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Abstract: DNA based sequencing technology has revolutionized the field of microbial ecology and
environmental studies. However, biases can be introduced at all experimental steps and, thus, affect
the interpretation of microbial community. So far, previous studies on the biases introduced from the
key steps of DNA extraction and primer sets mainly focused on the bacterial communities in soil or
sediment samples, while little is known about the effect on the eukaryotic microbial communities.
Here, we studied the effects of three different DNA extraction kits on both prokaryotic and micro-
eukaryotic communities by 165 and 185 rRNA gene amplicon sequencing, and further disentangled
the influence of primer choice on the micro-eukaryotic communities. Our results showed that the
FastDNA SPIN Kit for Soil and DNeasy PowerSoil Kit produced much higher DNA yield with good
reproducibility, and observed more eukaryotic OTUs compared to the MinkaGene DNA extraction
kit, but all three kits exhibited comparable ability in recovering bacterial alpha diversity. Of the
two primer sets, both targeting the V4 region of the 18S rRNA gene, the TAR primer set detected
higher number of unique OTUs than the EK primer set, while the EK primer set resulted in longer
amplicons and better reproducibility between replicates. Based on our findings, we recommend using
the DNeasy PowerSoil Kit with the EK primer set to capture the abundant micro-eukaryotic taxa from
freshwater sediment samples. If a more complete picture of the eukaryotic microbial community is
desired, the TAR primer set in combination with the FastDNA SPIN Kit is more efficient in this study.

Keywords: DNA extraction; primer; freshwater sediment; microbial community

1. Introduction

High-throughput sequencing technology is widely adopted for profiling the structure
and diversity of microbial communities [1-6]. However, the results in different studies
are not consistent and comparable as all processing steps from sampling to data analy-
sis may introduce bias [7-10]. In particular, it has been pointed that a major source of
variation between studies may come from DNA extraction and primer selection [11]. The
optimal protocol of DNA extraction should be effective to extract DNA from various cell
types; otherwise, DNA of microorganisms that are difficult to lyse may not be detected in
the sequencing data [12]. Ideally, the primer sets should successfully amplify all groups
of the target organisms, while the reality is that different primer sets result in substan-
tial discrepant species recovery [13]. Thus, any specific combinations of available PCR
primers and DNA extraction protocols are not 100% efficient to recover the total microbial
diversity [13,14].
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It is highly recommended that different DNA extraction methods should be compared
to find the optimal protocol for specific samples [15]. Various DNA extraction protocols
were recommended as a variety of sample types and different extraction kits are com-
pared [7,16,17]. It has been proposed that DNA extraction protocols involved mechanical
lysis or bead-beating step could improve the efficiency of DNA extraction [7,18]. Specif-
ically, DNA extracted from activated sludge samples or a mock community of human
microbiome samples using kits with the bead-beating step both produced higher DNA
yields and higher abundant operational taxonomic units (OTUs) comparing with kits with-
out the mechanical step [7,19]. Furthermore, some Gram-positive bacteria were clearly
underestimated, although protocols with mechanical lysis was used, which may be due to
the various bead-beating time and efficiency of cell lysis among different kits [16]. DNA
extraction efficiency can also be affected by the biomass and diversity of the microbial
community in different depths of marine sediment. For example, two widely used DNA
extraction kits (FastDNA spin kit for soil and DNeasy PowerSoil kit, referred as the FS
kit, and the PS kit hereinafter, respectively) exhibit the same ability to extract DNA from
sub-seafloor samples, while higher DNA yields are obtained using the FS kit from surface
near-seafloor sediment [17]. For porcine gastrointestinal tract and activated sludge samples,
the FS kit is uniformly recommended as it can produce the purest DNA with higher DNA
yield and be more efficient in detection of Gram-positive bacteria [7,16]. By contrast, some
results showed that the PS kit is the most effective method to extract microbial DNA from
human stool samples [20]. Another commercial kit, the NucleoSpin Soil kit performed best
in quantification of bacteria from pig manure samples [21]. A recent study has shown that
the rare plankton subcommunities from the freshwater reservoir are far more affected by
DNA extraction kits than the abundant plankton. The FS kit outperforms the other extrac-
tion methods in DNA quality and yield, which results in revealing higher bacterioplankton
diversity while the DNeasy Blood & Tissue Kit and QIAamp DNA Mini Kit exhibits better
reproducibility [22]. As shown above, there are increasing studies of evaluating the impact
of various DNA extraction methods on bacterial community profiles from different source
of samples. However, a comprehensive assessment of freshwater sediment extraction
methods, especially the data pertaining to micro-eukaryotic community, is still lacking.

It should also be noted that primers targeting different hypervariable regions of the
rRNA genes do not recover consistent adequate representation of biodiversity [23,24]. For
the same variable region, there remain different primer selections. Even a single primer-
template mismatch at the 3’ end of primer or the introduction of one single degenerate base
may inhibit the PCR efficiency and lead to discrepancy in microbial community analysis.
Thus, it is necessary to estimate the universality and efficiency of different primer sets for
various environment samples in microbial biodiversity studies [24,25].

To address the above-mentioned issues, three commercial DNA extraction kits were
compared to extract DNA from freshwater sediment in terms of DNA yields, quality and
reproducibility. Both bacterial and eukaryotic community profiles were investigated by
[llumina Miseq sequencing of 16S and 18S rRNA gene amplicons. To explore the effect of
primer choice, the consequences of two widely used primer sets targeting the V4 region of
the 185 rRNA gene were also assessed.

2. Materials and Methods
2.1. Sample Collection and Processing

Freshwater sediment was collected using a sediment corer from the second largest
urban lake of China, Lake Donghu (30°33'08" N, 114°21'57.8376" E) on 15 September 2018.
The sample was transported to the lab immediately (within 10 min). The top 5 cm of
sediment was mixed and homogenized, and divided into 15 subsamples with 0.5 g for
each aliquot.
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2.2. DNA Extraction, PCR and Sequencing

DNA extraction of sediment samples was performed using three commercial kits
according to the manufacturer’s instructions. Five replicates for each of the follow-
ing kits were evaluated: DNeasy PowerSoil Kit (Qiagen, Hilden, Germany), FastDNA
SPIN Kit for Soil (MP Biomedicals, Solon, OH, USA), and MinkaGene Soil DNA Kit
(Magigene Biotechnology, Shenzhen, China), which were referred as PS, FS, and MG,
respectively. In all the three protocols, DNA was eluted using 100 pL elution buffer.
DNA concentration and purity was measured using NanoDrop 2000 spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA, USA). The primers used to amplify the V4
hypervariable region of the 16S rRNA gene were 515F (5-GTGCCAGCMGCCGCGGTAA-
3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') [26,27]. Two widely used primer
sets were selected to amplify the V4 region of the 185 rRNA gene: TAReukV4F (5'-
CCAGCASCYGCGGTAATTCC-3') and RevR (5'-ACTTTCGTTCTTGATYRA-3'), and EK-
565F (5'-GCAGTTAAAAAGCTCGTAGT-3') and EK-1134R (5'-TTAAGTTTCAGCCTTGCG-
3') [28,29]. PCR reaction was performed in a total volume of 20 uL containing 4 pL of
5x FastPfu Buffer, 2 uL of 2.5 mM dNTPs, 0.8 uL of each primer (5 pM), 0.4 uL of FastPfu
Polymerase, 0.2 uL BSA, and 10 ng of template DNA. In PCR of the 16S rRNA gene, the
following cycling conditions were used: initial denaturation at 95 °C for 3 min, followed
by 27 cycles of 95 °C 30's, 55 °C for 30 s, 72 °C for 45 s, and elongation at 72 °C for 10 min.
PCR of the 185 rRNA gene using the EK-565F /1134R primer set were performed under the
same PCR conditions as above described, except that 35 cycles were used. PCR parameters
of the 18S with the primer set TAReukV4F/RevR were as follows: initial activation at
95 °C for 5 min, followed by 30 cycles of 94 °C 30 s, 47/49 °C for 45 s, 72 °C for 1 min,
and a final extension at 72 °C for 5 min. To minimize PCR bias, PCR amplification was
performed in triplicates. Purified PCR products were pooled and paired-end sequencing
(2 x 300 bp) was conducted on an Illumina MiSeq platform (Illumina, San Diego, CA, USA)
as previously described [30].

2.3. Sequence Data Processing and Taxonomic Assignment

Raw data were processed following the standard procedures of Majorbio (Shanghai,
China) as described in Li et al. [30]. Briefly, paired-end reads were quality-filtered by
Trimmomatic and merged by FLASH [31,32]. UCHIME was used to identify and remove
chimeric sequences [33]. Operational taxonomic units (OTUs) were clustered using UPARSE
version 7.1 (http://drive5.com/uparse/ (accessed on 27 February 2019)) according to 97%
similarity [34]. Taxonomic classification of OTUs were performed using the Silva (release
138) 16S rRNA database and the PR2 185 rRNA gene database, respectively. After filtering
the unclassified domain OTUs and singletons, metazoa, and fungi sequences, all analyses
were performed on randomly rarefied subsamples (n = 33,726 sequences for 16S; n = 21,079
sequences for 185).

2.4. Statistical Analysis

All analyses were conducted on the cloud platform of Majorbio (https://cloud.
majorbio.com (accessed on 10 August 2021)), if not stated otherwise. To evaluate the influ-
ence of DNA extraction kits on DNA yields and quality (i.e., A260/A280 and A260/A230),
one-way ANOVA was employed with Tukey—Kramer post-hoc test for multiple pairwise
comparisons using PAST. The significant difference of alpha diversity was determined
based on the nonparametric Kruskal-Wallis test. Non-metric multidimensional scaling
(NMDS) ordination plots were conducted based on the Bray—Curtis distances and un-
weighted UniFrac phylogenetic distances. Analysis of similarities (ANOMIS) was performed
based on Bray—Curtis distances to detect the significance of variation in community structures.
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3. Results
3.1. Effects of DNA Extraction Kits in DNA Yield

The variance in DNA yields between three different kits were evaluated based on the
DNA concentration. As shown in Figure 1, the DNA concentrations varied significantly
between samples extracted by different kits (One-way ANOVA, p < 0.05/0.01). As shown
in Table 1, the MG kit produced the lowest average DNA concentration (mean £ SEM;
1.56 £ 0.18 ng/uL; n = 5), which was statistically lower than that obtained using the PS kit
(11.66 &+ 0.39 ng/uL; n = 5) and the FS kit (17.34 £ 0.91 ng/uL; n =5).
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Figure 1. Comparison of DNA yields and quality between three extraction kits. DNA was eluted
in a volume of 100 pL for all three kits and qualified by the ratios of A260/A280 and A260/A230.
Median values are indicated by the solid line within each box, and the box extends to upper and lower
quartile values. Different letters above the box indicate they are statistically different (p < 0.05/0.01).

Table 1. Comparison of different DNA extraction kits on DNA yields, purity and number of OTUs *.

Extraction Kit DNA Yield 16S 18S (Primer EK) 18S (Primer TAR)
xtraction Ki i
(Replicate) (ng/uL) ¢ A260/A280  A260/A230  QOpserved Number Observed Numberof Observed Number of
OTUs of Reads OTUs Reads OTUs Reads
PS Kit (1) 12.1 212 2.28 3447 53,722 464 54,167 495 56,794
PS Kit (2) 10.7 2.08 091 2918 47,465 373 31,698 452 47,406
PS Kit (3) 14.8 1.77 0.85 3569 58,878 414 26,946 723 32,269
PS Kit (4) 9.70 2.44 1.96 3063 37,905 389 34,004 446 68,706
PS Kit (5) 11.00 2.06 1.93 3442 64,948 426 41,928 534 56,171
FSKit (1) 15.00 1.72 0.03 3082 40,066 332 25,834 659 59,622
FS Kit (2) 14.40 1.95 0.04 3244 33,726 291 26,791 975 63,743
FSKit (8) 15.00 1.83 0.06 3349 38,358 307 42,675 355 66,368
FS Kit (4) 17.00 1.85 0.04 3785 62,632 342 42,608 904 54,906
FS Kit (5) 25.30 1.53 0.75 3095 36,319 324 33,241 406 30,630
MG Kit (1) 1.80 2.67 1.99 3254 51,613 168 43,146 146 50,094
MG Kit (2) 3.00 241 2.55 4072 64,839 160 58,909 92 21,079
MG Kit (3) 1.10 2.08 0.02 4129 67,204 156 62,365 86 32,158
MG Kit (4) 1.20 2.06 1.78 3541 41,225 109 28,986 67 56,659
MG Kit (5) 0.70 1.96 1.98 3950 52,999 115 27,190 108 48,887

* The number of reads and OTUs are obtained after quality filtering and before rarefication.

Five aliquots of samples were extracted by each DNA extraction kit to evaluate the re-
producibility of different extraction methods. As indicated by coefficients of variation (CV)
between replicates, the PS kit showed the best reproducibility for DNA yield (PS = 15%,
FS = 24%, MG = 51%). For DNA purity, average A260/A280 of the MG kit (mean + SEM;
2.24 £ 0.06) is higher than the PS (2.09 £ 0.05) and FS (1.78 + 0.03) kit. Average A260/A230
of the FS kit (0.18 4= 0.06) is significantly lower than the other two methods (PS: 1.59 £ 0.13;
MG: 1.66 % 0.19), indicating that the FS kit had much more residual carryover.
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3.2. Effects of DNA Extraction Kits on Prokaryotic Microbial Community

We assessed the impacts of different extraction kits on prokaryotic diversity and com-
munity composition. A total of 505,890 prokaryotic reads were obtained after filtering and
rarefication, which were clustered into 5175 OTUs for all samples. There were 4484 OTUs,
4695 OTUs, and 4939 OTUs in total for all five replicate samples extracted by the PS, FS,
and MG kit, respectively (Figure 2A). The number of observed prokaryotic OTUs were not
significantly different between extraction methods, although samples extracted using the
MG kit had a higher number of OTUs (3378-4321) than that in other samples (3177-3920
in FS kit and 3005-3668 in PS kit, Figure 3A). Likewise, the Shannon diversity was also
statistically indistinguishable between any of the three kits based on Kruskal-Wallis test
(Figure 3A). The majority of OTUs (4037) were detected by all three extraction methods,
which account for more than 98% of the total bacteria abundance in each sample (Table S1).
A small number of unique OTUs with low relative abundances (less than 1%) were also
detected by each kit (Figure 2A, Table S1). However, the relative abundance variations
of shared taxa are observed between kits. More than one third of the shared taxa at the
genus level are differentially abundant between two extraction kits. Among them, the
relative abundances of four taxa (g_Clostridium_sensu_stricto_1, g_Anaeromyxobacter,
g_norank_o_Syntrophobacterales, g_unclassified_o_Polyangiales) are significantly differ-
ent between any two kits (Table 52).

(B)

MG FS MG

@Fs
MG

®Ps

<

2 ‘N3 92

Figure 2. Venn diagram showing the number of shared and unique bacterial (A) and eukaryotic (B) OTUs
among the samples extracted using the FS, MG, and PS kit.

The bacterial community composition at the phylum level of each sample is shown in
Figure S1. The most abundant phyla (>5% in reads abundance) detected by all three ex-
traction kits include Proteobacteria, Chloroflexi, Crenarchaeota, Desulfobacterota, Sva0485,
Halobacterota, Acidobacteriota, Bacteroidota, and Thermoplasmatota. To reveal differences
in bacterial community composition of samples extracted using different kits, both Bray—
Curtis and unweighted UniFrac distances were compared and depicted in Figure 4. We
detected a significant difference of the bacterial communities between the DNA extraction
kits (ANOSIM, p = 0.001). Similar trends were also observed in the NMDS ordination
plot, whereas the recovered microbial communities tend to form clusters according to the
extraction kits (Figure 4).



Microorganisms 2022, 10, 1213

6 of 12

800 J
— p— 1
3400; — N - .
o 2 6001 '
: : :
; 3000 > 4001 - =
= . . 5 | —
O 28001 200 o b A
1
26004 8 — ?
FS MG PS FS MG PS
6.9 1 § T :
> . e
g o8 L 4] :
£ 671 = F
c = —
E 6.6 1 E 3 % p—
g 6.5 1 g 2 . . —
6.3 1 : 11
. L]

(A) FS MG PS (B) FS MG PS
Figure 3. Alpha diversity metrics of prokaryotes (A) and microbial eukaryotes (B) from samples
extracted using the FS, MG, and PS kits. Species richness and diversity were estimated based on the
OTU numbers and Shannon index for each method. Different letters above/below the box indicate
they are statistically different (p < 0.001).
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Figure 4. Nonmetric multidimensional scaling ordination of prokaryotic samples extracted by the
FS, PS and MG kits based on Bray—Curtis distances (A) and unweighted UniFrac phylogenetic
distances (B).

3.3. Effects of DNA Extraction Kits and Primer Sets on Eukaryotic Microbial Community

After quality control and rarefication, a total of 632,370 eukaryotic sequences that
clustered into 2838 OTUs were used in subsequent analyses. As shown in Figure 2B, a
total of 2175, 1269, and 615 OTUs were observed for 5 replicate samples extracted by the
FS, PS, and MG kit using two primer sets, respectively. Only 299 OTUs are shared by all
three extraction methods, accounting for more than 81% of the total reads in all samples.
The number of the total detected OTUs by two primer sets were not significantly different
between the FS and PS kit samples while the MG kit obtained much lower OTUs than the
other two kits. Similarly, a large difference in the number of observed OTUs was also found
between primer choice. The EK primer set produced much fewer OTUs (1046) than the TAR
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primer set (2589). Specifically, the FS kit combined with the TAR primer set detected the
highest number of OTUs (1933), followed by the PS kit using the same primers (1118). The
lowest OTUs (355) was also observed in samples using this primer set when the extraction
kit changed to MG. The number of OTUs detected by another EK primer set using the
PS and FS kits was much lower (677-725) than that obtained using the TAR primer set
(1118-1933), while the two primer sets detected equivalent OTUs in samples extracted
using the MG kit (355 vs. 365, Figure S2).

The relative abundance of eukaryotic communities at phylum level varied between
extraction methods, the majority of sequences in samples extracted by the PS kit belong
to Chlorophyta, Dinophyta, and Ciliophora, while more Streptophyta and Cercozoa se-
quences was detected by the FS kit. In contrast, the MG kit outperforms the other two kits
in detecting Ochrophyta and Streptophyta taxa (Figure 5). Moreover, the varying abun-
dances of the 20 most abundant OTUs were observed between the primer sets, which are
distributed in the phyla Ochrophyta, Streptophyta, Chlorophyta, Dinophyta, Ciliophora,
and Cercozoa. It is noteworthy that the relative abundances of different OTUs belong
to the same genus (i.e., Stephanodiscus, Aulacoseira) can vary greatly between primer sets
(Figure 6). In addition, the non-metric multidimensional scaling ordination plots based on
Bray—Curtis dissimilarity and unweighted UniFrac distances both revealed a stark sepa-
ration in the eukaryotic community profiles between the primer sets (Figure 7, p = 0.001).
A clear distinction of the three extraction kits was also observed on the NMDS plot based
on the Bray—Curtis distance. The EK primer set demonstrated better reproducibility as
all replicates clustered more closely whereas the samples detected by the TAR primer set
are scattered around, especially when their phylogenetic relatedness (unweighted Unifrac)
were considered (Figure 7).
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Figure 5. Relative abundances of eukaryotic communities at phylum level detected by two primer
sets in samples extracted using the PS, FS, and MG kit.
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Figure 6. Heatmap of the 20 most abundant OTUs. Each column represents a sample and is grouped
by different primer sets. The rows list the 20 most abundant phyla across the samples. Each OTU
is assigned with its phylum. OTU1899 and OTU2365 are both assigned in the genus Stephanodiscus;
OTU2384 and OTU2357 are assigned in the genus Aulacoseira.
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Figure 7. Nonmetric multidimensional scaling ordination of eukaryotic communities detected by
two primer sets using the FS, PS and MG kits based on Bray—Curtis distances (A) and unweighted
UniFrac phylogenetic distances (B).

4. Discussion

DNA extraction methods and primer sets are known sources of variation in microbial
community analysis [11,35,36]. Numerous studies have mainly focused on whether differ-
ent DNA extraction procedures can affect the bacterial community from a variety of samples,
such as human fecal samples [37,38], animal feces [16,21,39], drinking water [40], soils, and
marine sediment [17,41]. However, our knowledge about the influence of DNA extraction
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on microbial community of both bacteria and micro-eukaryotes is very limited [22,42]. In
particular, no comprehensive studies have been conducted in freshwater sediment.

In this study, we compared the performance of three commonly used DNA extraction
kits with mechanical lysis, which is necessary for DNA extraction from organic-rich sedi-
ment samples. Our results demonstrated that the FS kit yielded the highest amounts of
DNA which also outperforms other kits in bacterial DNA extraction from different soil
samples [43,44]. High amount of DNA recovery is probably attributed to the glass beads of
varying sizes and its unique binding matrix of the FS kit [7]. Unexpectedly, although the
DNA yields obtained from the FS, PS, MG kits varied remarkably, the number of bacterial
OTUs were not significantly different (Figure 3A). Compared with the FS and PS kits, the
MG kit produced the lowest amount of DNA, but revealed the highest alpha diversity of
bacteria. In addition, even the low-quality DNA could also reveal a fair profile of bacterial
community. For example, the FS kit extracted DNA with the lowest ratio of A260/A230,
but a reasonable number of OTUs was also observed. Thus, low-quantity or low-quality
DNA does not necessarily affect the detection efficiency of bacteria, which has also been
found in previous studies [7,44]. However, the MG kit underestimated the eukaryotic
microbial diversity as the samples extracted with this kit had a significantly lower number
of eukaryotic OTUs (p < 0.001, Figure 3B). This suggests that the MG kit may be more
efficient in cell lysis of bacterial cell than eukaryotic microorganisms. But the large number
of eukaryotic OTUs observed by the FS and PS kits were in low abundance as all of the
20 most abundant OTUs were observed regardless of extraction method (Figure 6), which
was also the case for detection of microbial communities in drinking water samples [40].
Similarly, a recent study in freshwater reservoir found that rare plankton subcommunities
are far more affected by DNA extraction kits than abundant plankton [22].

In terms of the reproducibility, the MG kit produced a lower DNA yield and exhibited
a higher degree of variability between replicates, as indicated by the higher coefficients of
variation of DNA yield and the relatively dissimilar pattern from the NMDS plot (Figure 7).
This result highlights the importance of the DNA extraction efficiency. Although the DNA
yield is not the first concern in PCR-based studies, the acquisition of DNA with high
quality and quantity is an essential prerequisite for good reproducibility, which is particular
important for samples with low microbial biomass [21,40]. In addition, it has been shown
that low concentrations of template DNA in PCR can cause significant variations in profiling
microbial communities [45].

Compared to the effect of DNA extraction kits, it seems that the primer choice is a
larger source of variation in detection of the eukaryotic microbial communities. Although
the two primer sets tested in this study both targeted the V4 region and overlapped by
more than 350 bp, the EK primer set severely underestimated the diversity of eukaryotic
microorganisms. However, almost 70% of the diversity detected by the TAR primer set are
unique OTUs with low abundance. The degeneracy and lower annealing temperature of
the TAR primer set may contribute to the high proportion of rare sequences detected, which
are known factors that can reduce specificity and increase preferential amplification [46,47].
In addition, it has been pointed that inflated diversity may arise from contamination or
sequencing error [11]. Thus, caution should be paid to the ecological implications of low-
abundance OTUs. The differences observed between primer sets can also be partially
attributed to the relatively longer amplicons (average length: 506 bp vs. 398 bp) obtained
using the EK primer set, which appears to be approaching the upper limit of the MiSeq
sequencing technology. It has been previously shown that both the PCR kinetics and some
polymerases favor short fragments and, thus, divergent and rare taxa can be more readily
detected with smaller amplicons [48-50]. Another notable difference was the variance of
the read abundance between primer sets. The average relative abundance of two OTUs of
the same genera (i.e., Stephanodiscus, Aulacoseira, Figure 6) recovered with two primer sets
differed by four orders of magnitude. These results are consistent with studies showing
that 16S rRNA primer selection have obvious effects on taxonomic variation [11], which
reinforces that a reliable comparison between studies should be performed using the same
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primer set. But it should be pointed that the striking difference in observed OTU numbers
between primers did not result in detection of different range of taxonomic groups at
phylum level, suggesting that both primers have a comparable ability in detecting higher-
level groups. Meanwhile, a very large fraction of sequences recovered by the TAR primer set
cannot be assigned to any known eukaryotic group, which highlights the huge number of
undescribed microbial eukaryotes in freshwater sediment habitats and the incompleteness
of the reference database.

5. Conclusions

Our results highlighted the influence of DNA extraction kit and primer choice on
the observed microbial community in freshwater sediment. Overall, the FastDNA SPIN
Kit for Soil and DNeasy PowerSoil Kit produced much higher DNA yield with good
reproducibility, and observed more eukaryotic OTUs from freshwater sediment samples,
while all three kits used in this study exhibited comparable ability in recovering bacterial
alpha diversity. The EK primer set is preferred to capture the abundant taxa of protistan
community as it shows high level of reproducibility between replicates and more robust in
PCR amplification with concise cycling conditions. However, if the diversity of rare species
is desired, the TAR primer set in combination with the FastDNA SPIN Kit is suggested to
reveal a more complete picture of the eukaryotic microbial community structure.
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Author Contributions: Conceptualization, ].H.; formal analysis, C.M. and X.L.; investigation, W.X,;
writing—original draft preparation, Z.S., Q.K. and J.H.; writing—review and editing, Q.K., YW., W.S.
and J.H.; funding acquisition, X.L., W.S. and J.H. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Key Research and Development Program of
China (No. 2018YFD0900701), National Natural Science Foundation of China (Project Numbers:
31801984, 32030015) and the Youth Innovation Promotion Association of the Chinese Academy of
Sciences (No. 2019333).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Assembled sequences are deposited in the NCBI Sequence Reads
Archive under BioProject PRINA848776.

Acknowledgments: We thank Xueping Xiong and Xiaotian Luo who assisted in the sampling. We
appreciate the comments and suggestions from three anonymous reviewers and the editor.

Conflicts of Interest: The authors declare no conflict of interest.

1. Shokralla, S.; Spall, J.L.; Gibson, J.F.; Hajibabaei, M. Next-generation sequencing technologies for environmental DNA research.
Mol. Ecol. 2012, 21, 1794-1805. [CrossRef] [PubMed]

2. Geisen, S.; Laros, I.; Vizcaino, A.; Bonkowski, M.; De Groot, G. Not all are free-living: High-throughput DNA metabarcoding
reveals a diverse community of protists parasitizing soil metazoa. Mol. Ecol. 2015, 24, 4556—4569. [CrossRef] [PubMed]

3.  Zhang, HX,; Liu, EH.; Zheng, S.L.; Chen, L.; Zhang, X.L.; Gong, J. The differentiation of iron-reducing bacterial community and
iron-reduction activity between riverine and marine sediments in the Yellow River estuary. Mar. Life Sci. Technol. 2020, 2, 87-96.

[CrossRef]

4. Yang, Z.F,; Xiao, X.; Zhang, Y. Microbial diversity of sediments from an inactive hydrothermal vent field, southwest Indian ridge.
Mar. Life Sci. Technol. 2020, 2, 73-86. [CrossRef]


https://www.mdpi.com/article/10.3390/microorganisms10061213/s1
https://www.mdpi.com/article/10.3390/microorganisms10061213/s1
http://doi.org/10.1111/j.1365-294X.2012.05538.x
http://www.ncbi.nlm.nih.gov/pubmed/22486820
http://doi.org/10.1111/mec.13238
http://www.ncbi.nlm.nih.gov/pubmed/25966360
http://doi.org/10.1007/s42995-019-00001-6
http://doi.org/10.1007/s42995-019-00007-0

Microorganisms 2022, 10, 1213 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Liu, Q.; Zhao, Q.N.; McMinn, A.; Yang, EJ.; Jiang, Y. Planktonic microbial eukaryotes in polar surface waters: Recent advances in
high-throughput sequencing. Mar. Life Sci. Technol. 2020, 3, 94-102. [CrossRef]

Capo, E.; Ninnes, S.; Domaizon, L; Bertilsson, S.; Bigler, C.; Wang, X.; Bindler, R.; Rydberg, J. Landscape setting drives the
microbial eukaryotic community structure in four swedish mountain lakes over the Holocene. Microorganisms 2021, 9, 355.
[CrossRef]

Guo, F,; Zhang, T. Biases during DNA extraction of activated sludge samples revealed by high throughput sequencing. Appl.
Microbiol. Biotechnol. 2013, 97, 4607-4616. [CrossRef]

Mirsepasi, H.; Persson, S.; Struve, C.; Andersen, L.O.; Petersen, A.M.; Krogfelt, K.A. Microbial diversity in fecal samples depends
on DNA extraction method: easyMag DNA extraction compared to QIAamp DNA stool mini kit extraction. BMC Res. Notes 2014,
7,50. [CrossRef]

Gohl, D.M.; Vangay, P,; Garbe, J.; MacLean, A.; Hauge, A.; Becker, A.; Gould, T.J.; Clayton, ].B.; Johnson, T.J.; Hunter, R.; et al.
Systematic improvement of amplicon marker gene methods for increased accuracy in microbiome studies. Nat. Biotechnol. 2016,
34, 942-949. [CrossRef]

Costea, P.I; Zeller, G.; Sunagawa, S.; Pelletier, E.; Alberti, A.; Levenez, F.; Tramontano, M.; Driessen, M.; Hercog, R.; Jung, FE.
Towards standards for human fecal sample processing in metagenomic studies. Nat. Biotechnol. 2017, 35, 1069-1076. [CrossRef]
Sinha, R.; Abu-Ali, G.; Vogtmann, E.; Fodor, A.A.; Ren, B.; Amir, A.; Schwager, E.; Crabtree, J.; Ma, S.; Microbiome Quality Control
Project Consortium; et al. Assessment of variation in microbial community amplicon sequencing by the Microbiome Quality
Control (MBQC) project consortium. Nat. Biotechnol. 2017, 35, 1077-1086. [CrossRef] [PubMed]

Quince, C.; Walker, A.W.; Simpson, ].T.; Loman, N.J.; Segata, N. Shotgun metagenomics, from sampling to analysis. Nat. Biotechnol.
2017, 35, 833-844. [CrossRef] [PubMed]

Hong, S.; Bunge, J.; Leslin, C.; Jeon, S.; Epstein, S.S. Polymerase chain reaction primers miss half of rRNA microbial diversity.
ISME J. 2009, 3, 1365-1373. [CrossRef] [PubMed]

Stach, J.E.; Bathe, S.; Clapp, ].P.; Burns, R.G. PCR-SSCP comparison of 165 rDNA sequence diversity in soil DNA obtained using
different isolation and purification methods. FEMS Microbiol. Ecol. 2001, 36, 139-151. [CrossRef] [PubMed]

Martincova, I.; Aghovd, T. Comparison of 12 DNA extraction kits for vertebrate samples. Anim. Biodiv. Conserv. 2020, 43, 67.
[CrossRef]

Burbach, K.; Seifert, J.; Pieper, D.H.; Camarinha-Silva, A. Evaluation of DNA extraction kits and phylogenetic diversity of
the porcine gastrointestinal tract based on Illumina sequencing of two hypervariable regions. Microbiologyopen 2016, 5, 70-82.
[CrossRef]

Ramirez, G.A.; Graham, D.; D’'Hondt, S. Influence of commercial DNA extraction kit choice on prokaryotic community metrics in
marine sediment. Limmol. Oceanogr. Methods 2018, 16, 525-536. [CrossRef]

Wesolowska-Andersen, A.; Bahl, M.I; Carvalho, V.; Kristiansen, K.; Sicheritz-Pontén, T.; Gupta, R.; Licht, T.R. Choice of bacterial
DNA extraction method from fecal material influences community structure as evaluated by metagenomic analysis. Microbiome
2014, 2, 19. [CrossRef]

Teng, F; Darveekaran Nair, S.S.; Zhu, P,; Li, S.; Huang, S.; Li, X,; Xu, J.; Yang, F. Impact of DNA extraction method and targeted
165-rRNA hypervariable region on oral microbiota profiling. Sci. Rep. 2018, 8, 16321. [CrossRef]

Mackenzie, B.W.; Waite, D.W.; Taylor, M.W. Evaluating variation in human gut microbiota profiles due to DNA extraction method
and inter-subject difference. Front. Microbiol. 2015, 6, 130. [CrossRef]

Desneux, J.; Pourcher, A.M. Comparison of DNA extraction kits and modification of DNA elution procedure for the quantitation
of subdominant bacteria from piggery effluents with real-time PCR. Microbiologyopen 2014, 3, 437-445. [CrossRef] [PubMed]
Liu, M,; Xue, Y.; Yang, J. Rare plankton subcommunities are far more affected by DNA extraction kits than abundant plankton.
Front. Microbiol. 2019, 10, 454. [CrossRef] [PubMed]

Mao, D.P; Zhou, Q.; Chen, C.Y.; Quan, Z.X. Coverage evaluation of universal bacterial primers using the metagenomic datasets.
BMC Microbiol. 2012, 12, 66. [CrossRef] [PubMed]

Hadziavdic, K.; Lekang, K.; Lanzen, A.; Jonassen, I.; Thompson, E.M.; Troedsson, C. Characterization of the 18S rRNA gene for
designing universal eukaryote specific primers. PLoS ONE 2014, 9, e87624. [CrossRef]

Wu, Y.N,; Feng, K.; Li, S.Z.; Wang, Z.].; Zhang, Z.].; Deng, Y. In-silico evaluation and improvement on 16S/18S/ITS primers for
amplicon high-throughput sequencing. Microbiology 2020, 47, 2897-2912. [CrossRef]

Apprill, A.; McNally, S.; Parsons, R.; Weber, L. Minor revision to V4 region SSU rRNA 806R gene primer greatly increases
detection of SAR11 bacterioplankton. Aquat. Microb. Ecol. 2015, 75, 129-137. [CrossRef]

Caporaso, ].G.; Lauber, C.L.; Walters, W.A.; Berg-Lyons, D.; Lozupone, C.A.; Turnbaugh, PJ.; Fierer, N.; Knight, R. Global patterns
of 165 rRNA diversity at a depth of millions of sequences per sample. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. S1), 4516-4522.
[CrossRef]

Stoeck, T.; Bass, D.; Nebel, M.; Christen, R.; Jones, M.D.; Breiner, H.W.; Richards, T.A. Multiple marker parallel tag environmental
DNA sequencing reveals a highly complex eukaryotic community in marine anoxic water. Mol. Ecol. 2010, 19 (Suppl. S1), 21-31.
[CrossRef]

Simon, M.; Jardillier, L.; Deschamps, P.; Moreira, D.; Restoux, G.; Bertolino, P.; Lopez-Garcia, P. Complex communities of
small protists and unexpected occurrence of typical marine lineages in shallow freshwater systems. Environ. Microbiol. 2015,
17,3610-3627. [CrossRef]


http://doi.org/10.1007/s42995-020-00062-y
http://doi.org/10.3390/microorganisms9020355
http://doi.org/10.1007/s00253-012-4244-4
http://doi.org/10.1186/1756-0500-7-50
http://doi.org/10.1038/nbt.3601
http://doi.org/10.1038/nbt.3960
http://doi.org/10.1038/nbt.3981
http://www.ncbi.nlm.nih.gov/pubmed/28967885
http://doi.org/10.1038/nbt.3935
http://www.ncbi.nlm.nih.gov/pubmed/28898207
http://doi.org/10.1038/ismej.2009.89
http://www.ncbi.nlm.nih.gov/pubmed/19693101
http://doi.org/10.1111/j.1574-6941.2001.tb00834.x
http://www.ncbi.nlm.nih.gov/pubmed/11451518
http://doi.org/10.32800/abc.2020.43.0067
http://doi.org/10.1002/mbo3.312
http://doi.org/10.1002/lom3.10264
http://doi.org/10.1186/2049-2618-2-19
http://doi.org/10.1038/s41598-018-34294-x
http://doi.org/10.3389/fmicb.2015.00130
http://doi.org/10.1002/mbo3.178
http://www.ncbi.nlm.nih.gov/pubmed/24838631
http://doi.org/10.3389/fmicb.2019.00454
http://www.ncbi.nlm.nih.gov/pubmed/30930870
http://doi.org/10.1186/1471-2180-12-66
http://www.ncbi.nlm.nih.gov/pubmed/22554309
http://doi.org/10.1371/journal.pone.0087624
http://doi.org/10.13344/j.microbiol.china.200054
http://doi.org/10.3354/ame01753
http://doi.org/10.1073/pnas.1000080107
http://doi.org/10.1111/j.1365-294X.2009.04480.x
http://doi.org/10.1111/1462-2920.12591

Microorganisms 2022, 10, 1213 12 of 12

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Li, X.H.; Huang, J.; Filker, S.; Stoeck, T.; Bi, YH.; Yu, Y.H.; Song, W.B. Spatio-temporal patterns of zooplankton in a main-stem dam
affected tributary: A case study in the Xiangxi River of the Three Gorges Reservoir, China. Sci. China Life Sci. 2019, 62, 1058-1069.
[CrossRef]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114-2120.
[CrossRef] [PubMed]

Mago¢, T.; Salzberg, S.L. FLASH: Fast length adjustment of short reads to improve genome assemblies. Bioinformatics 2011,
27,2957-2963. [CrossRef] [PubMed]

Edgar, R.C.; Haas, B.J.; Clemente, J.C.; Quince, C.; Knight, R. UCHIME improves sensitivity and speed of chimera detection.
Bioinformatics 2011, 27, 2194-2200. [CrossRef]

Edgar, R.C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 2013, 10, 996-998. [CrossRef]
Albertsen, M.; Karst, S.M.; Ziegler, A.S.; Kirkegaard, R.H.; Nielsen, P.H. Back to basics-the influence of DNA extraction and
primer choice on phylogenetic analysis of activated sludge communities. PLoS ONE 2015, 10, e0132783. [CrossRef]

Pollock, J.; Glendinning, L.; Wisedchanwet, T.; Watson, M. The madness of microbiome: Attempting to find consensus “best
practice” for 165 microbiome studies. Appl. Environ. Microbiol. 2018, 84, €02627-17. [CrossRef]

Kennedy, N.A.; Walker, A.W.; Berry, S.H.; Duncan, S.H.; Farquarson, EM.; Louis, P.; Thomson, ].M.; UK IBD Genetics Consortium;
Satsangi, J.; Flint, HL.J.; et al. The impact of different DNA extraction kits and laboratories upon the assessment of human gut
microbiota composition by 16S rRNA gene sequencing. PLoS ONE 2014, 9, e88982. [CrossRef]

Gerasimidis, K.; Bertz, M.; Quince, C.; Brunner, K.; Bruce, A.; Combet, E.; Calus, S.; Loman, N.; [jaz, U.Z. The effect of DNA
extraction methodology on gut microbiota research applications. BMC Res. Notes 2016, 9, 365. [CrossRef]

Henderson, G.; Cox, F; Kittelmann, S.; Miri, V.H.; Zethof, M.; Noel, S.J.; Waghorn, G.C.; Janssen, P.H. Effect of DNA extraction
methods and sampling techniques on the apparent structure of cow and sheep rumen microbial communities. PLoS ONE 2013, 8,
e74787. [CrossRef]

Brandyt, J.; Albertsen, M. Investigation of detection limits and the influence of DNA extraction and primer choice on the observed
microbial communities in drinking water samples using 16S rRNA gene amplicon sequencing. Front. Microbiol. 2018, 9, 2140.
[CrossRef]

Carrigg, C.; Rice, O.; Kavanagh, S.; Collins, G.; O’Flaherty, V. DNA extraction method affects microbial community profiles from
soils and sediment. Appl. Microbiol. Biotechnol. 2007, 77, 955-964. [CrossRef] [PubMed]

Vesty, A.; Biswas, K.; Taylor, M.W.,; Gear, K.; Douglas, R.G. Evaluating the impact of DNA extraction method on the representation
of human oral bacterial and fungal communities. PLoS ONE 2017, 12, e0169877. [CrossRef] [PubMed]

Dineen, S.M.; Aranda, R.; Anders, D.L.; Robertson, ].M. An evaluation of commercial DNA extraction kits for the isolation of
bacterial spore DNA from soil. J. Appl. Microbiol. 2010, 109, 1886-1896. [CrossRef]

Vishnivetskaya, T.A.; Layton, A.C.; Lau, M.C.; Chauhan, A.; Cheng, K.R.; Meyers, A.J.; Murphy, J.R.; Rogers, A.W.; Saarunya,
G.S.; Williams, D.E.; et al. Commercial DNA extraction kits impact observed microbial community composition in permafrost
samples. FEMS Microbiol. Ecol. 2014, 87, 217-230. [CrossRef] [PubMed]

Multinu, F; Harrington, S.C.; Chen, J.; Jeraldo, P.R.; Johnson, S.; Chia, N.; Walther-Antonio, M.R. Systematic bias introduced by
genomic DNA template dilution in 16S rRNA gene-targeted microbiota profiling in human stool homogenates. mSphere 2018,
3, e00560-17. [CrossRef] [PubMed]

Polz, M.E,; Cavanaugh, C.M. Bias in template-toproduct ratios in multitemplate PCR. Appl. Environ. Microbiol. 1998, 64, 3724-3730.
[CrossRef]

Sipos, R.; Szekely, A.].; Palatinszky, M.; Revesz, S.; Marialigeti, K.; Nikolausz, M. Effect of primer mismatch, annealing temperature
and PCR cycle number on 16S rRNA gene-targeting bacterial community analysis. FEMS Microbiol. Ecol. 2007, 60, 341-350.
[CrossRef]

Kleter, B.; van Doorn, L.J.; ter Schegget, J.; Schrauwen, L.; van Krimpen, K.; Burger, M.; ter Harmsel, B.; Quint, W. Novel
short-fragment PCR assay for highly sensitive broad-spectrum detection of anogenital human papillomaviruses. Am. J. Pathol.
1998, 153, 1731-1739. [CrossRef]

Becker, S.; Boger, P.; Oehlmann, R.; Ernst, A. PCR bias in ecological analysis: A case study for quantitative Taq nuclease assays in
analyses of microbial communities. Appl. Environ. Microbiol. 2000, 66, 4945-4953. [CrossRef]

Huber, J.A.; Morrison, H.G.; Huse, S.M.; Neal, PR.; Sogin, M.L.; Welch, D.B.M. Effect of PCR amplicon size on assessments of
clone library microbial diversity and community structure. Environ. Microbiol. 2009, 11, 1292-1302. [CrossRef]


http://doi.org/10.1007/s11427-018-9523-0
http://doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://doi.org/10.1093/bioinformatics/btr507
http://www.ncbi.nlm.nih.gov/pubmed/21903629
http://doi.org/10.1093/bioinformatics/btr381
http://doi.org/10.1038/nmeth.2604
http://doi.org/10.1371/journal.pone.0132783
http://doi.org/10.1128/AEM.02627-17
http://doi.org/10.1371/journal.pone.0088982
http://doi.org/10.1186/s13104-016-2171-7
http://doi.org/10.1371/journal.pone.0074787
http://doi.org/10.3389/fmicb.2018.02140
http://doi.org/10.1007/s00253-007-1219-y
http://www.ncbi.nlm.nih.gov/pubmed/17960375
http://doi.org/10.1371/journal.pone.0169877
http://www.ncbi.nlm.nih.gov/pubmed/28099455
http://doi.org/10.1111/j.1365-2672.2010.04816.x
http://doi.org/10.1111/1574-6941.12219
http://www.ncbi.nlm.nih.gov/pubmed/24102625
http://doi.org/10.1128/mSphere.00560-17
http://www.ncbi.nlm.nih.gov/pubmed/29564398
http://doi.org/10.1128/AEM.64.10.3724-3730.1998
http://doi.org/10.1111/j.1574-6941.2007.00283.x
http://doi.org/10.1016/S0002-9440(10)65688-X
http://doi.org/10.1128/AEM.66.11.4945-4953.2000
http://doi.org/10.1111/j.1462-2920.2008.01857.x

	Introduction 
	Materials and Methods 
	Sample Collection and Processing 
	DNA Extraction, PCR and Sequencing 
	Sequence Data Processing and Taxonomic Assignment 
	Statistical Analysis 

	Results 
	Effects of DNA Extraction Kits in DNA Yield 
	Effects of DNA Extraction Kits on Prokaryotic Microbial Community 
	Effects of DNA Extraction Kits and Primer Sets on Eukaryotic Microbial Community 

	Discussion 
	Conclusions 
	References

