. HOKKAIDO UNIVERSITY

Analysis of Unamplified 16S rRNA of Ammonia-Oxidizing Bacteria in Activated Sludge by

Title Spectrophotometry Using Gold Nanoprobes
Author (s) Nakajima, Meri; Hirano, Reiko; Nakaya, Yuki et al.
Citation ACS Es&t Water, 3(9), 3113-3120
https://doi.org/10.1021/acsestwater. 3c00265
Issue Date 2023-09-08
Doc URL https://hdl. handle. net/2115/92973
This document is the Accepted Manuscript version of a Published Work that appeared in final
Rights form in ACS ES&T Water, copyright © American Chemical Society after peer review and technical
g editing by the publisher. To access the final edited and published work see
https://pubs.acs.org/articlesonrequest/AOR-WYZIM3GIUGZB4PY8SNSAN.
Type journal article

File Information

Nakajima 2023 EST water. pdf

kaido
\’\o\( U”/Lp

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




10

11

12

13

14

15

16

17

18

19

20

21

22

23

For submission to ACS ES&T Water as a Research Article

Analysis of unamplified 16S rRNA of ammonia-oxidizing bacteria in activated

sludge by spectrophotometry using gold nanoprobes

Meri Nakajima ?, Reiko Hirano b Yuki Nakaya ?, Hisashi Satoh **
 Division of Environmental Engineering, Faculty of Engineering, Hokkaido University, North-
13, West-8, Sapporo 060-8628, Japan.

b Cellspect Co., Ltd., 2-4-23 Kitaiioka, Morioka, Iwate, 020-0857, Japan

Email addresses:

Meri Nakajima — meril210@eis.hokudai.ac.jp
Reiko Hirano — hirano0317@gmail.com

Yuki Nakaya — ynakaya@eng.hokudai.ac.jp

Hisashi Satoh — gsatoh@eng.hokudai.ac.jp

ORCID

Hisashi Satoh: 0000-0002-5222-9689

Corresponding Author
*Hisashi Satoh, Division of Environmental Engineering, Faculty of Engineering, Hokkaido
University, North-13, West-8, Sapporo 060-8628, Japan.

Tel: +81-(0)11-706-6277; Fax: +81-(0)11-706-6277; Email: gsatoh@eng.hokudai.ac.jp



24

25

26

27

28

29

30

31

32

Keywords

Simple assay; Colorimetry; PCR; Wastewater treatment; reverse transcription; heating.

Synopsis
Bacterial 16S rRNA concentration was detected colorimetrically using gold nanoparticles

conjugated with DNA probe specific to target bacteria without PCR.
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ABSTRACT

The identification of the bacteria contributing to the water purification processes in these systems
is crucial for the development and optimization of wastewater treatment systems by engineers.
We developed a simple assay for the colorimetric quantification of bacterial 16S rRNA of
functional bacteria extracted from wastewater samples without reverse transcription of RNA or
quantitative polymerase chain reaction (QPCR). The heat treatment of the test sample
significantly reduced the reaction time (<3 min) and improved the assay sensitivity. Following
assay optimization, a calibration curve for 16S rRNA of ammonia-oxidizing bacteria (AOB) of
the B subdivision of the class Proteobacteria was created using 16S rRNA extracted from
activated sludge samples. The curve was linear above 1.9x10° copies/mL of 16S rRNA of AOB,
which was two orders of magnitude lower than that in our previous studies. Finally, we
determined the abundance of 16S rRNA of AOB in activated sludge samples using the
calibration curve and compared the results obtained by reverse transcription-qPCR. There was
some correlation in the RNA concentrations of AOB determined by both methods. Thus, we have
successfully developed an innovative tool to quantify the 16S rRNA concentration of AOB in

wastewater treatment processes.
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1. Introduction

Microorganisms in wastewater treatment plants (WWTPs) are essential for water
purification to protect public and environmental health ! while pathogenic ones pose serious
threats to human health 2. Rapid and accurate detection of specific target microorganisms
provides many opportunities for wastewater treatment. Currently, microorganisms are analyzed
using culture-dependent and culture-independent methods. Recent advances in molecular
techniques have demonstrated the inadequacy of culture-dependent methodologies in unveiling
the great level of diversity present in wastewater treatment systems **. Polymerase chain reaction
(PCR) allows very small quantities of specific DNA sequences to be amplified with DNA
polymerase, even when the target is mixed with large amounts of non-target DNA in
environmental samples °. Unique DNA sequences are present in all microorganisms and can be
used as biomarkers for their detection. Although PCR is a very powerful tool for analyzing
microbial community structures and enumerating the number of specific microorganisms with
extremely high sensitivity, it requires expensive enzymes (DNA polymerase) and equipment (a
thermal cycler). Further, a PCR test can take several hours after a DNA extraction step and
contaminants in a sample may inhibit the reaction °. Therefore, a low cost and rapid method for

the analysis of bacterial genes in wastewater samples is required.

Another popular strategy for detecting nucleic acids is colorimetric detection. These
techniques depend on the selective and specific hybridization of target strands of DNA resulting
from specific Watson—Crick pairing, where a complementary DNA (probe DNA) is employed to
detect whether a target is present in a sample 7*. AuNPs have been extensively utilized for

detection of the hybridization of probe DNA to a target because AuNPs within a 5-50 nm
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diameter range possess excellent dispersity and biocompatibility and have useful optical
properties derived from their surface plasmon resonance (SPR) properties *!!. Therefore, a key
step toward the establishment of an AuNP-based assay is to create an AuNP nanoprobe (Au-
nanoprobe). An Au-nanoprobe is generated by functionalizing AuNPs with a thiolated probe
DNA !2. Hybridization of the Au-nanoprobes with a target results in the formation of the Au-
nanoprobe/target complex. In this case, the Au-nanoprobes are covered with a negatively charged
target and protected against salt-induced aggregation '*. Therefore, they remain dispersed in the
solution even at a high NaCl concentration and exhibit a red color derived from the localized
SPR of the AuNPs. In contrast, in the absence of a target, Au-nanoprobes are not covered with
the target and are subjected to NaCl-induced aggregation. The aggregated An-nanoprobes exhibit
a red-to-blue color change based on the SPR of the AuNPs. Thus, hybridization of the Au-

nanoprobes with the target is detectable by colorimetric analysis '.

In recent years, numerous AuNP-based optical biosensors have been developed for gene
sequence analysis '*. Amini et al. detected the Pseudomonas aeruginosa exotoxin A gene using
AuNPs and an endonuclease enzyme '°. A linear relationship was found between the ratio of
absorbance at 600 nm to 525 nm and the target DNA concentration over the range of 10-50
ng/mL of the target DNA with a correlation coefficient of 0.98. The optimization of the assay
limit of detection and limit of quantitation were reduced to be 9.9 and 34 ng/mL, respectively.
Baetsen-Young et al. analyzed unamplified DNA extracted from Pseudoperonospora cubensis,
the causal agent of cucurbit downy mildew '°. They successfully detected 2.94 fM DNA and 18
spores/uL of P. cubensis using crude extracts of a pathogen matrix. These previous studies have

applied AuNP-based optical biosensors for clinical diagnostics and the determination of a pure
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culture of a model microorganism. However, few studies have focused on the analysis of
microorganisms in environmental samples °. We previously designed an assay for the detection
of bacterial 16S rRNA using Au-nanoprobes, with 30-min detection time, without reverse
transcription (RT) of RNA or gPCR '3, The principle of our method is described as follows !*:
The format comprises using Au-nanoprobes, hybridization of targets with Au-nanoprobes, and
aggregation of these. The Au-nanoprobe solutions exhibit red color and an absorbance peak of
approximately 520 nm in the ultraviolet (UV)—visible spectrum. In the presence of the target, it
hybridizes with the Au-nanoprobes. The Au-nanoprobes that are covered with a negatively
charged target are protected against salt-induced aggregation and remain dispersed in the
solution even at a high NaCl concentration. The color of the dispersed Au-nanoprobes remains
red. On the other hand, in the absence of a target, Au-nanoprobes are no longer covered with a
negatively charged target and protected from aggregation and, therefore, are subjected to NaCl-
induced aggregation. The aggregation of AuNPs leads to a color change of AuNPs from red to
blue. This process can be analyzed by UV—visible spectroscopy. Therefore, quantitative analysis
of the target DNA concentration is possible by measuring the ratio of the absorbance that
corresponds to the red and blue colors based on the UV—visible spectra analysis before and after
the addition of NaCl. However, the limit of detection of the assay was quite high (10% copies/uL),
and bacteria contributing to wastewater treatment (e.g., nitrification, denitrification, or
phosphorous removal) could not be analyzed . To the best of our knowledge, no study has
determined the functional bacterial groups in a wastewater treatment process using a colorimetric

assay with Au-nanoprobes.
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In this study, we developed a simple assay for the direct colorimetric quantification of
16S rRNA of ammonia-oxidizing bacteria (AOB) of the B subdivision of the class Proteobacteria
extracted from activated sludge (AS) samples. To detect AOB in a complex matrix, we first
optimized the assay conditions, such as reaction temperature, NaCl concentration, length of a
spacer molecule, and probe DNA density. After optimizing the assay protocol, we determined the
abundance of 16S rRNA of AOB by the assay, and the results were compared with those
determined by a qPCR method. To the best of our knowledge, this study is the first attempt to
quantify the 16S rRNA of functional bacteria present in wastewater treatment processes using
Au-nanoprobes. Our results have shown the feasibility of a simple colorimetric ‘spot and read’

test in contrast to amplification-based detection methods.

2. Materials and Methods
2.1. Chemicals and materials

Single-stranded oligonucleotides to be used as probe DNA were synthesized by Eurofins
Genomics K.K. (Tokyo, Japan). Probe DNA sequences targeting the 16S rRNA of total bacteria
and AOB are listed in Table 1. We designed Au-nanoprobes that are target-specific probe DNA
conjugated to AuNPs. Two types of Au-nanoprobes for total bacteria were synthesized. Of the
two, the probe DNA sequence for one, named 805R, was the same as the reverse PCR primer

(805R, 5'-GACTACHVGGGTATCTAATCC-3"), whereas the other, named c341F, was reverse
complementary to the forward PCR primer (341F, 5'- CCTACGGGNGGCWGCAG-3) . In

addition, two types of Au-nanoprobes were synthesized for AOB. The probe DNA sequence for

one, named RT1r, was the same as the reverse PCR primer (RT1r, 5'-

CGTCCTCTCAGACCARCTACTG-3'), and the other, named cCTO 189f, was reverse
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complementary to the forward PCR primer combo, CTO 189f A/B/C, which is a combination of
CTO 189f A/B (5'-GGAGRAAAGCAGGGGATCG-3") and CTO 189f C (5'-
GGAGGAAAGTAGGGGATCG-3') in a 2:1 ratio '®. AuNPs (5 nm in diameter) in citrate buffer
solution were purchased from Merck KGaA (Darmstadt, Germany, catalog number 741949).
Tris(2-carboxyethyl)phosphine (TCEP) was purchased from Nacalai Tesque, Inc. (Kyoto, Japan).
Sodium acetate (192—01075), acetic acid (017—00256), and sodium chloride (NaCl; 191-01665)
were purchased from Fujifilm Wako Pure Chemical Corporation (Osaka, Japan). All the

solutions were prepared using Milli-Q water (Merck Millipore, Tokyo, Japan).

Table 1. Sequences of probe DNA used in this study

Probe DNA Sequence

c341F 5'HS—(CH2)e—~CTGCWGCCNCCCGTAGG-3'
805R 5'HS—(CH2)e—~GACTACHVGGGTATCTAATCC-3'
cCTO 189f 5'HS—(CH2)6—CGATCCCCTRCTTTYCTCC
RTI1r 5'HS—(CH2)e—CGTCCTCTCAGACCARCTACTG

2.2. RNA extraction from AS samples and cDNA synthesis

AS and anaerobic sludge samples were collected from an aeration tank in WWTP-A in
Sapporo City and a biogas plant of cattle manure in Hokkaido University, respectively '°. The
size, physicochemical characteristics, and operating conditions of WWTP-A have been described
previously %. To quantify bacterial 16S rRNA by RT-qPCR, RNA was extracted from 1 mL of
AS using the RNeasy Mini Kit (Qiagen, Hilden, Germany), according to the manufacturer’s
instructions. This sample was named as the unamplified RNA pool. The concentration of
extracted RNA was determined fluorometrically using the Quant-iT™ Ribo-Green™ RNA Assay

Kit (Thermo Fisher Scientific, Waltham, MA, USA). The residual DNA in the sample was
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successfully digested using amplification grade deoxyribonuclease (DNase) I (Thermo Fisher
Scientific, Waltham, MA, USA). cDNA was synthesized from an aliquot of the unamplified RNA
pool using a PrimeScript™ RT Reagent Kit (Perfect Real Time) (Takara Bio Inc., Shiga, Japan)

according to the manufacturer’s instructions.

2.3. RT-qPCR

The cDNA was amplified using the primer pair, 341F and 805R, for total bacteria and the
primer pair, CTO 189f A/B/C and RTIr, for AOB. We prepared 20 pL of the reaction mixture in a
96-well PCR plate by mixing 10 uL TB Green Premix Ex Taq II, 4 pmol of each primer, 0.4 pL
ROX reference dye II (Takara Bio Inc., Japan), 7 pL nuclease-free water, and 1 uL. cDNA. For
standard DNA, the nucleotide sequence corresponding to the PCR-amplified region of 16S
rDNA was artificially synthesized and cloned into the pTAKN-2 vector by Eurofins Genomics
K.K. (Tokyo, Japan). The plasmid DNA was purified and its concentration was determined
fluorometrically. It was serially diluted from 1.0 x 10% copies/uL to 1.0 x 10! copies/pL using
nuclease-free water for the preparation of standard curves for the RT-qPCR assay. All reactions
were performed in triplicate using an Applied Biosystems 7500 Fast Real-Time PCR System
(Thermo Fisher Scientific, Inc., USA). The reaction conditions were as follows: initial
denaturation at 95 °C for 30 s, followed by 40 cycles of amplification with denaturation at 95 °C
for 5 s, annealing at 56 °C for 30 s, and extension at 68 °C for 30 s for bacteria. For AOB, the
cycling conditions were as follows: initial denaturation at 95 °C for 30 s, followed by 40 cycles
of amplification with denaturation at 95 °C for 30 s, annealing at 57 °C for 1 min, and extension
at 72 °C for 45 s. Amplification data were collected and analyzed using the Applied Biosystems

7500 FAST Real-Time PCR System Sequence Detection Software (version 2.0.6) (Thermo
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Fisher Scientific Inc., California, USA). PCR efficiency (E) was calculated using the formula E =

10—1/ slope -1.

2.4. Functionalization of AuNPs with probe DNA

AuNPs were individually functionalized with probe DNA as previously described '>!3,
Briefly, 3 uL of 10 uM thiol-modified probe DNA solution and 2.7 pL of 10 mM TCEP were
added to 24.3 uL of 100 mM acetate buffer (pH 5.2) to activate the thiol-modified probe DNA. A
20 pL aliquot of the mixture and 3 puL of 0.1 M HCI solution were added to 300 pL of the
original AuNP solution. The mixture was then incubated overnight at 20 °C 2!, Thereafter, the

Au-nanoprobe solution was vortexed vigorously for 5 s before use.

2.5. Assay format and procedure

Scheme S1 in the Supplementary Material shows the sensing mechanism of the proposed
method for the detection of 16S rRNA. The format comprises hybridization of target RNA with
Au-nanoprobes and their aggregation by NaCl. The Au-nanoprobe solution exhibits a red color
and an absorbance peak at approximately 530 nm in the ultraviolet-visible (UV-vis) spectrum.
The target RNA hybridizes with the probe DNA on the Au-nanoprobes to create negatively
charged complexes which are protected against salt-induced aggregation and remain dispersed in
the solution even at high NaCl concentrations. Therefore, the dispersed Au-nanoprobes remain
red. On the other hand, in the absence of a target, Au-nanoprobes are no longer covered with a
negatively charged target RNA, and are therefore subjected to NaCl-induced aggregation. The
aggregation of AuNPs leads to a color change from red to blue. This process can be analyzed by

UV-vis spectroscopy. Therefore, quantitative analysis of the target RNA concentration is

11



211 possible by measuring the ratio of the absorbance intensities (designated as Rs) that correspond
212 to the red (approximately 530 nm) and blue (approximately 600 nm) colors based on UV-vis
213  spectra analysis. This process can be visualized in solution, even with the naked eye, as a red-to-
214  blue color change.

215 For the detection of bacteria, 1 uL of unamplified RNA pool and 30 uL of 5 M NaCl

216  stock solution were added in the same order to a 20-uL mixture of the Au-nanoprobes (c341F
217  and 805R; at a 1:1 ratio). To detect AOB, an unamplified RNA pool and NaCl stock solution
218  were added to a 20-pL mixture of cCTO 189f and RT1r. The test solution was then heated at
219 95 °C for 30 s using a thermal cycler. The test sample was allowed to stand for 1 min to cool at
220 20 °C, and the absorbance spectrum of 50 pL of the test solution was measured in an ultraviolet
221  transmission-type disposable cuvette (UVC—Z8.5, VIOLAMO, AS ONE Corporation, Osaka,
222  Japan). We investigated the optimal values for several assay parameters. The ranges of the values
223  of the investigated parameters are summarized in Table 2.

224

225 Table 2. The ranges of the values of parameters investigated in this study

Parameter range

Incubation temperature 95 °C for 30 sec or 20 °C for 30 min
Lengths of a poly thymine (Tn) spacer 0, 25, 50, 75 and 100 bp

Mole ratios of probe DNA to AuNP 0,0.51,0.73, 1.10 and 1.40
NaCl concentration in stock solutions 0,0.5,2.0,3.5and 5.0 M

226

227 3. Results and discussion

228  3.1. Effect of heat treatment on assay performance

229 Figure 1 shows the typical absorbance spectra of the test solutions using Au-nanoprobes

230  conjugated with c341F and 805R, with and without heat treatment. A typical absorbance

12
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spectrum of an Au-nanoprobe solution for bacteria in the presence of target RNA (a positive
sample abbreviated as POS) just after the addition of 5 M NaCl stock solution without heat
treatment (POS-0 min in Figure 1A) showed a maximum absorbance at 529 nm with a 0.43 peak
intensity. After incubation of the POS for 30 min at 20 °C (POS-30 min in Figure 1A), the peak
intensity decreased to 0.36. In contrast, the maximum absorbance of the POS just after heat
treatment (POS in Figure 1B) was observed at 524 nm with a 0.40 peak intensity. In comparison
with the tests without heat treatment, the peak intensity of the POS with heat treatment remained
unchanged for the subsequent 30 min. This might be because the rate of nucleic acid
hybridization reactions increased, their efficiency was accelerated by thermal denaturation of the
target RN A molecules at 95 °C, and Au-nanoprobes were stabilized. This result indicates that
heat treatment stabilized the absorbance spectra. A typical absorbance spectrum of an Au-
nanoprobe solution in the absence of target 16S rRNA (a negative sample abbreviated as NEG) at
30 min after the addition of 5 M of NaCl stock solution without heat treatment (NEG-30 min in
Figure 1A) showed a 0.28 peak intensity at 534 nm. A typical absorbance spectrum of the NEG
with heat treatment showed a 0.30 peak intensity at 568 nm just after heat treatment (NEG in
Figure 1B). The difference between the peak intensities of the POS and NEG corresponds to the
slope of the calibration curve, that is, the assay sensitivity. The difference in the peak intensities
of the POS and NEG with and without heat treatment were 0.10 (0.40 — 0.30) and 0.08 (0.36 —

0.28), respectively. Thus, it was concluded that heat treatment increased assay sensitivity.
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Figure 1. Typical absorbance spectra of the test solutions using Au-nanoprobes conjugated with
c341F and 805R (A) without and (B) with heat treatment. The typical absorbance spectra of the
Au-nanoprobe solution for bacteria in the presence of target 16S rRNA (a positive sample
abbreviated as POS) just after the addition of 5 M of NaCl stock solution (POS-0 min) and after
incubation of the POS for 30 min at 20 °C (POS-30 min), and the Au-nanoprobe solution in the
absence of target 16S rRNA (a negative sample abbreviated as NEG) at 30 min after the addition
of 5 M of NaCl stock solution (NEG-30 min) were showed in Figure 1A. The typical absorbance
spectra of POS subjected to heat treatment and the corresponding NEG were showed in Figure

1B.

3.2. Effect of NaCl on assay performance

Figure 2 shows the absorbance spectra of the AuNP solution, a mixture of Au-nanoprobes
conjugated with c341F and 805R, and test solutions of POS and NEG without and with NaCl and
heat treatment. The absorbance spectrum of the AuNPs showed a peak at 522 nm with a 1.05

peak intensity (Figure 2A). The absorbance spectrum of the Au-nanoprobes was almost identical
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to that of the AuNPs, indicating that conjugation of the probe DNA to the AuNPs did not
significantly affect the absorbance spectrum. The slight decrease in the absorbance peak intensity
of the Au-nanoprobes was due to dilution of the Au-nanoprobes with the buffer solution used for
Au-nanoprobe preparation. The absorbance peak intensities of the POS and NEG without NaCl
(POS-W and NEG-W, respectively) (Figure 2A) decreased to approximately 0.38 due to dilution
of the Au-nanoprobes with the samples (an unamplified RNA pool for POS-W or nuclease-free
water for NEG-W) and the buffer solution added instead of NaCl solution, but no absorbance
peak shift from those of the Au-nanoprobes was observed. Since the differences in the
absorbance peak intensities and their wavelengths between POS-W and NEG-W correspond to

the assay sensitivity, the sensitivity of the assay without NaCl seemed to be quite low.

The absorbance peak intensities of the POS and NEG in the presence of NaCl (Figure 2B)
also decreased. In this case, there was a difference between the absorbance peak intensities of the
POS (0.40) and NEG (0.30), and their peak wavelengths were shifted to 544 nm and 582 nm,
respectively, from those of the Au-nanoprobes (522 nm). The longer wavelength shift of the
absorbance peak of AuNPs is attributed to the aggregation of AuNPs, and the SPR shifts to lower
energies by the neutralization of the negative charge of AuNPs with positive Na ions . The
shorter absorbance peak shift for the POS-NaCl compared to the NEG-NaCl from the Au-
nanoprobes might be due to the inhibition of aggregation by negatively charged RNA that
hybridized to the Au-nanoprobes. These results indicated that NaCl addition was necessary for
the assay and that the absorbance peak intensities of the POS and NEG can be used to determine

the target RNA concentrations.
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Figure 2. The absorbance spectra of test solutions (A) without and (B) with NaCl with heat
treatment. The absorbance spectra of AuNPs solution (AuNP), the solution of Au-nanoprobes
conjugated with ¢c341F and 805R (Probe), the POS and NEG without NaCl (POS-W and NEG-
W, respectively) were shown in Figure 2A. The absorbance spectra of AuNPs alone (AuNP), the
Au-nanoprobe solution (Probe), the POS and NEG with NaCl (POS-NaCl and NEG-NacCl,

respectively) were shown in Figure 2B.

3.3. Effect of the length of a spacer molecule between an AuNP and a probe DNA on assay
performance

Figure S1 presented in Supplementary Material shows the absorbance spectra of the POS
and NEG measured using the Au-nanoprobes conjugated with ¢341F and 805R with different
lengths of poly(thymine) (Tn) spacers. The absorbance peak intensities of the POS were
approximately 0.4 at 540 nm using the Au-nanoprobes containing To to T7s of the Tn spacers.

This result indicated that spacer length did not affect hybridization of the target RNA with the
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Au-nanoprobes. The absorbance peak intensities of the NEG samples gradually increased, and
their absorbance bands were shifted to shorter wavelength as the Tn spacer length increased from
To to T7s. This was because the longer spacer inhibited aggregation of the free Au-nanoprobes

more significantly.

Figure S2 presented in Supplementary Material shows the effect of Ta spacer length on
Rs at 630 nm to 530 nm of the POS and NEG samples which were calculated from the results
shown in Figure S1. The Rs of the POS and NEG samples decreased from 0.59 to 0.42 and from
1.01 to 0.51, respectively, implying that the longer Tn spacers inhibited aggregation of the Au-
nanoprobes regardless of the presence (POS) or absence (NEG) of the target RNA. This is
because the longer Tn spacers cover a wider area of the Au-nanoprobe surface due to a higher
deflection angle of the DNA probes 2, which makes the surface charge of the Au-nanoprobes
more negative. There was no considerable decrease in the Rs for the POS samples compared
with the NEG samples. It indicated that the Tn spacer length did not affect the Au-nanoprobe-
target hybridization efficiency and the target RNA used in this study was long enough to inhibit
Au-nanoprobes aggregation. Aggregation of the Au-nanoprobes was inhibited more by
hybridization of the target RNA (POS) than in NEG samples, especially when using the Au-
nanoprobes with the shorter Tn spacers. Therefore, the difference between the Rs values of the
POS and NEG samples decreased with the increase in the length of Tn spacers. These results

indicate that the Tn spacer length was one of the important parameters for the assay.

Figure S3 presented in the Supplementary Material shows the absorbance spectra of the

NEG and POS samples as a function of the target RN A concentrations measured using the Au-
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nanoprobes conjugated with c341F and 805R, which contain To, T2s, and Tso spacers. There were
considerable differences between the absorbance peak intensities of the POS and NEG samples.
As the target RNA concentrations decreased, the absorbance peak intensities decreased, and the

absorbance bands were shifted to longer wavelengths.

Based on these results, the relationship between the target RNA concentrations
determined by RT-qPCR and the Rs at 630 nm to 530 nm was evaluated (Figure S4,
Supplementary Material). The Rs at 5.4x107 copies/mL of the target RNA was similar
(approximately 0.45) regardless of the Tn spacer length of the Au-nanoprobes. The Rs values for
the Au-nanoprobes with To, T2s, and Tso spacers increased with a decrease in the target RNA
concentration. The increase in Rs was greater when using Au-nanoprobes with shorter Tn spacers
because the longer spacers on the Au-nanoprobes more significantly inhibited aggregation of the
Au-nanoprobes freely dissolved in the sample than that of the Au-nanoprobes with the shorter
spacers. Although the slope of the curve was steeper (i.e., assay sensitivity was higher) for the
Au-nanoprobes with shorter Tn spacers than that of the Au-nanoprobes with the longer spacers,
the Rs values for the Au-nanoprobes with a Tso spacer were more stable, especially at lower
concentrations of the target RNA than those with shorter Tn spacers. Thus, we used the Au-

nanoprobes with a Tso spacer.

3.4. Effect of the probe DNA/AuNP ratio on assay performance
Figure S5 in the Supplementary Material shows the Rs at 630 nm to 530 nm for the POS
and NEG samples, determined using the Au-nanoprobes conjugated with c341F and 805R, as a

function of the probe DNA/AuNP ratio by mole. This ratio affects the probe DNA density on the
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surface of the Au-nanoprobe. Even when using the bare Au-nanoprobe without the probe DNA
(i.e., 0 of the probe DNA/AuUNP ratio), the Rs of the POS sample was lower than that of the NEG
sample because the target RNA could adsorb onto the AuNP surface and inhibit AuNP
aggregation. Using the Au-nanoprobes at a 0.51 probe DNA/AuNP ratio, the Rs of both POS and
NEG samples were similar to those of the bare Au-nanoprobe, indicating the probe DNA density
on the Au-nanoprobe at this ratio neither had the capacity to inhibit Au-nanoprobe aggregation
nor to hybridize with the target RNA. As the probe DNA density increased from 0.51 to 1.47
probe DNA/AuNP ratios, the Rs for the NEG samples decreased from 1.01 to 0.49 due to
inhibition of salt-induced aggregation. In contrast, the Rs of the POS samples slightly decreased
from 0.51 to 1.47 probe DNA/AuNP ratios, probably because the higher probe DNA density
enabled more target RNA to be hybridized resulting in more inhibited aggregation of the Au-
nanoprobes due to the more negative charge and physical blocking efficiency of the target RNA.
The difference between the Rs of the POS and NEG samples were 0.31, 0.36, 0.37, 0.20, and
0.05 at 0, 0.51,0.73, 1.10, and 1.47 probe DNA/AuNP ratios, respectively. The difference
between the Rs of the POS and NEG samples was lower for the Au-nanoprobes with a higher
probe DNA density because of the greater aggregation inhibition capacity of the Au-nanoprobes
in the NEG samples. Since the difference between the Rs of the POS and NEG samples is the

assay sensitivity, 0.73 probe DNA/AuNP ratio was the best for Au-nanoprobe preparation.

3.5. Effect of NaCl concentration on assay performance
Figure S6 presented in the Supplementary Material shows the absorbance spectra of the
POS and NEG samples, determined using the Au-nanoprobes conjugated with c341F and 805R,

as a function of NaCl concentrations. For the POS samples, the absorbance peaks shifted from
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522 nm to 544 nm with the increase in NaCl concentrations, indicating aggregation of the Au-
nanoprobe-RNA target complex. The absorbance peak shift was more significant (520 nm to 582
nm) for the NEG samples with the increase in NaCl concentrations, indicating more significant
aggregation of the Au-nanoprobes. The absorbance peak intensities of the POS samples slightly
increased from 0.37 to 0.40. In contrast, the peak intensities of the NEG samples decreased from
0.40 to 0.27 with increase in NaCl concentrations, and the absorbance bands were shifted to

longer wavelengths and became broader.

Figure S7 in the Supplementary Material shows the effect of NaCl concentration on the
Rs at 630 nm to 530 nm of the POS and NEG samples calculated from the results shown in
Figure S6. The Rs of the POS and NEG samples both increased with increasing NaCl
concentration, but the increase in Rs values was more significant in the NEG samples than in the
POS samples. Therefore, the difference between the Rs values of the POS and NEG samples
gradually increased with increasing NaCl concentration. Since the difference between the
absorbance bands of the POS and NEG samples is assay sensitivity, a 5 M NaCl concentration in

the stock solution was the best for the assay.

3.6. Quantification of 16S rRNA of AOB in AS samples by a novel colorimetric assay
Following the optimization of the operational parameters, a calibration curve for the 16S
rRNA of bacteria extracted from AS samples was created using the Au-nanoprobes conjugated
with ¢341F and 805R. The absorbance spectra of the Au-nanoprobes with serial dilutions of the
target RNA in nuclease-free water were analyzed, and the Rs at 630 nm to 530 nm were plotted

against the target RNA concentrations determined by RT-qPCR (Figure 3). When the target
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concentrations were below 5.8x10® copies/mL, Rs were consistently high at approximately 3.2.
As the target concentrations increased, Rs decreased from 3.2 to 0.2 at >7.4x10® copies/mL of
the target RNA concentrations. The slope of the calibration curve was —1.31 (Rs per unit
logarithmic concentration). Rs of the samples without heat treatment ranged from 0.25 to 0.55
with a slope of —0.11 '3, indicating that heat treatment significantly improved assay sensitivity

(i.e., the slope of the calibration curve).
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Figure 3. A calibration curve for 16S rRNA of bacteria determined by using the Au-nanoprobes

conjugated with ¢c341F and 805R created under the optimized assay conditions.

We determined the abundance of 16S rRNA of bacteria using Au-nanoprobes conjugated
with ¢341F and 805R using the calibration curve shown in Figure 3 and compared the results
with those determined by the RT-qPCR method. We extracted RNA from two AS samples and
anaerobic digestion sludge samples. The 16S rRNA concentrations of bacteria ranged between
5.4x107 copies/mL and 4.4x10'° copies/mL in the unamplified RNA pools (Figure 4). There was

good correlation (a determination coefficient of 0.92) between the RNA concentrations
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determined by our method and the RNA concentrations determined by RT-qPCR at >108
copies/mL. However, the RNA concentration determined by our method overestimated the RNA
concentrations determined by RT-qPCR at <107 copies/mL. These results demonstrated that our

method was applicable to anaerobic sludge samples as well as aerobic AS samples.
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Figure 4. Relationship between the abundance of 16S rRNA of bacteria extracted from AS
samples (® and m) and anaerobic digestion sludge samples (A) determined by our method and

RT-qPCR method. The line is Y = X.

Finally, abundance of the 16S rRNA of AOB was determined by our method. A
calibration curve for the 16S rRNA of AOB was created using the Au-nanoprobes conjugated
with cCTO 189f and RT 1r. The absorbance spectra of the Au-nanoprobes with serial dilutions of
the target RNA in nuclease-free water were analyzed, and the Rs at 630 nm to 530 nm were
plotted against the target RNA concentrations determined by RT-qPCR (Figure 5). When the
target concentrations were below 3.6x10° copies/mL, Rs were consistently high at approximately
1.2. As the target concentrations increased, Rs decreased from 1.14 to 0.48 at >9.3x10¢

copies/mL of the target RNA concentrations. The slope of the calibration curve was —0.66 (Rs
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per unit logarithmic concentration) which was higher than that for bacteria (Figure 3). Assuming
that the bacterial 16S rRNA sequence is about 1,550 bp long and the average molecular weight
of a single strand RNA base is 340 Da, 107 copies/mL corresponded to 0.009 ng/mL. As
mentioned in Introduction, 10-50 ng/mL of the target were detected in the previous reports '°.
The detection limit of our method was 4 orders of magnitude lower. This is attributed to the
difference of the average molecular weight, e.g., 10° Da for bacterial genome and 10° Da for

bacterial 16S rRNA.
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Figure 5. A calibration curve for 16S rRNA of AOB determined by using the Au-nanoprobes

conjugated with cCTO 189f and RTIr created under the optimized assay conditions.

We determined the abundance of 16S rRNA of AOB using the calibration curve shown in
Figure 5 and compared the results with those determined by the RT-qPCR method. We extracted
RNA from the AS samples, which were incubated with an inorganic medium containing
ammonium chloride in our laboratory to enrich the AOB concentrations. The 16S rRNA
concentrations of AOB ranged between 9.3x10° copies/mL and 6.8x108 copies/mL in the

unamplified RNA pools (Figure 6). There was some correlation between the RNA concentrations
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determined by our method and the RNA concentrations determined by RT-qPCR in the range of
1.9x10° to 5.2x107 copies/mL. However, in the lower range, the RNA concentrations determined
by our method overestimated the RNA concentrations determined by RT-qPCR, whereas they

underestimated the RNA concentrations determined by RT-qPCR in the upper range.
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Figure 6. Relationship between the abundance of 16S rRNA of AOB determined by our method
and RT-qPCR method. Open and filled symbols indicate the samples of unamplified RNA pool

without and with dilution, respectively. The line is Y = X.

4. Conclusions

In this study, we developed a novel, simple assay for the quantification of unamplified
16S rRNA of ammonia-oxidizing bacteria in activated sludge samples. Probe DNA is an
oligonucleotide that hybridizes with a complementary sequence specifically present in the target.
When conjugated with AuNPs, it is known as an Au nanoprobe. When the Au-nanoprobes are
mixed with the target and NaCl solution and then heated, the Au-nanoprobes are hybridized with
the target and protected against salt-induced aggregation, resulting in no color change of the test

solution. In the absence of the target, because the Au-nanoprobes are aggregated, the test solution
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exhibits a red-to-blue color change. Analysis of these absorption spectra allows for quantification
of target RNA concentrations. The optimization of the assay protocol conducted in this study in
terms of temperature, NaCl concentration, spacer molecule, and probe DNA density resulted in a
reduction in reaction time from 30 min to <3 min and of the detection limit from 10® copies/mL
to 10° copies/mL of an extraction sample, as compared with our previous study. Therefore, the
assay was completed within 10 min after nucleic acid extraction. Since ammonia-oxidizing
bacteria are the key players in the removal of toxic ammonia in wastewater, the assay enabling
the determination of their concentration contributes to the stability and improvement of ammonia

removal process in a wastewater treatment system.

Supporting Information

Scheme S1: Schematic representation of the sensing mechanism of the method for colorimetric
unamplified 16S rRNA analysis. Figure S1: The absorbance spectra of test solutions without and
with NaCl with heat treatment. Figure S2: The absorbance spectra of the POS and NEG samples
measured using the Au-nanoprobes conjugated with c341F and 805R with To, Tzs, Tso, and T7s
spacers. Figure S3: The Rs of the POS and NEG samples at different length of Tn spacers. Figure
S4: Typical absorbance spectra of the NEG sample and the POS samples as a function of the
target RNA concentrations measured using the Au-nanoprobes containing To, T2s, and Tso
spacers. Figure S5: Change in the Rs of the Au-nanoprobes with To, T2s, and Tso spacers. Figure
S6: Change in the Rs of the POS and NEG samples determined by using the Au-nanoprobes
conjugated with ¢341F and 805R as a function of the probe DNA/AuNP ratio. Figure S7: Typical
absorbance spectra of the POS and NEG samples determined by using the Au-nanoprobes

conjugated with c341F and 805R as a function of the NaCl concentrations in stock solutions.
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Figure S8: Change in the Rs of the POS and NEG samples as a function of NaCl concentrations
in stock solution. These materials are available free of charge via the internet at
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Figure S1. The absorbance spectra of test solutions (A) without and (B) with NaCl with heat
treatment. The absorbance spectra of AuNPs solution (AuNP), the solution of Au-nanoprobes
conjugated with ¢c341F and 805R (Probe), the POS and NEG without NaCl (POS-W and NEG-W,
respectively) were shown in Figure S1A. The absorbance spectra of AuNPs alone (AuNP), the
Au-nanoprobe solution (Probe), the POS and NEG with NaCl (POS-NaCl and NEG-NaCl,
respectively) were shown in Figure S1B.
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measured using the Au-nanoprobes conjugated with c341F and 805R with (A) To, (B) Ta2s, (C)
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Figure S4. Typical absorbance spectra of the NEG sample (a dashed line) and the POS samples
(solid lines) as a function of the target RNA concentrations (5.4x107 to 5.4x10* copies/mL)
measured using the Au-nanoprobes containing (A) To, (B) T2s and (C) Tso spacers. The target
RNA concentrations decreased from 5.4x107 to 5.4x10* copies/mL as indicated by an arrow.
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645  Figure S5. Change in the Rs of the Au-nanoprobes with To (®), T2s (A), and Tso (O) spacers,

646  which were calculated from the results shown in Figure S4. The target RNA concentrations

647  shown on the horizontal axis were determined by RT-qPCR..
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650  Figure S6. Change in the Rs of the POS (o) and NEG (m) samples determined by using the Au-
651  nanoprobes conjugated with c341F and 805R as a function of the probe DNA/AuNP ratio.
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Figure S7. Typical absorbance spectra of the POS (a solid line) and NEG (a dashed line)
samples determined by using the Au-nanoprobes conjugated with c341F and 805R as a function
of the NaCl concentrations in stock solutions. NaCl concentrations were (A) 0 M, (B) 0.5 M, (C)
2.0 M, (D) 3.5 M, and (E) 5.0 M. The absorbance spectra were measured using the Au-
nanoprobes at 0.73 of the probe DNA/AuNP ratio with Tso spacers.
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661  Figure S8. Change in the Rs of the POS (o) and NEG (m) samples as a function of NaCl
662  concentrations in stock solution.
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