°C, one fungus and three protists, and 
two indicator species at 69°C. The remaining 10 taxa were associated with both 57°C 
and 61°C temperatures; four of them were protist taxa. We chose the data set from the 
61°C annealing temperature in subsequent analyses because bacterial indicator species 
were prevalent at the 57°C temperature and there was not a significant difference in 
protist taxon richness between the two lowest annealing temperatures. Since the DADA2 
denoising parameters were not significantly different, we used data from the 120 bp 
trimming parameters in the subsequent analysis of comparing community composition 
between the different primer sets to be consistent with the other V9 primer pair (1391F/
EukBr) that did show a significant difference in results generated with these different 
trimming parameters.

The taxon richness of protist taxa increased with increasing sequencing depth, with 
an average taxon richness of 36.7 (± 3.0) for data rarefied to 678 sequences and 41.1 
(± 4.0) for data rarefied to 1,454 (Fig. 1). Primer pair was significant at both rarefaction 
depths, with the TAReukFWD1/REV3 primer pair consistently resulting in the greatest 
protist richness, about 2.3 times greater than primer pair 616*F/1132R and 1.3 times 
greater than primer pair 1391F/EukBr. The interaction of primer and annealing temper­
ature on protist taxon richness was also significant at both rarefaction depths, with 
increasing annealing temperature increasing protist taxon richness for primers 1391F/
EukBr and 616*F/1132R, decreasing richness for primer pair TAReukFWD1/REV3, and 
having no effect on primer pair 1380F/1510R (Fig. 1). There was also a significant 
interaction between primer and merging or single read DADA2 parameter, where 
merging forward and reverse reads resulted in a dramatic decrease in protist taxon 
richness for primer pair 616*F/1132R and no difference for primer pair TAReukFWD1/
REV3.

For subsequent analyses comparing the influence of primer pair on community 
composition, we chose one dataset from each primer pair with what we considered 
optimized annealing temperatures and denoising parameters (trim length and single 
read or merged reads). This decision was based on results from the indicator species 
analysis that resulted in the greatest number of protist taxa and least number of non-
protist taxa as well as results from the protist taxon richness analysis. The annealing 
temperature and denoising parameter combinations for each primer pair were as 
follows: 61°C, paired 120 bp for primer pair 1380F/1510R; 69°C, paired 120 bp for primer 
pair 1391F/EukBr; 60°C, single read 280 bp for 616*F/1132R primer pair; 64.5°C, single 
read 280 bp for primer pair TAReukFWD1/REV3.

Effect of primer pair selection on taxon composition of protist and non-
protist taxa

Primer pair had a significant effect on measurements of the relative abundance of protist 
and non-protist taxa (Fig. 2). TAReukFWD1/REV3 detected the highest average relative 
abundance of protists (31.7% ± 4%) and primer pair 616*F/1132R the lowest (18.1% ± 
4.7%; F = 2.9, P = 0.04). The 616*F/1132R primers amplified a significantly larger propor­
tion of bacteria and archaea than the other three primer pairs (0.38 ± 0.05; F = 47.4, P < 
0.0001). The relative abundance of fungi was almost two times greater in data sets from 
the primers targeting the V9 region of the 18S rRNA gene (1380F/1510R and 1391F/
EukBr) than the V4 primers (616*F/1132R and TAReukFWD1/REV3; F = 11.6, P < 0.0001). In 
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addition, the V9 primers detected a greater proportion of metazoan sequences than the 
V4 primers (~0.8 vs 0.095; F = 3.1, P = 0.03).

The composition of protist taxa was significantly influenced by the identity of the 
primer pair used to generate the sequencing libraries (Fig. 3), and this variation was 
greater between primer pairs than replicate soil samples. The relative abundance of 
Stramenopiles was greater in data sets produced with primers targeting the V9 18S rRNA 
region compared to the V4 rRNA region (Fig. 2; F = 5.1, P = 0.003). In contrast, the primers 
targeting the V4 18S rRNA region detected a greater relative abundance of Rhizaria than 

FIG 1 Protist taxa richness described by data sets rarefied at 678 (A) and 1,454 (B) sequences. The left panel shows richness detected within sequences produced 

with the V9 18S rRNA primers at three different annealing temperatures and two DADA2 trimming parameters, and the panel on the right shows richness of 

protists detected with the V4 18S rRNA primers for two annealing temperatures and four DADA2 trimming and merging parameters. F-statistic and P-values from 

ANOVAs comparing richness at each rarefication depth are reported next to each panel with bold text indicating significance at P < 0.05.
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the primers targeting the V9 18S rRNA region (Fig. 2; F = 10.6, P < 0.001). There was also a 
significant effect of primer pair identity on the abundance of Excavata (Fig. 2; F = 12.1, P 
< 0.001) in sequencing data sets, with primer pair 616*F/1132R detecting the greatest 
relative abundance and TAReukFWD1/REV3 detecting the lowest relative abundance of 
this group.

Overall, the V4 primers detected a greater number of protist OTUs than the V9 
primers (2,173 vs 1,006; Fig. 4). The TAReukFWD1/REV3 primers detected the greatest 

FIG 2 Average relative abundance of all taxa sequenced (A) and of protist taxa only (B) in sequencing data sets generated using four different primer pairs. The 

data presented here are from the optimized annealing temperature and DADA2 bioinformatic parameters data sets for each primer pair (n = 30): 61°C, paired 

120 bp for primer pair 1380F/1510R; 69°C, paired 120 bp for primer pair 1391F/EukBr; 60°C, single read 280 bp for 616*F/1132R primer pair; 64.5°C, single read 

280 bp for primer pair TAReukFWD1/REV3. Tables present ANOVA results comparing the relative abundances of taxa of all sequences (C) and protist taxa only 

(D) between the four primers, with taxa in bold indicating significant differences at P < 0.05.
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number of OTUs (1,799) followed by primer pair 616*F/1132R with 1,099 OTUs, 1380F/
1510R with 849 OTUs, and finally 1391F/EukBr with 749 OTUs (Fig. 4). The TAReukFWD1/
REV3 primers identified the most OTUs in all supergroups except Excavata, where the 
616*F/1132R primers detected a much greater number (Fig. 4). The phylogenetic 
diversity described by the amplicons generated with the two different sets of V9 primers 
was not significantly different from each other (F = 0.9, P = 0.58; Fig. S3B), whereas there 
was a significant difference in measures of phylogenetic diversity described by the 
sequences generated with the different V4 primer combinations (F = 4.8, P < 0.001; Fig. 
S3A).

There were 549 unique taxonomic assignments in our data set, 419 of which had a 
taxonomic assignment to at least the genus level with 90% confidence (Table S1). The 
TAReukFWD1/REV3 primer pair detected the greatest number of taxa (365; 66.5% of all 
taxa) compared to the 616*F/1132R (316; 57.6% of taxa), 1380F/1510R (219; 39.9% of 
taxa), and 1391F/EukBr (206; 37.5% of taxa) primer pairs (Table S1). There were only 80 
taxa that were shared between all four primer sets (14.6%; Fig. S4). Data sets generated 
with primer pairs targeting the V9 18S rRNA region shared 64 taxa (11.7%), while primers 
targeting the V4 region resulted in data sets that shared 160 taxa (29.1%). Primer pair 
TAReukFWD1/REV3 described the most unique taxa (90) of the primer pairs tested here 
and the 1391F/EukBr primer pair the least (20).

DISCUSSION

Three objectives of this study were to investigate how annealing temperature during 
library preparation, sequence trimming and merging parameters during the denoising 
bioinformatics step, and primer pair choice influenced sequencing data sets focused on 
protist community composition and richness in soil environments. Here, we show that 
primers targeting the V4 and V9 region of the 18S rRNA gene resulted in different 
inferences about the richness and composition of protist taxa in 10 globally distributed 
soils. In addition, the influence of annealing temperature and bioinformatic choices were 
specific to different primer pairs.

Annealing temperature during library preparation had a significant effect on the 
composition of protist and non-protist taxa for all primer pairs. The lower annealing 
temperatures tested here for primer pairs 1380F/1510R, 1391F/EukBr, and 616*F/1132R 

FIG 3 Principal coordinates analysis from Jaccard (A) and Bray-Curtis (B) dissimilarity matrices of protist taxa in sequences produced with four different primer 

pairs. Only the sequencing data generated with optimized annealing temperatures and DADA2 parameters of each primer pair are represented (61°C, paired 

120 bp for primer pair 1380F/1510R; 69°C, paired 120 bp for primer pair 1391F/EukBr; 60°C, single read 280 bp for 616*F/1132R primer pair; 64.5°C, single read 

280 bp for primer pair TAReukFWD1/REV3). F-statistics and P-values testing the effect of primer on protist composition are presented in each panel.
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had a higher abundance on non-protistan taxa (e.g., bacteria, fungi) than higher 
annealing temperatures. This can have important consequences for interpreting and 
comparing sequencing data sets even when the same primer sets are used. For example, 
a search of the literature revealed that annealing temperatures used to prepare sequenc­
ing libraries using primer pair 1380F/1510R ranged from 50°C (40) to 68°C (41) and 
annealing temperatures for primer pair TAReukFWD1/REV3 ranged from 47°C (42, 43) to 
60°C (44). Our results suggest that even though these different studies used the same 
primers to target protist communities, they cannot be directly compared because protist 
composition is significantly influenced by annealing temperature.

Bioinformatic parameters can also play a large role in the interpretation of sequenc­
ing data sets (21, 45). We observed the largest effects of the bioinformatics approach 

FIG 4 Phylogenetic distribution of OTUs clustered at 97% identity in sequencing data sets produced with primers targeting the V4 (A) and V9 (B) 18S rRNA 

regions. Clade branches and the innermost ring is colored by the identity of protist supergroups. The outer rings represent the presence of an OTU with 

colors indicating if the OTU is detected by a specific primer pair (blue, 616*F/1132R; green, TAReukFWD1/REV3; purple, 1380F/1510R; pink, 1391F/EukBr). Panel 

C presents number of OTUs for each supergroup for each primer pair, with the greatest number of OTUs presented in bold text.
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between the merged and non-merged sequence data sets for the V4 18S rRNA primers 
where merging the sequencing reads resulted in a decrease in sequences. One reason 
that forward and reverse reads may not be successfully merged depends on the 
sequencing quality scores, which tend to be lower for the reverse reads and toward 
the end of either read in long sequencing kits (e.g., 2 × 300 bp). And this is indeed the 
case here; however, there was no significant difference in the quality scores at 260 bp or 
280 bp between the two V4 18S rRNA primers, meaning that the significant differences 
between merging the 616*F/1132R and TAReukFWD1/REV3 is most likely not from low 
quality scores preventing merging. A second reason that forward and reverse reads may 
not be successfully merged is that the amplicon is larger than the sequencing platform 
allows for and there is not enough overlap between the forward and reverse reads 
to confidently merge them together to create a single, long read. This is most likely 
the case here as the average amplicon length for the 616*F/1132R primers is right at 
the edge of what a MiSeq 2 × 300 bp kit can sequence (18). The average amplicon 
length for the TAReukFWD1/REV3 is an average of 118 bp smaller, allowing for a higher 
proportion of the forward and reverse reads to be successfully merged with only minimal 
loss of taxa for this primer pair (18). Here, we showed that only using the forward read 
from an Illumina sequencing data set resulted in greater sequencing depth, and thus 
taxon richness, and was particularly pronounced for data sets generated with primer 
pair 616*F/1132R. Although more genetic information, and potentially more specific 
taxonomic classification, can be captured when merging forward and reverse reads 
together to create a longer sequence read, results will be biased toward organisms with 
shorter (<600 bp) amplicon lengths. This limitation can be overcome by using a different 
sequencing platform, such as Oxford Nanopore Technologies or Pacific Biosciences 
(Pacbio), which allows for longer sequencing reads. However, these platforms tend to 
be more expensive per basepair.

Amplicons produced with the TAReukFWD1/REV3 primers and an annealing 
temperature of 64.5°C without merging the forward and reverse reads together 
consistently resulted in the highest protist richness and detected the greatest number of 
OTUs among all primer sets investigated in this study. This is in contrast with a number of 
aquatic protist surveys comparing data sets targeting V4 and V9 18S rRNA gene regions, 
where V9 primers consistently detected more OTUs than V4 primer pairs (20, 46–48). Our 
TAReukFWD1/REV3 data set also detected the largest relative abundance of protist taxa 
(~32%) in our optimized sequencing library, meaning that the number of non-protistan 
sequences (e.g., derived from bacteria or fungi) that would be filtered out of a data 
set intended to describe protist communities is minimized with the use of this primer 
pair. While the amount of data that are assigned to non-protist organisms, or in other 
words is “filtered out,” is not often reported in studies surveying protist communities, 
we would argue that it is an important metric when choosing a primer pair. This is 
because when using primers that result in a higher proportion of reads that are not 
“filtered out,” more samples can be multiplexed on a single Illumina sequencing run for a 
desired sequencing depth, potentially reducing sequencing costs for researchers. Of the 
549 protist taxa that were assigned in our whole data set, the TAReukFWD1/REV3 primer 
pair identified 365 (66.5%), representing the most in each supergroup with the exception 
of Excavata. In general, this is the best primer pair of the ones tested in this study for 
protist richness surveys in soil environments with the caveat that this primer pair did not 
perform well detecting protists in the Excavata supergroup.

The Excavata supergroup is made up of six phyla divided into two groups, the 
Discoba and Metamonada kingdoms (1). Many groups in the Discoba kingdom are 
known bacterial predators, such as Heterolobosea (1), and as such, they may play a vital 
role in soil food webs. The 616*F/1132R and 1380F/1510R primer pairs detected higher 
relative abundances of Excavata compared to the 1391F/EukBr and TAReukFWD1/REV3 
primers. Similarly, bias against Excavata in data sets targeting the V4 compared to the V9 
18S rRNA gene region has been reported in aquatic systems as well (20, 46). It is unclear 
how functionally important this supergroup is in soils, as they made up the smallest 
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average relative abundance of the protist community in the 10 soils studied here, though 
this was to be expected given the number of primer mismatches and generally longer 
amplicon lengths of this group (18). Three global assessments of protist taxa did not 
describe taxa from this group in their studies (4, 49, 50), while one other global survey 
of 52 soils did report them (51). While more studies are needed to assess the functional 
significance of this group in terrestrial environments, it is clear that many “universal” 
protist primer pairs should not be used to advance these investigations.

The two primer pairs targeting the V9 region of the 18S rRNA gene performed 
equally well when annealing temperature was optimized for the 1391F/EukBr primer 
pair. The richness and composition of protist taxa described by these two primers were 
similar, with no statistical difference in the composition or phylogeny. These V9 primers 
did target a larger proportion of fungi than the V4 primer pairs, so increasing sample 
sequencing depth in soils with high abundance of fungi may be required. Of the four 
primer pairs tested here using an Illumina MiSeq sequencing platform, the data set 
prepared with the TAReukFWD1/REV3 primer pair where the forward and reverse reads 
were not merged during the denoising step resulted in the greatest soil protist richness. 
There were no stark differences in the protist community composition or richness 
between the two primer pairs targeting the V9 18S rRNA region, though the data set 
prepared with the 1391F/EukBr primer pair was sensitive to annealing temperature 
while the 1380F/1510R primer pair was the most robust against differences in annealing 
temperature. Using a combination of the TAReukFWD1/REV3 and 1380F/1510R primer 
pairs, 87% of the protist taxa detected in this study would be included in the analysis 
(479/549 taxa).

In summary, we recommend more attention be given to annealing temperature 
during sequencing library preparation if maximizing protist sequences is the goal of the 
study. We also conclude that using a combination of primer pairs targeting the V4 and 
V9 regions of the 18S rRNA gene will maximize the richness and phylogenetic diversity of 
soil protist taxa surveys, a result that is consistent with protist surveys in aquatic systems 
(20, 47). In contrast to surveys of aquatic protist communities though, here, we find that 
data sets using primers targeting the V4 18S rRNA gene region (TAReukFWD1/TAReuk­
REV3) result in the highest richness of protists in soil ecosystems.
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