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Abstract

Plankton samples have been routinely collected and preserved in formalin in many laborato-

ries and museums for more than 100 years. Recently, attention has turned to use DNA infor-

mation from formalin-fixed samples to examine changes in plankton diversity over time.

However, no molecular ecological studies have evaluated the impact of formalin fixation on

the genetic composition of the plankton community structure. Here, we developed a method

for extracting DNA from archived formalin-preserved plankton samples to determine their

community structure by a DNA metabarcoding approach. We found that a lysis solution con-

sisting of borate-NaOH buffer (pH 11) with SDS and proteinase K effectively cleaved the

cross-link formed by formalin fixation. DNA was extracted from samples preserved for

decades in formalin, and the diatom community of the extracted DNA was in good agree-

ment with the microscopy analysis. Furthermore, we stored a plankton sample for 1.5 years

and demonstrated that 18S rRNA gene community structures did not change significantly

from non-formalin-fixed, time-zero samples. These results indicate that our method can be

used to describe the original community structure of plankton archived in formalin for years.

Our approach will be useful for examining the long-term variation of plankton diversity by

metabarcoding analysis of 18S rRNA gene community structure.

Introduction

Formaldehyde as a formalin (defined as ~37% formaldehyde solution) has been used widely as

a fixative for more than 100 years in research areas from medical and basic biological sciences

to environmental sciences [1,2]. These fixed samples are invaluable resources for molecular

studies [3], but DNA extraction from formalin-fixed samples is more complicated than that

from non-formalin-fixed samples because formalin fixation creates a methylene cross-link
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between DNA and protein [1,2], which enables the long-term preservation of organic materi-

als. Therefore, such cross-links must be eliminated prior to DNA extraction.

Methods for extracting and sequencing DNA from formalin-fixed samples have been stud-

ied particularly in medical fields, where it is common practice to fix pathological samples in

formalin and embed them in paraffin for long-term preservation. The procedure for extracting

DNA from formalin-fixed paraffin-embedded (FFPE) samples has been established [4–6], and

many companies now offer commercial DNA extraction kits for use with FFPE samples. How-

ever, studies on the extraction of DNA from formalin-fixed samples stored in museums and

laboratories have just begun [2,7–9]. Museum and laboratory samples differ from FFPE sam-

ples in that most of them are stored in buffered formalin solution. Storage in formalin solution

results in ongoing cross-linking over time; by contrast, FFPE samples exclude formalin prior

to paraffin embedding, so further cross-linking is curtailed. There are some reports of success-

ful extraction and recovery of DNA from samples preserved in formalin for long periods [7–

9], but these samples consisted of a single species or group.

We developed a method for extracting DNA from formalin-fixed samples of plankton com-

munities. In oceanography and limnology, plankton communities collected by plankton nets,

sediment traps, and continuous plankton recorders have been routinely preserved by forma-

lin-fixation, as opposed to targeting single species [10–12]. To date, such plankton samples

have generally been studied with microscopy, which only provides morphological information.

Meanwhile, recent molecular metabarcoding techniques have revealed that most planktons are

morphologically indistinguishable yet highly diverse [13,14]. DNA information from forma-

lin-fixed plankton samples can be used to identify plankton communities collected in the past,

thereby facilitating studies of long-term variation of plankton diversity. Although such

attempts have already been made [15,16], no studies have examined whether communities

extracted from formalin-fixed samples accurately reflect the communities that were initially

preserved. In addition, researchers use their own methods for DNA extraction from formalin-

fixed samples, and thus no standard method has been established, as has been done for FFPE

samples [5,6]. We tested several lysis solutions and then used the optimal extraction method to

investigate changes in the structure of a formalin-preserved plankton community over time

with a DNA metabarcoding approach.

Materials and methods

Sampling and preparation of formalin-fixed samples

Descriptions of the samples used in this study are summarized in Table 1. Although the sam-

ples A–E used were collected by different methods, those were stored in formalin for analysis

of the plankton community. All samples except for the control sample S and the time-zero of

sample E were fixed with 10% buffered formalin seawater, which was a mixture of formalin

buffered with sodium tetraborate (~ pH 8.0) and filtered seawater (unfiltered seawater for sam-

ple E) at a ratio of 1:9 [17].

Samples A and B used to evaluate the extract conditions were collected by plankton nets

(mesh size 63 μm) during the KH-96-03 cruise of the R/V Hakuho-maru in August 1996 and

the KT-02-15 cruise of the R/V Tansei-maru in May 2002, respectively (n = 1 for each). Sam-

ples obtained during the KH-96-03 cruise were collected by surface tows (~5 m) around the

Shatsky Rise in the western North Pacific (33.35˚N, 159.11˚E; sample A). Samples obtained

during the KT-02-15 cruise were collected at 70 m by horizontal towing net (MTD net,

Rigosha, Tokyo, Japan) [18] in the northwestern North Pacific (39˚N, 145˚E; sample B). The

plankton samples were collected in polypropylene bottles, immediately fixed in 10% buffered

PLOS ONE Plankton DNA from formalin-archived samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0245936 February 17, 2021 2 / 15

Bank of Japan Sequence Read Archive (accession

numbers DRA010173 and DRA010327). All data

used to draw the figures are available in the

UTokyo Repository (https://doi.org/10.15083/

00080064).

Funding: This research was supported financially

by the Japan Society for the Promotion of Science

(JSPS; https://www.jsps.go.jp/english/) KAKENHI

Grant JP15H05712 and JP19H05667 to N.H. and

JP16H01599 to A.K., Arctic Challenge for

Sustainability (ArCS) Project (https://www.nipr.ac.

jp/arcs/e/) of the Ministry of Education, Culture,

Sports, Science and Technology (MEXT) to N.H.,

and ArCS II Project (https://www.nipr.ac.jp/arcs2/e/

) of the MEXT to T.S. The funders had no role in

study design, data collection and analysis, decision

to publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0245936
https://doi.org/10.15083/00080064
https://doi.org/10.15083/00080064
https://www.jsps.go.jp/english/
https://www.nipr.ac.jp/arcs/e/
https://www.nipr.ac.jp/arcs/e/
https://www.nipr.ac.jp/arcs2/e/


formalin, and refrigerated (4 ˚C) until used for experiments (23 and 16 years of storage in for-

malin, respectively).

Samples C and D were used to evaluate the impact of formalin fixation on the diatom com-

munity. Samples C and D were collected in a bottom-tethered sediment trap deployed in the

subarctic western North Pacific (41.20˚N, 144.68˚E) from July 2000 to June 2001.

Sediment traps were installed at water depths of ~1400 m to collect sinking particles for 10

days per sample. Before they were deployed, sampling cups were filled with 10% buffered for-

malin seawater for archiving purposes. We examined sinking particles collected during the

spring bloom (April–May). The samples were divided into 10 equal parts using a divider for

use in microscopic and DNA analyses, and two of the 10 subsamples were stored at 4 ˚C until

analysis. One of the two samples were subjected to DNA extraction for DNA analysis in 2018

after they had been preserved in formalin for 17 years. For the microscopy analyses, diatom

cells in the other sample were concentrated in a chamber and counted with an inverted micro-

scope [19]. The identification of diatom species was based on guidelines specified by Hasle and

Syvertsen [20].

Sample E was used to examine changes in the entire plankton community during formalin

fixation. Sample E was collected in a 20-L polyethylene bag (n = 1) by a Niskin-X bottle during

the MR17-07C cruise of the R/V Mirai in the subtropical western North Pacific (26.76˚N,

125.59˚E) in October 2017. The seawater sample collected from a water depth of 10 m during

the MR17-07C cruise was brought back to the onshore laboratory without any treatment and

poured into nine 2-L polypropylene bottles. The first three bottles were taken as samples for

time-zero, the next three for 0.5-year incubation, and the remaining three for 1.5-year incuba-

tion. The samples for time zero were immediately filtered through 0.22-μm pore size Sterivex

filter units (Millipore, Billerica, MA, USA), and the filters were frozen (−80˚C) until analysis.

The remaining six samples were mixed with buffered formalin at a ratio of 9:1 and then refrig-

erated (4˚C). Incubation was terminated by filtration with Sterivex filters after 0.5 or 1.5 years

of storage (n = 3 for each).

Sample S, used as a positive control of 18S rRNA gene amplification for fluorescent PCR,

was collected on 28 May 2014 in the subarctic western North Pacific (47.00˚N, 160.05˚E). The

uppermost layer of the sediment core (a section of 0–2 cm) obtained by a multiple corer was

stored at –20˚C without formalin fixation.

Table 1. Description of samples used in this study.

Name Sampling tool Sample type Region Location Date of collection Depth Preservation term in

formalin

Lysis solutions used�

A Plankton net Plankton Temperate 33.35˚N,

159.11˚E

August, 1996 ~5 m 23 years Nine different lysis

solutions

B Plankton net Plankton Temperate 39˚N, 145˚E May, 2002 70 m 16 years Nine different lysis

solutions

C Sediment trap Sinking particle Subarctic 41.20˚N,

144.68˚E

21 April–1 May,

2001

~1400

m

17 years BNB+SDS+ProK

D Sediment trap Sinking particle Subarctic 41.20˚N,

144.68˚E

11–21 May, 2001 ~1400

m

17 years BNB+SDS+ProK

E Niskin-X Water Subtropical 26.76˚N,

125.59˚E

October, 2017 10 m 0 (not fixed), 0.5, and 1.5

years

BNB+SDS+ProK

S�� Multiple

corer

Marine

sediment

Subarctic 47.00˚N,

160.05˚E

28 May, 2014 5252 m Not fixed BNB+SDS+ProK

�Details of lysis solution are written in Table 2.

��Sample S was used as a positive control for fluorescent PCR.

https://doi.org/10.1371/journal.pone.0245936.t001
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DNA extraction

Fig 1 illustrates the procedure we developed for extracting DNA from formalin-fixed samples.

Prior to DNA extraction, samples A and B were homogenized by a vortex mixer with 3-mm

tungsten carbide beads (Qiagen, Hilden, Germany). Then 0.5 mL of each pellet was transferred

into a 1.5-mL tube (n = 3 for each). For samples C–E, the entirety of each sample was used for

the experiment. Samples were rinsed with Milli-Q water prior to extraction to remove the

formalin.

Fig 1. Procedure for extracting DNA from a sample preserved in formalin. Nine lysis solutions (see Table 2) were tested in this study (step

shown in bold type).

https://doi.org/10.1371/journal.pone.0245936.g001
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DNA was extracted from formalin-fixed samples in two main steps: (1) cleavage of the for-

malin cross-links and cell lysis, and (2) extraction of the solubilized DNA, with consequent

elimination of other cellular components. The first step is important for efficient DNA extrac-

tion, and we tested nine lysis solutions in the plankton net samples A and B, as shown in

Table 2.

All reagents (except ProK) were premixed, and 980 μL was added to each sample. Both

borate-NaOH and phosphate buffer concentrations were 50 mM; SDS and the reducing agent

(dithiothreitol or mercaptoethanol) were adjusted to 1% of the premix volume. Recombinant

ProK (50U; PCR Grade Solution from Pichia pastoris; Roche, Penzberg, Germany) was added

to each sample. The manufacturer’s recommended incubation time during tissue digestion is

12–18 h; however, longer incubations (�24 h) are more effective for extracting DNA from for-

malin-fixed samples [5,21]. Therefore, we set the incubation time to 24 h. Note that a higher

incubation temperature facilitates the PCR of formalin-fixed samples [5,22,23]. Thus, we set

the incubation temperature to 65˚C, at which ProK is not inactivated [24], although 50˚C is

recommended in the manufacturer’s instructions.

The subsequent DNA purification step was optimized with the commercially available kit,

FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA). The samples incubated

with lysis solutions were centrifuged at 14,000 × g for 5 min. The supernatant was transferred

to a new centrifuge tube and mixed with 250 μL of the protein precipitation solution in the kit.

The subsequent procedure followed the manufacturer’s protocol.

For formalin-fixed samples, DNA repair is recognized to be important after the DNA

extraction [5,25]. Thus, we used the NEBNext FFPE DNA Repair Mix (New England Biolabs,

Ipswich, MA, USA), developed especially for formalin-fixed samples, to repair DNA damage.

The extracted DNA was quantified with a QuantiFluor ONE dsDNA System (Promega,

Madison, WI, USA).

The DNA of sample C–E was extracted using a lysis solution containing borate-NaOH

buffer (BNB; pH 11.0) with SDS and proteinase K, which was regarded as the optimal lysis

solution (see Results and discussion). DNA extraction of sample S was performed using the

PowerMax Soil DNA isolation Kit (Mo Bio, Carlsbad, CA, USA).

Fluorescent PCR

We examined PCR amplifiable DNA with real-time PCR (c.f. [5]). The target region was

the V7–V8 region of the eukaryotic 18S rRNA gene, and the primer set used was F-1183

Table 2. Lysis solutions tested.

No. Lysis solution

1 Milli-Q water

2 50 mM BNB (pH 11.0)

3 50 mM PB (pH 8.5)

4 50 mM BNB (pH 11) with SDS� and 50 U ProK

5 50 mM PB with SDS� and 50U ProK

6 50 mM BNB with SDS�, 50U ProK and dithiothreitol�

7 50 mM PB with SDS�, 50U ProK, and dithiothreitol�

8 50 mM BNB with SDS�, 50U ProK, and mercaptoethanol�

9 50 mM PB with SDS�, 50U ProK, and mercaptoethanol�

BNB: Borate-NaOH buffer, PB: Phosphate buffer, ProK: Proteinase K.

�The concentration was adjusted to 1% of the premix volume.

https://doi.org/10.1371/journal.pone.0245936.t002
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(50-AATTTGACTCAACACGGG-30) and R-1631 (50-TACAAAGGGCAGGGACG-30) [26]. Fluores-

cent PCR was performed with StepOne Plus (Applied Biosystems, Foster City, CA, USA). The

reaction mixtures (20 μL) contained 10 μL TB Green Premix Ex Taq (Takara Bio, Kusatsu,

Japan), 0.2 μM of each primer, 0.4 μL Rox dye, and 2 μL DNA. Sample S, which was not forma-

lin-fixed, was used as a positive control, and distilled water was used as a negative control. All

samples were diluted to a uniform concentration of DNA (2 ng μL−1). The concentration of

DNA extracted with some lysis solutions (MilliQ water [No. 1] of sample A and B and BNB

[No. 2] of sample B) was less than 2 ng μL−1, in which case the dilution procedure was not per-

formed. Fluorescent PCR was carried out were run in triplicate under the following cycling

conditions: 95˚C for 30 s, followed by 45 cycles of 95˚C for 15 s, 56˚C for 30 s, and 72˚C for 30

s, with detection carried out at the end of each cycle. We standardized the Ct value for the posi-

tive control and scaled the extent of amplification to each lysis solution by Ct value. The melt-

ing curve analysis during the initial optimization of fluorescent PCR revealed that only a single

product was produced.

Metabarcoding and phylogenetic analysis

Because the formalin-fixed samples used in this study were implicitly intended for the preser-

vation of eukaryotic organisms, we amplified and sequenced the 18S rRNA gene for all samples

(sample A–E) with a metabarcoding approach as described previously [27]. The V7–V8 region

of the 18S rRNA gene was amplified with Tks Gflex DNA Polymerase Low DNA (Takara Bio),

using the aforementioned F-1183 and R-1631 primers attached to the adapters Forward (50-

ACACTCTTTCCCTACACGACGCTCTTCCGAT-30) and Reverse (50-GTGACTGGAGTTCAGAC
GTGTGCTCTTCCGATCT-30), respectively. PCR was carried out in triplicate for each sample

under the following cycling conditions: 94˚C for 2 min, followed by 35 (samples A–D) or 28

(sample E) cycles of 94˚C for 1 min, 54˚C for 1 min, and 72˚C for 1 min, followed by a final

extension at 72˚C for 7 min. Triplicate PCR products were pooled and purified with an

AMPure XP purification kit (Beckman Coulter, Brea, CA, USA). Index PCR was then per-

formed with a Nextera XT Index kit (Illumina, San Diego, CA, USA) and a KAPA HiFi Hot-

Start Ready Mix (KAPA Biosystems, Boston, MA, USA). The PCR products were again

purified with the AMPure XP purification kit and quantified with a QuantiFluor ONE dsDNA

System. Finally, all samples were mixed in one tube at equimolar concentrations and

sequenced by MiSeq (Illumina), wherein 300-bp of each end of the libraries was sequenced

with the MiSeq Reagent kit v3 (600 cycles; Illumina) with a PhiX control v3 spike-in (Illu-

mina). Sequenced reads were demultiplexed with MiSeq Reporter v2.6.2 (Illumina). Primer

sequences were removed from the sequence reads with Cutadapt [28]. Then the sequence

reads were imported into a QIIME 2 program (ver. 2020.2; [29]). Forward and reverse reads

were joined, denoised, and checked for chimeras using the DADA2 plug-in [30] with quality

filtering thresholds of [6, 8] for the [–p-max-ee-f,–pmax-ee-r] parameters and overlap length

thresholds of [250, 200] for the [–p-trunc-len-f,–p-trunc-len-r] parameters. Amplicon

sequence variants (ASVs) below 400 bp were filtered out. The ASVs obtained were classified

taxonomically with a naïve Bayes classifier trained on reference sequences from SILVA 123

99% operational taxonomic units [31]. The sequence reads used in this study were deposited

in the DNA Data Bank of Japan Sequence Read Archive under accession numbers

DRA010173 and DRA010327.

Subsequent data analyses were performed with the R platform (ver. 3.5.0; https://www.r-

project.org/). Sequence reads were rarefied to the minimum number of reads for sample E.

The inverse Simpson (Inv-Simpson) index was calculated to estimate species diversity in each
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sample. Differences in community composition for different experimental conditions in sam-

ple E were examined by permutational multivariate analysis of variance (PERMANOVA).

Results and discussion

Optimal lysis solution for formalin-fixed samples

Nine lysis solutions were tested to lyse the cells and cleave the cross-links formed between the

molecules by formalin fixation (Table 2). The amount of DNA extracted from plankton sam-

ples A and B (fixed in formalin for 23 and 16 years, respectively) differed greatly among the

lysis solutions (Fig 2a). The solutions containing only a buffer of pH 11.0 (borate-NaOH

(BNB); No. 2) or 8.5 (sodium phosphate buffer (PB); No. 3) did not substantially enhance

DNA yield compared with Milli-Q water (No. 1), although alkalinity has been reported to

increase the efficiency of DNA extraction from formalin-fixed samples [22,23,32]. Meanwhile,

the solutions with SDS and ProK (Nos. 4–9) markedly increased the DNA yield compared

with those that only changed the pH (Nos. 2 and 3; p< 0.05). Solutions containing SDS and

ProK at pH 11.0 (Nos. 4, 6, and 8) yielded consistently more DNA than solutions at pH 8.5

(Nos. 5, 7, and 9), indicating that the alkaline pH is more effective for DNA extraction.

A reducing agent has been reported to facilitate chemical cleavage of formalin-induced

cross-links [5,33–35]; however, there were no significant differences in DNA yield between the

samples extracted with solutions containing dithiothreitol (Nos. 6 and 7) or mercaptoethanol

(Nos. 8 and 9) and those without a reducing agent (Nos. 4 and 5). We conclude that the use of

SDS and ProK under alkaline conditions is most effective for extracting DNA from formalin-

fixed samples (Nos. 4, 6, and 8).

To assess the quality of the purified DNA, we performed fluorescent PCR using a universal

primer set targeting the eukaryotic 18S rRNA gene. Formalin-fixed samples had significantly

increased Ct values compared with the positive control (sample S) (Fig 2b). This indicated that

the efficiency of PCR amplification decreased because of remaining damage and/or a methy-

lene cross-link in the template DNA, despite the inclusion of a DNA repair step. Ct values dif-

fered slightly among the lysis solutions. The Ct values for BNB with SDS and ProK of sample

A (No. 4) and the group containing BNB with SDS and ProK of sample B (Nos. 4, 6, and 8)

were lower than in the other lysis solutions. Although the reason for the difference in the trend

of the Ct value between samples A and B is unclear, we conclude that DNA extracted using

BNB (pH 11) with SDS and ProK was relatively amplifiable by PCR compared with that

extracted using other solutions.

In summary, considering the DNA yield obtained and PCR amplification, we conclude that

BNB with SDS and ProK (No. 4) was the optimal lysis solution among the ones we studied.

Structure of the 18S rRNA gene community in samples following long-term

preservation in formalin

We performed a metabarcoding analysis of the 18S rRNA gene of samples A–D, which had

been archived in buffered formalin for more than 16 years. The number of denoised sequenced

reads ranged from 12,169 to 123,259 among the samples, and the rarefaction curve reached a

plateau in all samples (S1a Fig).

The plankton community in sample A (plankton net sample fixed for 23 years) was com-

posed mainly of two groups: Metazoa and Rhizaria (Fig 3). This is in good agreement with the

composition of surface marine eukaryotic plankton of large size (�180 μm; [13]). Sample B

(plankton net sample fixed for 16 years) was mainly composed of Metazoa and Alveolata (Fig

3). The sampling location, depth, and season differed between samples A and B (Table 1),
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which may account for the observed difference in plankton composition. The plankton com-

munities of samples C and D collected by sediment traps (fixed for 17 years) were similar, con-

sisting of Metazoa, Fungi, Haptophyta, Rhizaria, Alveolata, and Stramenopiles. However, they

differed markedly from those collected with plankton nets (samples A and B; Fig 3). Of these,

the Stramenopiles were mostly composed of Diatomea, accounting for 73.9% and 64.4% of the

total 18S rRNA gene communities in samples C and D, respectively. In the subarctic western

North Pacific where we collected samples C and D, a flux of biogenic silica, which was mainly

composed of diatoms, has been reported to account for 60–70% of the total mass flux of sink-

ing particles during the spring bloom period [36], which is consistent with our finding of a

high percentage of diatoms in the total community. Taken together, these results suggest that

Fig 2. Amount of DNA extracted and the Ct value for each lysis solution (see Table 2). a) Amount of DNA

extracted. b) The Ct value in the fluorescence PCR.

https://doi.org/10.1371/journal.pone.0245936.g002
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the plankton community structure at a higher taxonomic level can be described based on sam-

ples fixed in formalin for a long period.

We further compared the results of microscopy and DNA analyses of diatoms in samples C

and D (sediment trap samples fixed for 17 years) (Fig 4). At the genus level, Thalassiosira,

Fig 3. Composition of the eukaryotic community (�0.5% of total reads) for samples A, B, C, and D.

https://doi.org/10.1371/journal.pone.0245936.g003
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Odontella, Fragilariopsis, and Chaetoceros were detected by both methods in samples C and D.

There were no significant differences between the methods in the overall percentage of these

genera. However, some genera appeared only in the microscopy or DNA analysis (Coscinodis-
cus, Porosira, and Neodenticula). Porosira is morphologically similar to Coscinodiscus and thus

may be misidentified as Coscinodiscus based on microscopy [20], or Porosira could have been

registered incorrectly in the database. Regarding Neodenticula, the 18S rRNA gene in the V7–

V8 region we targeted is not registered in the database, and thus Neodenticula could not be

identified from the genome information. Accordingly, we conclude that the diatom composi-

tions of the two methods were very similar. Thus, plankton communities can be identified fol-

lowing our DNA rescue methodology even after long-term preservation in formalin.

Influence of time on the entire plankton community after formalin fixation

We next examined changes in the plankton community in water sample E during storage in

formalin. Sample E was frozen at time zero (without formalin) and stored 0.5 or 1.5 years with

formalin. The number of sequence reads after the denoising process ranged from 17,727 to

141,784, and the rarefaction curve reached a plateau in every case (S1b Fig). The major eukary-

otic community without formalin fixation was composed of various groups—Metazoa, Apuso-

monadidae, Picozoa, Telonema, Rhizaria, Alveolata, and Stramenopiles (Fig 5)—which were

similar in that they had a small (< 20 μm) marine eukaryotic composition in general [13]. The

ASV number and Inv-Simpson index of the time-zero control did not differ significantly from

Fig 4. Comparison of DNA and microscopy analyses of diatoms at the genus level. In the microscopy analysis, the relative

abundance was calculated from the number of diatom cells. Only genera with more than 0.5% of total diatom reads or cell counts

are shown. Porosira may be misidentified as Coscinodiscus in the microscopy analysis (see text).

https://doi.org/10.1371/journal.pone.0245936.g004
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those of samples stored for 0.5 or 1.5 years (t-test, p> 0.05; Fig 5), which suggests that the rich-

ness and diversity of eukaryotic species can be accurately described after formalin fixation.

Furthermore, the composition of the eukaryotic community did not change significantly with

0.5-year or 1.5-year storage compared with the time-zero sample (PERMANOVA, p> 0.05).

Closer inspection of the ASV table revealed differences in the ASV abundance ratios in forma-

lin-fixed samples relative to time-zero samples. For example, ASV018d and 069d read counts

were proportionally higher at time-zero but were rarely observed in formalin-fixed samples.

These ASVs belong to the order Calanoida that was also detected in sample A, which had been

stored for 23 years in formalin (Fig 3); thus, it is unlikely that DNA could not be recovered

from sample E because of formalin fixation. Rather, it could be due to a sampling bias. Cala-

noid is a motile organism and may have been distributed heterogeneously during the original

formalin fixation of the sample. Calanoid may have been dominant at time-zero owing to its

large size but was not included in 0.5-year and 1.5-year samples, which may have increased the

Fig 5. ASV number, Inv-Simpson index, and composition of the eukaryotic community (�0.5% of total reads) for

sample E for each incubation time. The area of circles is proportional to the relative abundance.

https://doi.org/10.1371/journal.pone.0245936.g005

PLOS ONE Plankton DNA from formalin-archived samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0245936 February 17, 2021 11 / 15

https://doi.org/10.1371/journal.pone.0245936.g005
https://doi.org/10.1371/journal.pone.0245936


relative proportion of other species. A possible explanation for the presence of ASVs detected

in formalin-fixed samples but not at time-zero is the replacement of nucleotides as a conse-

quence of formalin fixation [37]. Although such differences may occur through formalin fixa-

tion, the results show that the method we developed can be used to retrieve DNA—diverse

plankton groups—from formalin-fixed samples.

Summary and future directions

The present study examined the method of extracting DNA from plankton communities fixed

in formalin. According to the DNA yield and the yield for PCR amplification, BNB (pH 11)

with SDS and ProK was identified as being the optimal lysis solution from among the ones we

studied. We did not examine the DNA purification step, but modifications to this step may

further increase DNA yield.

Our results demonstrate that DNA can be extracted not only from single species but also

from diverse plankton groups after long-term storage in formalin. All microorganisms are

inactivated and fixed immediately after the formalin solution is added (e.g. [38]). Because the

chemical structure of DNA is essentially the same in all organisms, information on community

structure is also likely to be retained. In fact, the structure of the 18S rRNA gene community

did not differ significantly between the 1.5-year formalin-fixed samples and time-zero samples.

Moreover, DNA analyses of samples fixed in formalin for 17 years revealed that the diatom

community was almost identical to that observed by microscopy. That is, it may be possible to

describe the structure of a plankton community based on DNA information, even if samples

have been fixed in formalin for a lengthy period.

It should be noted that the samples used in this study covered plankton communities in

limited regions and water depths. The diatom community varies greatly depending on the oce-

anic region [39], but we used samples collected in the subarctic region because the diatoms are

relatively abundant and easily identified by microscope. The entire plankton community also

varies by region and water depth [13,14], but we used the only samples collected from surface

water in the subtropical region for the incubation experiment. Further systematic comparisons

are thus required to examine whether DNA can be extracted from more diverse plankton com-

munities in formalin-fixed samples. Also, due to time constraints, we terminated the incuba-

tion experiment in 1.5 years. The effect of longer-period formalin storage on individual

plankton needs to be examined in more detail.

As mentioned above, some issues still remain for the DNA extraction method from forma-

lin-fixed plankton samples. However, this approach could be a breakthrough in investigating

the impact of climate change on plankton biodiversity. Microorganisms, including plankton

communities, are greatly affected by environmental changes [40]. However, continuous moni-

toring for microbial communities has only begun at some fixed observation stations [41,42].

Thus, researchers are only now beginning to understand how human activity and the associ-

ated climate change affect microbial communities [43]. Meanwhile, plankton samples have

been preserved by formalin fixation in various regions around the world for many years [10–

12]. DNA molecules extracted from archived samples of these microbes therefore potentially

provide the key to understanding whether and how microorganism communities have been

transformed by recent environmental changes globally.
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19. Utermöhl H (1958) Zur vervollkommnung der quantitativen phytoplankton methodik. Verh Int Ver Theor

Angew Limnol 9: 1–38.

20. Hasle GR, Syvertsen EE (1997) Marine diatoms. In: Tomas CR, editor. Identifying Marine Phytoplank-

ton. San Diego: Academic Press. pp. 5–385.

21. Crisan D, Mattson JC (1993) Retrospective DNA Analysis Using Fixed Tissue Specimens. DNA and

Cell Biology 12: 455–464. https://doi.org/10.1089/dna.1993.12.455 PMID: 8517930

22. Shi SR, Cote RJ, Wu L, Liu C, Datar R, et al. (2002) DNA extraction from archival formalin-fixed, paraf-

fin-embedded tissue sections based on the antigen retrieval principle: Heating under the influence of

pH. Journal of Histochemistry & Cytochemistry 50: 1005–1011. https://doi.org/10.1177/

002215540205000802 PMID: 12133903

23. Shi SR, Datar R, Liu C, Wu L, Zhang Z, et al. (2004) DNA extraction from archival formalin-fixed, paraf-

fin-embedded tissues: heat-induced retrieval in alkaline solution. Histochemistry and Cell Biology 122:

211–218. https://doi.org/10.1007/s00418-004-0693-x PMID: 15322858

24. Bajorath J, Hinrichs W, Saenger W (1988) The Enzymatic-Activity of Proteinase-K Is Controlled by Cal-

cium. European Journal of Biochemistry 176: 441–447. https://doi.org/10.1111/j.1432-1033.1988.

tb14301.x PMID: 3166426

25. Skage M, Schander C (2007) DNA from formalin-fixed tissue: extraction or repair? That is the question.

Marine Biology Research 3: 289–295.

26. Hadziavdic K, Lekang K, Lanzen A, Jonassen I, Thompson EM, et al. (2014) Characterization of the

18S rRNA Gene for Designing Universal Eukaryote Specific Primers. Plos One 9: e87624. https://doi.

org/10.1371/journal.pone.0087624 PMID: 24516555

27. Shiozaki T, Hirose Y, Hamasaki K, Kaneko R, Ishikawa K, et al. (2019) Eukaryotic phytoplankton con-

tributing to a seasonal bloom and carbon export revealed by tracking sequence variants in the western

North Pacific. Frontiers in Microbiology 10: 2722. https://doi.org/10.3389/fmicb.2019.02722 PMID:

31849876

28. Martin M (2011) Cutadapt removes adapter sequences from high-throughput sequencing reads. EMB-

netjournal 17: 10–12.

29. Bolyen E, Rideout JR, Dillon MR, Bokulich N, Abnet CC, et al. (2019) Reproducible, interactive, scalable

and extensible microbiome data science using QIIME 2. Nature Biotechnology 37: 852–857. https://

doi.org/10.1038/s41587-019-0209-9 PMID: 31341288

30. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, et al. (2016) DADA2: High-resolution

sample inference from Illumina amplicon data. Nature Methods 13: 581–583. https://doi.org/10.1038/

nmeth.3869 PMID: 27214047

31. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, et al. (2013) The SILVA ribosomal RNA gene

database project: improved data processing and web-based tools. Nucleic Acids Research 41: D590–

D596. https://doi.org/10.1093/nar/gks1219 PMID: 23193283

PLOS ONE Plankton DNA from formalin-archived samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0245936 February 17, 2021 14 / 15

https://doi.org/10.1126/science.1261605
http://www.ncbi.nlm.nih.gov/pubmed/25999516
https://doi.org/10.1016/j.cell.2019.10.008
http://www.ncbi.nlm.nih.gov/pubmed/31730851
https://doi.org/10.1038/ismej.2011.89
https://doi.org/10.1038/ismej.2011.89
http://www.ncbi.nlm.nih.gov/pubmed/21753799
https://doi.org/10.1111/1462-2920.12629
http://www.ncbi.nlm.nih.gov/pubmed/25244530
https://doi.org/10.1089/dna.1993.12.455
http://www.ncbi.nlm.nih.gov/pubmed/8517930
https://doi.org/10.1177/002215540205000802
https://doi.org/10.1177/002215540205000802
http://www.ncbi.nlm.nih.gov/pubmed/12133903
https://doi.org/10.1007/s00418-004-0693-x
http://www.ncbi.nlm.nih.gov/pubmed/15322858
https://doi.org/10.1111/j.1432-1033.1988.tb14301.x
https://doi.org/10.1111/j.1432-1033.1988.tb14301.x
http://www.ncbi.nlm.nih.gov/pubmed/3166426
https://doi.org/10.1371/journal.pone.0087624
https://doi.org/10.1371/journal.pone.0087624
http://www.ncbi.nlm.nih.gov/pubmed/24516555
https://doi.org/10.3389/fmicb.2019.02722
http://www.ncbi.nlm.nih.gov/pubmed/31849876
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
http://www.ncbi.nlm.nih.gov/pubmed/31341288
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1093/nar/gks1219
http://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1371/journal.pone.0245936


32. Taga M, Eguchi H, Shinohara T, Takahashi K, Ito R, et al. (2013) Improved PCR amplification for molec-

ular analysis using DNA from long-term preserved formalin-fixed, paraffin-embedded lung cancer tissue

specimens. International Journal of Clinical and Experimental Pathology 6: 76–79. PMID: 23236545

33. Shedlock AM, Haygood MG, Pietsch TW, Bentzen P (1997) Enhanced DNA extraction and PCR ampli-

fication of mitochondrial genes from formalin-fixed museum specimens. Biotechniques 22: 394–400.

https://doi.org/10.2144/97223bm03 PMID: 9067006

34. Duval K, Aubin RA, Elliott J, Gorn-Hondermann I, Birnboim HC, et al. (2010) Optimized manual and

automated recovery of amplifiable DNA from tissues preserved in buffered formalin and alcohol-based

fixative. Forensic Science International-Genetics 4: 80–88. https://doi.org/10.1016/j.fsigen.2009.06.

003 PMID: 20129465

35. Liu Y, He H, Yi S, Hu Q, Zhang W, et al. (2017) Comparison of different methods for repairing damaged

DNA from buffered and unbuffered formalin-fixed tissues. International Journal of Legal Medicine 132:

675–681. https://doi.org/10.1007/s00414-017-1666-7 PMID: 28856424

36. Honda MC, Imai K, Nojiri Y, Hoshi F, Sugawara T, et al. (2002) The biological pump in the northwestern

North Pacific based on fluxes and major components of particulate matter obtained by sediment-trap

experiments (1997–2000). Deep-Sea Research Part Ii-Topical Studies in Oceanography 49: 5595–

5625.

37. Dabney J, Meyer M, Paabo S (2013) Ancient DNA Damage. Cold Spring Harbor Perspectives in Biology

5: a012567. https://doi.org/10.1101/cshperspect.a012567 PMID: 23729639

38. Lee C, Hedges JI, Wakeham SG, Zhu N (1992) Effectiveness of Various Treatments in Retarding

Microbial Activity in Sediment Trap Material and Their Effects on the Collection of Swimmers. Limnology

and Oceanography 37: 117–130.

39. Malviya S, Scalco E, Audic S, Vincenta F, Veluchamy A, et al. (2016) Insights into global diatom distri-

bution and diversity in the world’s ocean. Proceedings of the National Academy of Sciences of the

United States of America 113: E1516–E1525. https://doi.org/10.1073/pnas.1509523113 PMID:

26929361

40. Hutchins DA, Fu FX (2017) Microorganisms and ocean global change. Nature Microbiology 2: 17058.

https://doi.org/10.1038/nmicrobiol.2017.58 PMID: 28540925

41. Karl DM, Church MJ (2014) Microbial oceanography and the Hawaii Ocean Time-series programme.

Nature Reviews Microbiology 12: 699–713. https://doi.org/10.1038/nrmicro3333 PMID: 25157695

42. Fuhrman JA, Cram JA, Needham DM (2015) Marine microbial community dynamics and their ecological

interpretation. Nature Reviews Microbiology 13: 133–146. https://doi.org/10.1038/nrmicro3417 PMID:

25659323

43. Cavicchioli R, Ripple WJ, Timmis KN, Azam F, Bakken LR, et al. (2019) Scientists’ warning to humanity:

microorganisms and climate change. Nature Reviews Microbiology 17: 569–586. https://doi.org/10.

1038/s41579-019-0222-5 PMID: 31213707

PLOS ONE Plankton DNA from formalin-archived samples

PLOS ONE | https://doi.org/10.1371/journal.pone.0245936 February 17, 2021 15 / 15

http://www.ncbi.nlm.nih.gov/pubmed/23236545
https://doi.org/10.2144/97223bm03
http://www.ncbi.nlm.nih.gov/pubmed/9067006
https://doi.org/10.1016/j.fsigen.2009.06.003
https://doi.org/10.1016/j.fsigen.2009.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20129465
https://doi.org/10.1007/s00414-017-1666-7
http://www.ncbi.nlm.nih.gov/pubmed/28856424
https://doi.org/10.1101/cshperspect.a012567
http://www.ncbi.nlm.nih.gov/pubmed/23729639
https://doi.org/10.1073/pnas.1509523113
http://www.ncbi.nlm.nih.gov/pubmed/26929361
https://doi.org/10.1038/nmicrobiol.2017.58
http://www.ncbi.nlm.nih.gov/pubmed/28540925
https://doi.org/10.1038/nrmicro3333
http://www.ncbi.nlm.nih.gov/pubmed/25157695
https://doi.org/10.1038/nrmicro3417
http://www.ncbi.nlm.nih.gov/pubmed/25659323
https://doi.org/10.1038/s41579-019-0222-5
https://doi.org/10.1038/s41579-019-0222-5
http://www.ncbi.nlm.nih.gov/pubmed/31213707
https://doi.org/10.1371/journal.pone.0245936

