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Abstract

In recent years, Prorocentrum donghaiense, as a dominant species, has ranked first in terms of cumulative number and area
of algal blooms in the East China Sea. In this study, the D1-D2 region of the large ribosomal subunit of P. donghaiense was
used as the target gene, and specific primers DH-FP/DH-RP were designed according to the species-specific region of the
target gene. An easy, sensitive and visual detection method refered to as polymerase chain reaction-nucleic acid chromatog-
raphy strip (PCR-NACS) was established for P. donghaiense. The optimized parameters of the PCR amplification system are
as follows: primer concentration, 0.15 uM; annealing temperature, 62 °C; and Mg>* concentration, 1.5 mM. The specificity
test showed that PCR-NACS was exlusively specific for the detection of the target algae. The sensitivity test show that the
lowest detection limit (LDL) of PCR-NACS was 2.7 x 1072 ng-uL~! for genomic DNA and 3.58 x 10% copies-uL~" for plasmid
DNA, respectively. The tests using both genomic DNA and plasmid DNA as templates showed that the sensitivity of PCR-
NACS was 10 times higher than that of ordinary PCR. The stability test showed that the interfering algal species did not
affect the detection of the target algae by PCR-NACS. In addition, the test with simulated natural samples containing target
algae showed that the LDL of PCR-NACS could reach 1.27 x 10" cells-mL~". In summary, the PCR-NACS established in
this study may provide a new method for easy identification of P. donghaiense in natural water samples.
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Introduction

Harmful algal blooms (HABs) are anomalous phenomena
in which marine microalgae proliferate or accumulate on a
large scale in seawater under specific trophic, hydrological,
and climatic conditions, thus negatively affecting the aquatic
ecosystem (Anderson et al. 2012; Sha et al. 2021). The num-
ber and extent of outbreaks of HABs are gradually increasing
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globally in the context of the eutrophication of ocean waters
and the continously increased global temperature (Patricia
et al. 2005; Lin et al. 2020; Anderson et al. 2021). HABs
have a serious impact on human economic activities and
life safety. For example, HABs are often accompanied by a
decrease in dissolved oxygen in seawater and an imbalance
in the proportion of nutrients, which usually leads to mass
mortality of aquaculture organisms (Sun et al. 2020; Trottet
et al. 2021). The decay and decomposition of algae will pro-
duce sulfide, which may destroy marine environment and
cause economic loss to coastal tourism (Bechard, 2020). In
addition, many harmful microalgae can produce toxins that
pose a serious threat to human food security with the enrich-
ment effect of the food web (Landsberg 2002; Kantiani et al.
2010; Grattan et al. 2016).

Among the recorded HABs, the blooms caused by marine
dinoflagellates are the most common ones (Lu and Jeanette
2001; Patricia et al. 2005; Turner et al. 2021). Dinoflagellates
are highly adaptable and can preferentially compete for sun-
light or nutrients through vertical migration, and can also form
cyst in response to adverse environment. These environmental
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adaptation strategies allow them quickly become the domi-
nant vegetative cell population when competing with other
coexisting organisms (Zhou et al. 2001). P. donghaiense, also
known as P. shikokuense (Shin et al. 2019a), which belong to
the genus Prorocentrum in the Dinophyceae, was first iden-
tified from the East China Sea by Lu and Jeanette (2001).
As the dominant species responsible for the algal blooms in
spring in the East China Sea (Lin et al. 2014), large-scale
P. donghaiense-forming blooms have occured almost every
year since 2000, for example, in the Zhoushan waters in 2002
and the East China Sea in 2004 (Zhou et al. 2003; Chen et al.
2006). The cell density in areas with dense blooms can reach
107 cells-L™!, with an area of 1500 km? and a duration of up
to 1 month. In some cases, the depth of blooms can reach
10 m. Such a large area and long-term HABs are also rare
worldwide, severely destroying the marine ecological envi-
ronment and affecting marine fishery production (Lu et al.
2005; Lin et al. 2014). Subsequently, the HABs formed by
P. donghaiense also appeared in South Korea, Japan, Turkey,
and the Black Sea (Lu et al 2003; Chen et al. 2006; Shin
et al. 2019b). Although P. donghaiense does not produce tox-
ins, its enormous biomass can cause serious damage or even
death to farmed animals and cause direct economic losses
to marine fisheries as high as millions of dollars each year
(Tang et al. 2006; Zhang et al. 2016). Therefore, to reduce
the threats caused by P. donghaiense to economic activities,
seafood safety, and marine environment, the establishment
of early monitoring and detection techniques for this alga is
particularly important.

Up to date, the detection of harmful algae mainly relied on
the microscopic examination of the morphology and surface
structure of target cells. Unfortunately, correct identification
of P. donghaiense is not easy due to its small size and high
morphological similarity with other Prorocentrum. In particu-
lar, both professional taxonomic knowledge and experience
are required to distinguish it from congenetic algal species
(Cai et al. 2006; Zhang et al. 2016). The high frequency of P.
donghaiense-forming HABs has led to increasing demands
for the monitoring and detection of this harmful alga. How-
ever, faced with dealing with a large number of natual sam-
ples and ultra-high testing intensity, the time-consuming and
cumbersome microscopic examination cannot meet the real-
time monitoring aimed at determing the population structure
and cell concentration of harmful algae. Therefore, with the
development of molecular biology, more and more molecular
detection techniques have been applied to the detection of
harmful algae, including fluorescence in situ hybridization
(FISH) (Chen et al. 2011; Meek and Dolah 2016), sandwich
hybridization assay (SHA) (Doll et al. 2014), quantitative
PCR (qPCR) (Eckford-Soper and Daugbjerg 2015; Hat-
field et al. 2019), multiplex PCR (mPCR) (Nagai 2011; Al-
Tebrineh et al. 2012; Sun et al. 2019), and isothermal ampli-
fication technology (IAT) (Qin et al. 2019; Liu et al. 2021).

Nagai et al. (2016) recently established a novel detection
mthod referred to as Kaneka DNA chromatography chip
(KDCC), which is essentially a DNA-DNA hybridization
technology. Following the same principle with the KDCC,
this study aims to develop a nucleic acid chromatography test
strip (NACS) based on PCR for P. donghaiense. NACS can
be divided into two main stages, namely, nucleic acid ampli-
fication and nucleic acid chromatography (Fig. 1). In the first
stage, a pair of specific primers (5'=>3") (forward primer and
reverse primer) composed of tag sequences, spacer, and spe-
cific sequences are employed to perform PCR amplication.
Among them, the specific sequences that are complementary
to the target fragment are responsible for initiating nucleic
acid amplification, and the spacer can stop the extension of
DNA polymerase. The tag sequences of forward primer and
reverse primer can hybridize with colloidal gold probe and
detection probe, respectively. Therefore, specific primers can
produce DNA fragments with single-stranded tag sequences
at both ends. In the second stage, the PCR products are chro-
matographed on the test strip by capillary action, i.e., the PCR
products that are first added to sample pad will successively
move across conjugate pad, detection membrane, and absor-
bent pad on the test strip. When the PCR products flow to
conjugate pad, their Tgn tag hybridize complementarily with
the colloidal gold probe cTgn to form a PCR product-colloidal
gold complex. Next, the resultant complex and colloidal gold
probe that is not bound to the PCR products continue to move
to the detection membrane. Here, another tag (Tsp) of the
PCR products is complementary to the detection probe cTsp
at the detection point, thereby forming a “detection probe-PCR
product-colloidal gold” sandwich complex that can form a vis-
ible purple-red spot. In addition, the free colloidal gold probe
cTgn that is not bound to the PCR products continues to flow to
control point and complementarily binds to the control probe
Tgn, forming a visible purple-red spot. In general, analysis of
PCR-amplified products by nucleic acid chromatography can
be completed within 10 min. If both detection and control spots
appear on the detection membrane, the test result can be judged
to be positive, namely, target PCR products are included in the
analyzed sample. In contrast, if only the control spot appears
on the detection membrane, the test result can be judged to be
negative, namely, the analyzed sample does not contain target
PCR product. In addition, if control spot does not appear on the
detection membrane, the NACS detection is invalid.

NACS has the advantages of high sensitivity, rapidity, low
cost, and simplicity. In particular, NACS is generally less
dependent on large-scale instruments, so it has been widely used
in many fields since its establishment, including the diagnosis
of cannabis genes (Yamamuro et al. 2018), the identification
of harmful microalgae (Chen et al. 2020), and the detection of
pathogenic microorganisms such as herpes virus (Sano et al.
2018) and mycobacteria (Chikamatsu et al. 2019; Yoshida et al.
2021). In this study, we further explore the application of NACS
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Fig. 1 Schematic diagram of

the principle for PCR-NACS.
a Nucleic acid amplification:
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to detect harmful algae by using P. donghaiense as target. For
this purpose, the large ribosomal subunit (LSU rDNA) D1-D2
region of P. donghaiense was first cloned. Second, mainly using
LSU rDNA D1-D2 as target gene, two specific primers DH-FP/
DH-RP were designed to establish the PCR system, followed
by the subsequent optimization. Finally, the PCR-NACS detec-
tion system was established and optimized, and its specificity,
sensitivity, stability, and practicability were evaluated.

Materials and methods
Algal culture

P. donghaiense and 22 other control microalgae used for
specificity verification (Table 1) are kept in the Applied

@ Springer

Marine Biotechnology Laboratory, School of Marine Sci-
ence and Technology, Harbin Institute of Technology (Wei-
hai). All of the microalgal species were isolated by micropi-
pette, kindly donated as gifts or purchased from commercial
company. The algal species were cultured in a light incubator
(GXZ-380B, Ningbo Jiangnan Instrument Factory) with f/2
or f/2-Si medium (Guillard 1975) with a salinity of 36 psu
and pH of 8.0 +0.1 that was prepared with naturally aged
seawater after precipitation. The culture conditions were
as follows: culture temperature, 20+ 2 °C; light intensity,
66 mmol photons m~>-s~!; light and dark cycle, 12 h:12 h.

Cloning and sequencing of target algae DNA

Target cells were collected from 45 mL of algal culture
during the exponential growth period by centrifugation
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Table 1 List of algal species and PCR/PCR-NACS results using the specially designed primers for Prorocentrum donghaiense
Strain ID Species Taxonomy Geographic origin Source PCR/PCR-
NACS
test®
MABT-1 Prorocentrum donghaiense ~ Dinophyceae Zhejiang, East China Sea Purchased from commercial +
company
MABT-15  Prorocentrum minimum Dinophyceae Weihai Bay, Yellow Sea Isolated by our laboratory -
CCMA-62  Prorocentrum lima Dinophyceae Daya Bay, South China Sea Donated as gifts -
MABT-18  Chlorella vulgaris Chlorophyceae East China Sea Donated as gifts -
CCMA-190 Prorocentrum micans Bacillariophyceae ~ Weihai Bay, Yellow Sea Isolated by our laboratory -
GY-H10 Chaetoceros muelleri Bacillariophyceae ~ Wenzhou, East China Sea Donated as gifts -
MABT-8 Chattoella marina Raphidophyceae Daya Bay, South China Sea Isolated by our laboratory -
CCMA-301 Phaeocystis globosa Prymnesiophyceae  South China Sea Donated as gifts -
MABT-10  Heterosigma akashiwo Raphidophyceae Daya Bay, South China Sea Purchased from commercial -
company
CCMA-28  Karenia mikimotoi Dinophyceae Wenzhou, East China Sea Isolated by our laboratory -
CCMA-311 Dierateria zhanjiangensis Chrysophyceae Xiamen, East China Sea Donated as gifts -
MABT-20 Ellipsoidion sp. Dinophyceae East China Sea Purchased from commercial -
company
GY-H9 Phaeodactylum tricornutum  Bacillariophyceae  East China Sea Donated as gifts -
CCMA-128 Heterocapsa circularisquama Dinophyceae Weihai Bay, Yellow Sea Isolated by our laboratory -
MABT-4 Symbiodinium sp. Dinophyceae Hangzhou, East China Sea Purchased from commercial -
company
MABT-7 Skeletonema costatum Bacillariophyceae =~ Shenzhen Bay, South China Isolated by our laboratory -
Sea
CCMA-325 Nannochloropsis oceanica Eustigmatophyceae Xiamen, East China Sea Isolated by our laboratory -
GY-H1 Platymonus sp. Chlorophyceae Weihai Bay, Yellow Sea Isolated by our laboratory -
CCMA-47  Scrippsiella trochoidea Dinophyceae Taiwan Bay, East China Sea Donated as gifts -
GY-H31 Alexandrium tamarense Dinophyceae East China Sea Donated as gifts -
CCMA-01  Alexandrium catenella Dinophyceae East China Sea Purchased from commercial -
company
CCMA-279 Amphidinium carterae Dinophyceae East China Sea Donated as gifts -
CCMA-150 Karlodinium veneficum Dinophyceae East China Sea Purchased from commercial -

company

The positive and negative PCR/PCR-NACS results were represented by “+” and “~”, respectively

(12,000 g for 10 min at 4 °C). The algal cells were subjected
to genomic DNA extraction using the Ezup Column-type
Plant Genomic DNA Extraction Kit (Sangon Biotech, Shang-
hai, China) according to the manusfacturer’s instructions. A
preliminary assessment of quality and concentration of the
obtained genomic DNA performed by analysis by 1.5% AGE.
The exact concentration and purity of the extracted DNA
were finally determined by a NAS-99 micro-nucleic acid
spectrophotometer (Thermo Fisher Scientific, MA, USA).
The genomic DNA sample was stored at —20 °C before use.

Using the extracted DNA as a template, the D1 — D2
region of LSU rDNA of P. donghaiense was PCR-ampli-
fied using the primers (D1/D2) and conditions described
in Scholin et al. (1994). The PCR products were analyzed
by 1.5% AGE and purified by using Sanprep Type DNA
Gel Extraction Kit (Sangon Biotech, Shanghai, China).
The purified PCR products were ligated with pMD™ 18-T

vector (TaKaRa, Dalian, China) to form recombinant plas-
mid, which was further applied to transform the competent
Escherichia coli cells. The positive clones were identified by
colony PCR and were inoculated into Luria—Bertani liquid
medium. After a shaking culture at 37 °C for 12 h, the result-
ant cell culture was directly delivered to Sangon Biotech
(Shanghai) Co., Ltd for sequencing.

Design and synthesis of primers and probes

The obtained DNA sequence with the part of primer
removed were analyzed by the online tool BLASTn imple-
mented in the website of national center for biotechnology
information (https://www.ncbi.nlm.nih.gov/). The obtained
sequence has a high similarity (100%) with the LSU rDNA
sequences of P. donghaiense with the accession number
of AY833513.1 deposited in GenBank indicating target

@ Springer
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sequence was sucessfully obtained. At the same time, all
of the homologous gene sequences from other algal spe-
cies which belong to the genus Prorocentrum deposited in
GenBank were downloaded. Both the target and homolo-
gous gene sequences were aligned by ClustalW Multiple
alignment implemented in BioEdit software to find out the
species-specific regions of the target algae by visual inspec-
tion. Based on the identified specific region of target species,
the software Primer Premier 5.0 was used to design the spe-
cific sequences of forward primer (DH-F) and reverse primer
(DH-R), respectively. Specific primers for PCR-NACS con-
sist of 3 parts, namely, tag sequences (forward primer tag
sequence Tgn and reverse primer tag sequence Tsp), spacer
9 (iSp9), and specific sequences (DH-F and DH-R). Among
them, specific sequence and Tag sequences were connected
by spacer 9. Both Tgn and Tsp are designed with Primer Pre-
mier 5.0 using the actin gene of Penaeus vannamei (Acces-
sion Number: LOC113819259) as a basic sequence.

Three probes were involved in NACS: (1) capture probe
cTgn, which is reversely complementary to Tgn, and labeled
at the 5'-end with a sulthydryl group that can combine with
colloidal gold particles to form so-called colloidal gold
probe; (2) detection probe cTsp, which is inversely comple-
mentary to Tsp and can bind with PCR products; (3) control
probe Tgn, which is inversely complementary to ¢Tgn and
can bind with the colloidal gold probe that is not bound to
PCR products. In addition, a polyA (16) tail labeled with
biotin was added to the 5'-end of cTsp and Tgn, respectively.
By mixing the probe containing biotin with anti-biotin anti-
body, both cTsp and Tgn can be firmly fixed on the detec-
tion membrane via biotin-anti-biotin complex. The purpose
of adding the polyA (16) tail is to prevent the probes from

being embedded in the biotin-anti-biotin antibody complex,
thereby affecting the binding of probe with PCR products
or colloidal gold probe. The detailed information for all of
the probes and primer are shown in Table 2, which were
synthesized by Sangon Biotech (Shanghai) Co., Ltd.

Preparation and optimization of colloidal gold
probe

The colloidal gold particles (approximately 20 nm in diam-
eter) were prepared by citric acid reduction method (Liu
and Lu 2006). In brief, 100 mL of ultrapure water was first
added into a 500-mL clean beaker, followed by dropwise
addition of 1 mL of chloroauric acid solution (1%) under the
light proof condition. Next, the solution was heated to boil,
and 2.8 mL of trisodium citrate solution (1%) was added
quickly in a whole. The solution was continously stirred for
15 min, with the color gradually changing from colorless
to gray and then to deep red. Finally, the obtained colloidal
gold solution was naturally cooled to room temperature and
stored in a refrigerator at 4 °C avoiding exposure to light.
For the further preparation of colloidal gold probe, 1 mL of
the colloidal gold solution was first centrifuged at 12000 g
for 20 min at room temperature. Next, after removing the
supernatant, 6 pL of capture probe cTgn (100 uM) and 94
pL of TE buffer (pH=28.0) were added to the precipitate
and mixed evenly by pipetting up and down. After standing
for 12 h at 4 °C, 100 pL PBS solution (0.2 M NaCl, 20 mM
Na,HPO,/NaH,PO, buffer, pH 7.0) was added. The mixture
was allowed to stand for 24 h at 4 °C, followd by centrifu-
gation at room temperature at 12,000 g for 10 min. After
discarding the supernatant, 200 pL of ultrapure water was

Table2 Summary of primers

. . Primer/probe name Sequence (5'-3') Reaction Sources
and probe used in this study

D1 ACCCGCTGAATTTAAGCATA PCR Scholin et al. (1994)

D2 CCTTGGTCCGTGTTTCAAGA PCR Scholin et al. (1994)

DH-F* CGGGTGTATGACGCTCCTGA PCR This study

DH-R® ACCTGGGTCTCCCGACTGTG PCR

DH-FP* ggctactccttcaccaccac/iSp9/ PCR-NACS This study
CGGGTGTATGACGCTCCTGA

DH-RP* gccacctatgttaccatcca/iSp9/ PCR-NACS
ACCTGGGTCTCCCGACTGTG

cTgn 4 SH-GTGGTGGTGAAGGAGTAGCC PCR-NACS This study

cTsp © Bio-Poly (dA) -TGGATGGTAACATAGGTGGC PCR-NACS This study

Tenf Bio-Poly (dA) -GGCTACTCCTTCACCACCAC PCR-NACS This study

“DH-F is forward primer

"DH-R is reverse primer

“The uppercase letters of primer sequence represent the necessary part for PCR amplification of the LSU
sequence of P. donghaiense, and the lowercase letters represent the tag sequence

4The probe cTgn is labeled with SH at the 5’ end
®The probe cTsp is labeled with biotin at the 5’ end
The probe Tgn is labeled with biotin at the 5’ end
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added to remove the capture probes that were not bound to
the colloidal gold particles by centrifugation under the same
conditions. Finally, the resultant precipitate, i.e., colloidal
gold probe, was resuspended with 1 mL of embedding buffer
(20 mM Na,PO,, 5% BSA, 0.25% Triton X-100, and 8%
sucrose) and stored at 4 °C under the light proof condition.

Given that colloidal gold particles can be stabilized by
nucleic acid, the amount of capture probe that was used
to prepare colloidal gold probe was optimized under the
premise of the effect protection of colloidal gold particles
by capture probe and saving cost. For this purpose, the cap-
ture probe with the final concentrations of 0.6, 0.5, 0.4, 0.3,
0.2, 0.1, and 0 pM was added to 1 mL of colloidal gold
solution to prepare colloidal gold probe, respectively. By
directly observing the color of colloidal gold probe solution
and further comparing the performance of NACS with the
prepared colloidal gold probe, the optimal amount of capture
probes was determined.

Preparation of NACS

The proposed NACS consists of 5 modules, i.e., sample
pad, conjugate pad, detection membrane, absorbent pad,
and backing (Fig. 2). The dimensions [length (cm) X width
(cm)] of each module are as follows: sample pad (glass fiber
SB06), 1.5x%0.4; conjugate pad (glass fiber RB65), 0.7 x0.4;
detection membrane (nitrocellulose membrane CN140),
2.9x0.4; absorbent pad (absorbent paper CH27), 1.5x%0.4;
and backing (rubber plate SM31-40), 6 0.4. All of the
original materials that were used to prepare NACS were
manufactured by Shanghai Liangxin Technology Co., Ltd.
Some of them were required to be pretreated before being
used to assemble the NACS. For the preparation of sample
pad, the glass fiber SBO6 was immersed in the sample pad
buffer (0.05 M Tris—HCI, 0.15 M NaCl, 0.25% Triton X-100,
pH 8.0) for 20 min, dried at 37 °C for 60 min and then stored
at room temperature. For the preparation of conjugate pad,
the colloidal gold probe solution was dispersed by ultrasonic
treatment with an ultrasonic cell disruptor (JY-92 II, Ningbo
Xinzhi Biotechnology Co., Ltd.) by setting at 40% duty cycle
and 52 W for 10 s under the light proof condition. The col-
loidal gold probe pretreated with ultrasonic dispersion was
evenly sprayed on the glass fiber RB65 (50 pL for single
NACS). The prepared conjugate pad was dried at 37 °C for

Fig.2 Schematic diagram of the
assembling of NACS

2 h, and then stored at room temperature. For the prepara-
tion of detection membrane, nitrocellulose membrane was
successively immersed in ultrapure water for 12 min and
in 20x SSC (NaCl, 17.5322 g; Na;C,H;0,-2H,0, 8.823 g;
ddH,0, 100 mL; pH 7.0) for 9 min, and dry in the air. Next,
0.75 pL of mixture consisting of detection probe or control
probe and anti-biotin antibody (10 pM) (Cell Signaling)
in a volume ratio of 10:1 was spotted on the detection and
control point, respectively. The detection membrane was
then UV cross-linked (SCIENTZ 03, Ningbo Xinzhi Bio-
technology Co., Ltd.) for 2 min at a wavelength of 254 nm
and an intensity of 90 J-cm™ with the detection and control
probes immobilized. The pretreated sample pad, conjugate
pad, detection membrane, coupled with absorbent pad and
backing, were assembled and cut, resulting in single NACS
with a length of 6 cm, a width of 0.4 cm, and an overlap part
of 2 mm between sample pad, colloidal gold pad, detection
membrane, and absorbent pad.

PCR conditions and optimization

The PCR system with a total volume of 12.5 pL consists of
1 x PCR buffer (1.25 pL), 25 mM Mg>* (0.75 pL), 2.5 mM
dNTP Mixture (1 pL), 10 pM primers (DH-FP and DH-RP,
each 0.25 pL), 5.0 U-uL~' Taq DNA Polymerase (0.15 pL),
genomic DNA (1 pL), and ultrapure water (7.85 uL). PCR
amplification was performed in a thermal cycler (Bioer Tech-
nology, Hangzhou, China) with the following procedure: 94 °C
for 5 min; 94 °C for 1 min, 58 °C for 50 s, 72 °C for 50 s, 29
cycles; 72 °C for 7 min. After PCR amplification, an aliquot of
5 uL of PCR products were analyzed with 1.5% AGE.

The PCR conditions, including annealing temperature,
primer concentration, and Mg>* concentration were opti-
mized successively to improve the amplification efficiency.
For this purpose, comparative PCR was performed with dif-
ferent primer concentrations (0.10, 0.15, 0.20, 0.25, 0.30,
and 0.35 pM), annealing temperatures (52, 54, 56, 58, 60,
62, and 64 °C), and Mngr concentrations ( 0.5, 1.0, 1.5, 2.0,
2.5, and 3.0 mM), respectively.

Specificity test for PCR-NACS

A total of 22 control marine microalgae that are commonly
distributed along the Chinese coast were randomly selected

v

C——
i

Sample pad

Conjugate pad

Test dot Control dot Absorbent pad

Detection membrane Backing
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to verify the specificity of PCR-NACS for P. donghaiense.
In brief, genomic DNAs were first extracted from all of the
control microalgae by using the Ezup column-based plant
genomic DNA extraction kit (Sangon Biotech, Shanghai,
China). Next, all of the obtained genomic DNAs were used
as templates to perform universal PCR with the primers D1/
D2, respectively, aimed at excluding the possible interference
of DNA quality on the subsequent experiment. Finally, using
the same DNA templates that are verified to be universal PCR
positive, specific PCR with the primers DH-FP/DH-RP were
performed using the optimized PCR conditions in the “PCR
conditions and optimization” section. The PCR products were
analyzed by 1.5% AGE and NACS, respectively.

Sensitivity test of PCR-NACS

The sensitivity of PCR-NACS was tested with the gradient-
diluted genomic DNA from P. donghaiense and the recombi-
nant plasmid DNA containing the inserted LSU D1-D2 rDNA
of P. donghaiense as test samples, respectively. The recombi-
nant plasmids were extracted from the culture of the screened
positive clones in the “Cloning and sequencing of target algae
DNA” section using the SanPrep Spin Column and Collection
Tube (Plasmid) Kit (Sangon Biotech, Shanghai, China). First,
genomic DNA and recombinant plasmid DNA were diluted
with nuclease-free water to obtain a series of solutions in a
tenfold concentration gradient, respectively. Next, all of the
prepared genomic DNA and recombinant plasmid DNA solu-
tions were used as templates to perform PCR, respectively,
with nuclease-free water as a blank control. Finally, the PCR
products were analyzed by 1.5% AGE and NACS to compara-
tively evaluate the sensitivity of PCR-NACS.

Stability test of PCR-NACS

Chlorella vulgaris, as a relatively common algal species in
the natural marine water, was selected as the interfering algal
species to test the stability of the developed PCR-NACS. In
brief, the genomic DNA of C. vulgaris was isolated using
the same method as described in “Cloning and sequencing of
target algae DNA” and its concentration was measured using
a NAS-99 micro-nucleic acid spectrophotometer. Next, the
genomic DNA from both P. donghaiense and C. vulgaris
were adjusted to the same concentration of 20 ng-uL.~!, and
then mixed in a ratio of 100:1, 10:1, 1:1, 1:10, and 1: 100,
respectively. Using the genomic DNA mixtures as test sam-
ples, comparative PCR-AGE and PCR-NACS analysis were
finally performed to evaluate the stability of PCR-NACS.

Practicality test of PCR-NACS

The practicality of PCR-NACS was evaluated by the test
with the simulated natural samples containing the target
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algal cells. For this purpose, natural samples were first
collected from Jinhai Bay waters of Weihai City, Shan-
dong Province. Microscopic examination was conducted
to confirm that P. donghaiense cells were not contained
in the natrual water samples. Next, the algal cultures of P.
donghaiense in the exponential growth period was fixed
with Luger’s solution (final concentration 1.5%) and then
counted with a plankton counting chamber to determine
the cell density. By mixing the algal culture with known
cell density (1.27 x 10° cells-mL~") with natural sample,
the initial simulated natural samples with the cell concen-
tration of 1.27 x 10° cells-mL~"! were prepared. The initial
simulated natural samples were further diluted in a tenfold
gradient with natural seawater to obtain a series of simulated
natural samples with the cell density range of 1.27 x 10°
cellssmL~'—1.27x10° cells-mL~". Finally, crude DNA
extracts were prepared from the above simulated natural
samples using the One-Tube Plant DNA Extraction Kit
(Sangon Biotech, Shanghai, China), and used as templates
for PCR and PCR-NACS assays. The cell density of the sam-
ple that shows a positive result and contains the lowest cell
density can be regarded as the lowest detection limit (LDL)
for cell of PCR-NACS.

Results
Optimization of capture probe conentration

The optimization of capture probe conentration is shown
in Fig. S1. The color of the colloidal gold solution
remains unchanged with the probe concentration range of
0.6 —0.3 pM, displaying a good dispersion of the colloidal
gold particles. In contrast, when the probe concentration
ranged from 0.2 to 0 pM, the color of the colloidal gold
solution gradually darkened and the colloidal gold particle
precipitate appeared. These results indicate that not all col-
loidal gold particles were bound with capture probe when
the capture probe concentration was less than 0.3 pM. The
excess colloidal gold particles aggregate to form precipi-
tate in the PBS solution. In consideration of the possible
loss during the preparation of colloidal gold probe and the
chromatographic conditions of the corresponding NACS, the
optimal concentration of capture probe was set to 0.4 pM.

Optimization of PCR

The primer concentration, annealing temperature, and Mg**
concentration were comparatively tested to improve the PCR
amplification efficiency. The optimization results of primer
concentration are shown in Fig. S2a. Obviously, the yield
of the PCR products was low when the primer concentra-
tion was 0.10 pM. There was no significant difference in the
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yield of PCR products when the primer concentration ranged
from 0.15 to 0.30 pM. By contrast, the yield of PCR prod-
uct decreased significantly when the primer concentration
was 0.35 pM. Based on these results, in combination with
the aim of saving money and reducing the yield of primer
dimer, the primer concentration was set to 0.15 pM. The
optimization results of annealing temperature are shown
in Fig. S2b. When the annealing temperature was 52 °C,
no target DNA band could be detectd by AGE, indicating
that PCR amplification cannot effectively occur. In contrast,
when the annealing temperature was increased from 54 to
62 °C, the amplified DNA band gradually became more and
more brighter, indicating that the yield of PCR products
increases gradually. In addition, when the annealing tem-
perature was increased to 64 °C, the yield of PCR product
decreased. Therefore, the optimal annealing temperature for
PCR was set to 62 °C. The optimization results of Mg>*
concentration are shown in Fig. S2c. PCR amplification did
not occur when Mg2+ concentration is 0.5 mM. In contrast,
the yield of PCR product gradually increased with the Mg>*
concentration range of 1.0 — 1.5 mM. However, the yield
of PCR products decreased with the Mg** concentration
range of 2.0 — 3.0 mM, indicating that high concentration of
Mg** could inhibit PCR amplification. Therefore, the opti-
mal Mg?" concentration was set to 1.5 mM. In conclusion,
the optimal PCR amplification conditions that were used in
the subsequent PCR amplification were as follows: primer
concentration, 0.15 pM; annealing temperature, 62 °C; and
Mg** concentration, 1.5 mM.

Optimization of detection probe concentration

Preliminary PCR was performed using the optimized ampli-
fication conditions, and the resultant amplification products
were analyzed by 1.5% AGE and NACS. Trace primer dimer
could be detected with the PCR product from blank control
by AGE analysis (Fig. S3a). Correspondingly, a false posi-
tive result was detected with the PCR product from blank
control by NACS assay (Fig. S3b). According to principle of
NACS, it can be inferred that the primer dimer formed by the
primers with tag sequences in the PCR can also bind with
the colloidal gold probe cTgn and the detection probe cTsp,
which therefore produce the “false positive” result. The
generation of primer dimer may be resulted from excessive
concentration of primers. However, given that the optimal
primer concentration has been determined in the optimiza-
tion of PCR conditions, we attempted to avoid false positive
result by adjusting the concentration of detection probe on
the detection point. For this purpose, a series of NACSs
were prepared by setting the concentration of the detection
probe to 10.0, 7.5, 5.0, and 2.5 pM. Then, these NACSs
were applied to analyze the PCR product of blank control
(Fig. S3c). False positive results could still be detected with

the probe concentration range of 10.0 — 5.0 uM. In contrast,
false positive result disappeared when the probe concentra-
tion was set to 2.5 uM. Furthermore, the detection of PCR
product of blank control by using the NACS with the opti-
mized probe concentration was performed in triplicate, all of
which did not produce false positive result (Fig. S4). Based
on the above results, the concentration of detection probe
and control probe that was used for the preparation of NACS
in the subsequent tests was 2.5 and 10 pM, respectively.

Specificity of PCR-NACS

Using the genomic DNAs from the 23 algal species listed
in Table 1 as template, PCR with the universal primers
D1/D2 targeting the LSU rDNA were first performed. The
results (Fig. 3a) showed that successful amplification could
occur with all of the genomic DNAs, which therefore can
be thought to be competent for the subsequent PCR-NACS.
Next, specific PCR with the specific primers DH-FP/
DH-RP that is designed for P. donghaiense using the men-
tioned genomic DNA as template was performed, with the
amplified products analyzed by AGE and NACS. As shown
in Fig. 3b and c, respectively, only the genomic DNA from
P. donghaiense could produce amplification product with an
expected size of 249 bp. Correspondingly, only the detection
of the genomic DNA from P. donghaiense by PCR-NACS
could generate a control point and a detection point, display-
ing a positive result. All of the above results indicated that
the designed primers in this study have good amplification
specificity and the established PCR-NACS assay is specific
for P. donghaiense.

Sensitivity of PCR-NACS

The tenfold serially diluted genomic DNA from P. dong-
haiense (2.7x10'-2.7x107* ng-pL~!) were used as
test samples for PCR-AGE and PCR-NACS analysis.
Positive PCR amplification could be detected by AGE
with the genomic DNA with the concentration range of
2.7%10'=2.7x 107! ng-uL~!. In contrast, PCR-amplified
product could not be detected by AGE when the concen-
tration of genomic DNA was below 2.7x 107! ng-pL™!
(Fig. 4a). Therefore, the LDL of PCR-AGE for genomic
DNA can be determined as 2.7x 10~ ng-pL~". At the same
time, it can be seen that the LDL of PCR-NACS for genomic
DNA was determined as 2.7 x 1072 ng pL.~! (Fig. 4b). Simi-
larly, a series of plasmid DNA solutions that were serially
tenfold diluted to form the final concentration range of
3.58x10°—3.58x 10! copies pL~! were analyzed by PCR-
AGE and PCR-NACS, respectively. As shown in Fig. 5,
PCR-AGE and PCR-NACS displayed a LDL of 3.58 x 10
copies-pL~! (Fig. 5a) and 3.58 x 10? copies-uL~! (Fig. 5b)
for plasmid DNA, respectively. In conclusion, the sensitivity

@ Springer



10354

Environmental Science and Pollution Research (2023) 30:10346-10359

Fig.3 Specificity test of PCR M1 2
and PCR-NACS for P. dong-
haiense. L1-23 are respectively
the PCR and PCR-NACS

test of algal species shown

in Table 1 in a top-to-bottom
order; L24: Blank control. a
Validity test of DNA templates
with the primers D1 and D2;

M: DL1000 DNA marker. b
Electrophoresis analysis of PCR
products with specific primers
DH-FP and DH-RP; M: DL500
DNA marker. ¢ The results of
PCR-NACS

700 bp—|

300 bp—
200 bp—

3 4 5 6

7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

test using both genomic DNA and plasmid DNA as template
showed that the PCR-NACS assay established in this study
was 10 times sensitive than PCR-AGE.

Stability of PCR-NACS

To verify the stability of the established PCR-NACS, the
genomic DNAs from the target and interfering algal spe-
cies were mixed in different ratios and used as test samples
for PCR-AGE and PCR-NACS analysis, respectively. All
of these samples could produce target DNA band, without
detectable non-specific PCR product (Fig. 6a), despite that
PCR amplification efficiency varied with the mixture with
different genomic DNA ratios. Accordingly, PCR-NACS
analysis of each mixed sample showed positive results
(Fig. 6b). The above results indicated that the performance
of the established PCR-NACS was stable and was not
affected by the interfering algal species.

PCR-NACS detection of simulated natural samples

The results of PCR-NACS test of the simulated natural
samples are shown in Fig. 7. Sucessful PCR amplification
could occur with the simulated samples with the cell den-
sity range of 1.27 x 10° —1.27 x 10? cells-mL~". Thus, the
cellular LDL for PCR was 1.27x 10 cells-mL~" (Fig. 7a).
In comparison, PCR-NACS displayed a cellular LDL of
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1.27x 10! cells-mL~" (Fig. 7b). In conclusion, PCR-NACS
again displayed a 10 times hiher sensitivity than PCR-AGE.

Discussion

The excessive accumulation of nitrate in the Yangtze River
Estuary has been considered as one of the main cause for P.
donghaiense-forming algal blooms in the East China Sea
(Zhou et al. 2008). Compared with diatoms, P. donghaiense
as a dinoflagellate has a much stronger ability to utilize dis-
solved organic phosphorus under the phosphorus-limited
conditions. P. donghaiense thus has an advantage over dia-
toms to compete for survival, and thus becomes one of the
dominant HABs-forming species in the East China Sea (Ou
et al. 2008; Yu et al. 2018). The HABs caused by P. dong-
haiense have seriously affected the cultivation of economic
marine animals, community structure of marine organisms,
and bio-diversity of other phytoplanktons (Lin et al. 2014;
Wang et al. 2020). It is therefore necessary to establish more
rapid and convenient detection methods for early warning of
P. donghaiense, and then effective and preventive measures
can be taken before the outbreak of HABs.

At present, IDNA genes have been widely used to inves-
tigate the molecular phylogeny of microalgae. The rDNA
genes mainly include the internal transcribed spacer (ITS),
large subunit ribosomal DNA (LSU rDNA), and small
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300 bp—
200 bp—

Fig.4 Sensitivity test of PCR (a) and PCR-NACS (b) with the
genomic DNA from P. donghaiense. M: DL1000 DNA marker;
L1-L6: the concentration of genomic DNA is 2.7x 10! ng-pL7!,
27x10° ngpL™!, 27x107" ngpL7!, 2.7x1072 ngpL7,
2.7%x 1073 ng-uL~!, and 2.7x 107 ng-uL~!, respectively; L7: blank
control

subunit ribosomal DNA (SSU rDNA). Among them, LSU
rDNA is more highly variable than SSU rDNA and more
conservative than ITS. Nevertheless, LSU rDNA has been
considered as a good molecular marker for classification and
identification from species to genera since it is composed
of alternating conserved regions and hypervariable regions.
For example, Shin et al. (2019a) demonstrated that P. shi-
kokuense and P donghaiense belong to the same species
by the molecular identification method using LSU rDNA
as genetic marker. In this study, the PCR-NACS assay for
P. donghaiense was established by using LSU rDNA as
the target, and its specificity was verified by cross-reac-
tivity test. The results again indicated that the LSU rDNA
sequence can be used as a good target for the establishment
of molecular detection method for P. donghaiense.

Fig.5 Sensitivity test of PCR (a) and PCR-NACS (b) with the
recombinant plasmid containing the inserted LSU DI1-D2 of P.
donghaiense. M: DL1000 DNA marker; L1-6: the concentration of
plasmid is 3.58x 10° copies-puL™", 3.58 x 103 copies-pL~!, 3.58x 10"
copies-pL7!, 3.58 x 10° copies-uL™", 3.58 x 10% copies-pL~", 3.58 x 10"
copies-pL!, respectively; L7: blank control

The PCR-NACS assay established in this study has a
relatively high sensitivity. According to the detection prin-
ciple for PCR-NACS, a false positive product may be pro-
duced by NACS if even trace primer dimers were included
in the PCR products. Thererefore, the PCR conditions
including the primer concentration, annealing temperature,
Mngr concentration, and the concentration of the detec-
tion probe on the test strip were optimized to eliminate the
influence of primer dimer on the determination of detec-
tion results. Fortunately, the false positive effect of primer
dimer on the NACS was successfully eliminated while
ensuring the efficiency and sensitivity of the assay, which
is crucial for the practical application of the established
detectin method.
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300 bp—
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Fig.6 Stability test of PCR (a) and PCR-NACS (b). M: DL1000
DNA marker; L1-5: the concentration ratio of the genomic DNA
from target algae to that of interfering algaes (Chlorella vulgaris) is
100:1, 10:1, 1:1, 1:10, and 1:100, respectively; L6: blank control

Sensitivity is one of the most important parameters to
evaluate the practicability of a detection method. Aimed at
providing an early warning for HABs, the established detec-
tion method is required to be able to successfully detect
harmful algae even at low cell density. The LDLs of the
established PCR-NACS assay were 2.7 x 107> ng-pL~! for
target algal genomic DNA and 3.58 x 10% copies-uL™" for
plasmid DNA, both of which were 10 times more sensi-
tive than ordinary PCR. In addition, the cell sensitivity of
the PCR-NACS assay was also evaluated. PCR-NACS dis-
played a LDL of 1.27 x 10" cells-mL~", which is comparable
to that of sandwich hybridization integrated with nuclease
protection assay (NPA-SH) (11.0 cells-mL~") (Zhen et al.
2009) and mPCR (60.0 cells-mL~") (Sun et al. 2019), 10
times lower than that of qPCR (100.0 cellss-mL~") (Yuan
et al. 2012), and higher than that of loop-mediated isother-
mal amplification-lateral flow dipstick (LAMP-LFD) (1.0
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Fig.7 Comparative analysis of simulated samples by PCR (a) and
PCR-NACS (b). M: DL1000 DNA marker; L1-6: the simulated
samples containing P. donghaiense with a cell density of 1.27x 10°,
1.27x10% cellsmL™, 1.27x10% cellsmL™", 1.27x10? cells-mL™",
1.27x10" cellssmL~!, and 1.27x10° cells-mL~!, respectively; L7:
blank control

cells-mL~") (Qin et al. 2019) and reverse transcription-
LAMP (RT-LAMP) (0.6 cells-mL~") (Chen et al. 2013).
Nevertheless, given that cell density of P. donghaiense-
forming HABs is generally higher than 10* cells-mL~! (Lin
et al. 2015), the established PCR-NACS assay can meet the
early warning requirement of P. donghaiense.

The ocean is a complex ecosystem consisting of numerous
organisms, among which the phytoplankton, zooplankton, and
microorganisms may interfere with the specific detection of
target species. Therefore, whether it is anti-interference or not
is also crucial for the established detection method. For this
reason, C. vulgaris, a relatively common microalgae in the
ocean, was selected as a non-target species for interference test,
i.e., comparative PCR-NACS was performed on the genomic
DNA mixtures consisting of the interfering algae and the target
algae in different ratios that were used to simulate the envi-
romental samples containing the non-target algae and target
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algae in different proportions. The results of the interference
tests showed that PCR-NACS were unaffected even when the
DNA concentration of target algae is very low and the DNA
concentration of interfering algae is very high, which is equiva-
lent to that the cell density of non-target algae cells in water
sample is high, while the cell density of target algae is low. In
addition, the test with the simulated sample also showed that
PCR-NACS was not affected by abiotic substances in seawater.
In short, the PCR-NACS developed in this study was proved to
have good stability and strong anti-interference ability.

To date, the established molecular methods for the detec-
tion of P. donghaiense mainly include qPCR (Zhao et al. 2009;
Yuan et al. 2012), NPA-SH (Zhen et al. 2009), FISH (Chen
etal. 2011), RT-LAMP (Chen et al. 2013), LAMP-LFD (Zou
et al. 2018), and mPCR (Sun et al. 2019). One disadvantage
for mPCR is that non-specific amplification producing primer
dimer may occur since multiple primer pairs were included in
the amplification reaction. Another diadvantage is that mPCR
may be less sensitive, which thus limits the application of this
method. qPCR not only requires specialized equipment, but
also is easily affected by aerosols during the detection process.
FISH, which is an actual improved morphology-dependent
method relying on a fluorescencent microscope, is time-con-
suming and cumbersome. In particular, the required sample
processing may lead to cell deformation or aggregation, which
may affect the hybridization of probe. For NPA-SH, the labeled
probes used in the hybridization were rather expensive, the
whole detection process is complicated and time-consuming.
In addition, NPA-SH is not suit for rapid detection in the field
because it requires an ELISA Reader. Although LAMP has
the advantage of high sensitivity, the design of LAMP primer
targeting six regions of DNA template is complex and demand-
ing. In addition, the cost for LAMP is high because the Bst
DNA polymerase that is used in the LAMP is rather expensive.

The PCR-NACS established in this study sucessfully real-
ize the chromatographic analysis of PCR products without any
additional treatment by ingeniou primer design, which provides
a new idea for simple and rapid detection of P. donghaiense.
The developed PCR-NACS assay has several advantages. First,
few reagents are required for the preparation of test strip and
NACS analysis. For example, in theory, 1 mL of chloroauric
acid solution is enough for the preparation of 2000 test strips,
and only 7.5 pL of PCR products is required for NACS analysis.
Second, PCR-NACS results can be judged with the naked eye,
independent of special instruments, such as gel imagers, fluo-
rescence microscopes, ELISA Reader, etc., and the test results
can be stored for a long time. Finally, the test strips can be
prepared purely by hand, without the need for programmable
cutters, film spraying machines, and other special instruments
that have been used in the preparation of traditional test strips.
The detection procedure is simple, and the test cost is low since
no expensive reagent and special instrument is required for the
preparation of test strips. In addition, it should also be noted

that because PCR instrument is required for the nucleic acid
amplification of the developed PCR-NACS assay, it actually
cannot be used for on-site detection. However, IATs (e.g., RPA)
can be used to replace PCR to improve nucleic acid preparation
to truly realize the on-site detection application of nucleic acid
chromatography test strips in the future.
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tary material available at https://doi.org/10.1007/s11356-022-22856-6.
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