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Executive Summary

Heavy metals (HMs) pose serious risks to both aquatic ecosystems and human health.
Conventional methods for detecting HMs typically require time-consuming and complex
laboratory procedures. To address this challenge, AquaBioSens introduces an innovative
approach by developing whole-cell biosensors (WCBs) using diatoms to detect HMs in marine
environments. The goal of this task is to genetically modify the model diatom species
Phaeodactylum tricornutum and Thalassiosira pseudonana to produce a fluorescent signal when
exposed to cadmium (Cd) and nickel (Ni) at concentrations exceeding the regulatory thresholds
set by the EU Water Framework Directive (EU-WFD). These WCB lines are engineered using
recombinant DNA technology exploiting extrachromosomal episomes, where the expression of
a fluorescent reporter gene is driven by endogenous promoters and terminators that are
selectively activated in the presence of Cd and Ni. The main objective of the D5.2 carried out at
SDU is to construct genetic reporter systems, by assembling HM-responsive promoters and
terminators with genes encoding fluorescent reported proteins. These regulatory elements have
been identified in the context of transcriptomic experiments carried out by FORTH in D5.1 or from
literature reporting on Cd/Ni exposure on the diatom P. tricornutum. Three P. tricornutum Cd WCBs
with green fluorescence protein (GFP) were designed using the elements from bibliographic mining.
Fluorescence change of the WCBs was measured at 900 ng/ L Cd at 24h, 48h, and 72h after Cd
exposure. No fluorescence change was detected. However, the three different WCBs show different
GFP intensities. Therefore, they were provided to partner BIOPIX in WP1 (D1.4) to test the GFP
sensitivity of the device for multi-channel fluorescence detection. According to the RNA-seq data
from D5.1, the elements of five upregulated genes in P. tricornutum upon Ni treatment were cloned
into the episomes with the gene encoding mRuby3 fluorescent protein, respectively. Three of the
five constructs were transformed into P. tricornutum wild type and uracil auxotrophic strains.
Fluorescence change of the three Ni WCBs was observed upon 1000x Ni exposure for 24h. Additional
two episomes for Ni WCBs will be transformed within the next three months. Elements of Cd
responsive genes from the RNA-seq data from Task 5.1 will be cloned into episomes in the next two
months. This is the public deliverable for Task 5.2, more details will be provided in the periodic review
report.

© 2024 AquaBioSens Horizon Europe | HORIZON-CL6-2023-ZEROPOLLUTION-01-6| 101135432



D5.2 Generation of diatom HM WCBs

Contents

Yol U N ANV =TT T o 4

R 10N i oo [¥ ot o] o WU TSP P PP PPURPTTPPP 8
11 OVBIVIBW....ciiiiiiiiiiiiieieeeee ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt ettt et e et et et e eeeee et eeteeeeeeaeaeeeeeeeeeeeeees 8
1.2 Relation to other tasks and deliverables............coo i 9

2 Description of D5.2 Generation of diatom HM WCBS...........cuuuiiiiiiirieiiiiiicee e ee e 10
2.1 oY oo LY =To IV o] o P URRPRNt 10
2.2 RESUIES ..ttt e e e e s e e e e e e s e b e e et e e e e e e e nrrreeeeaeeeeaaann 10

N €] o Tol [V 1Y T o - OO PUPT P PPPPPPR 16

RETEIENCES. ...ttt ettt e e e e ettt e e e e e e e e e bbb e et e e e e e s e e brreteeeeee e e e nrrreeeeeeeeeaaan 16

© 2024 AquaBioSens Horizon Europe | HORIZON-CL6-2023-ZEROPOLLUTION-01-6| 101135432




D5.2 Generation of diatom HM WCBs _

Figures

Figure 1. Schematic of AquaBioSens approach exploit transgenic diatom as multiplexed WCBs for the
detection of Cd and Niin Water SAMPIES.. ..... i e e e e e e e 8

Figure 2. Bar plot of hypothetical transcriptional expression level of the three genes chosen from
Lo = L =N 2 - RPN 11

Figure 3. Schematics showing the episomes constructed for Cd (with eGFP) and Ni (with mRuby)
DO NS OIS, it 12

Figure 4. Measurement of eGFP fluorescence of the Cd biosensors at 24h, 48h, and 72h after Cd
EXPOSUIE, DY FlOW CYEOMIEBLIY ..o e e e e e e e e ettt e e e e e e e e atraaaeeeas 13

Figure 5. eGFP fluorescence of the cell lines sent to partner BIOPIX-T in WP1. eGFP of the cell lines was
measured without Cd treatment. ..., 14

Figure 6. Measurement of mRuby fluorescence of the Ni biosensors at 24h after Ni exposure by flow

(oY (0] 1= ¥ o SO PPPRRPPRPPIN 15
Tables

Table 1. D5.2 Input from other tasks and deliverables..........coooooriiiiiiiii e, 9
Table 2. D5.2 Output for other tasks and deliverables.........ccooooviiiiiiiiiii e, 9
Table 3. Genes selected from the RNA-S€q iN D5.2......ccooiiiiiiiiie it e e eaeeees 14

© 2024 AquaBioSens Horizon Europe | HORIZON-CL6-2023-ZEROPOLLUTION-01-6| 101135432




D5.2 Generation of diatom HM WCBs

Acronyms & Abbreviations

Term ‘ Description

HM Heavy Metal

WCB Whole Cell Biosensor

GFP Green Fluorescent Protein

Pro Promoter

Ter Terminator

EU- European Union-Water Framework Directive
WEFD

ESAW Enriched Artificial Seawater Medium
SDU University of Southern Denmark

Ni Nickel

cd Cadmium

© 2024 AquaBioSens Horizon Europe | HORIZON-CL6-2023-ZEROPOLLUTION-01-6| 101135432



D5.2 Generation of diatom HM WCBs _

1 Introduction

1.1 Overview

Heavy metals (HMs) pose serious risks to both aquatic ecosystems and human health.
Conventional methods for detecting HMs typically require time-consuming and complex
laboratory procedures. HMs are well-suited for detection using whole-cell biosensors (WCBs),
as a number of responsive genes have already been identified. Cells with a wide range of HM
tolerance could respond in real time with high sensitivity and in a dose-dependence pattern. In WP5,
AquaBioSens proposed the novel use of diatoms as WCBs for the sensitive and multiplexed
guantification of HMs, based on the most recent genetic advances of diatom species, as well as their
robustness to a wide range of HM concentrations. The goal of this task is to re-engineer the natural
HM genetic sensing mechanisms of the model diatom species P. tricornutum and T. pseudonana
to produce a fluorescent signal when exposed to cadmium (Cd) and nickel (Ni) at concentrations
exceeding the regulatory thresholds set by the EU-WFD (ie 1.5 pug/L and 8 pg/L respectively). Real-
time fluorescence detection will be carried out by an ad hoc hand-held fluorescence detector to be
developed by partner BIOPIX-T in WP1 (Figure 1).

The scope of Task 5.2 is to couple genetic regulatory sequences (prom/term pairs) associated
with Cd/Ni responsive genes, with two reporter genes (GFP and mRuby3), respectively, onto
extrachromosomal episomes and introduce the episomes into the diatom P. tricornutum and T.
pseudonana. Gene elements from bibliographic mining and the RNA-seq data from Task 5.1 will be
cloned to construct WCBs. Fluorescence change of the WCBs will be further tested upon treatment
of 1x, 100x, and 1000x Cd concentration, as well as 1x, 10x, 100x, and 1000x Ni concentration. Five
to ten best-performance WCBs will be provided to BIOPIX-T in WP1 to test the sensitivity and
specificity of the device for multi-channel fluorescence detection.

Cd-responsive promoter/terminator pair ~ Ni-responsive promoter/terminator pair -

Figure 1. Schematic of AquaBioSens approach exploit transgenic diatom as multiplexed WCBs for the detection
of Cd and Ni in water samples. Transgenic diatoms carry a recombinant DNA construct consisting of a reporter
gene encoding a fluorescent protein ie GFP (Green Fluorescent Protein) and mRUBY placed under the control of
genetic elements of genes characterised as up-regulated in response to increased concentration of Cd and Ni.
The expression of the reporter genes is null or minimal when Cd and Ni concentrations are below the WFD limits.
Its expression is induced within one hour following the addition of a water samples presenting Cd and Ni
concentrations above the WFD limits. GFP fluorescence is detected in real time using a fluorescence detector.
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1.2 Relation to other tasks and deliverables
This deliverable is related to the following other AquaBioSens tasks and deliverables:

Receives inputs from:

Table 1. D5.2 Input from other tasks and deliverables

Deliverable Input for D5.2
D5.1 30/06/25 Sequences of putative
(M18) responsive elements of

the diatoms to be used
for the generation of
diatom HM WCBs

Provides outputs to:

Table 2. D5.2 Output for other tasks and deliverables

Deliverable Output from D5.2

D5.4 M 13-30 WCBs to test the
sensitivity and specificity
of the device for multi-
channel fluorescence
detection

D1.3 (M18) Design and fabrication of
device for real-time RNA
amplification and
multichannel
fluorescence
measurement unit.

Description of operation
using app and initial
validation data from lab
testing.

D6.4 (M35) Operational protocol
and validation of field-
testing for heavy metal
concentrations  using
multiplexed diatom
WCBs,

with results of testing
at the demonstration
sites. (Task 6.4)
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2 Description of D5.2 Generation of diatom HM WCBs

2.1Proposed work

Task 5.1 focuses on the development of standardized libraries of HM-responsive promoters and
terminators and fluorescent protein-encoding reporter genes, which will be assembled to generate
diatom WCBs in task 5.2. These DNA sequences, along with others obtained from published
transcriptomics datasets, are re-designed to be compatible with libraries of organised and
standardised DNA assembly systems [1], enabling rapid and flexible combinations of the sequences
with two fluorescent reporters, respectively, as well as standardized and consistent parameterization.
These constructs will be built on extrachromosomal episomes [2], which offer a stable, consistent and
reproducible platform for controlled transgene expression [3] and play a central role in our
biocontainment strategy (Task 5.3). This approach will allow the rapid iteration of design-build-test-
learn cycles necessary for the optimization of HM-responsive genetic reporter systems, which will
include performance assessment at the single cell level through flow cytometry and iterative
optimization of transgenic constructs (i.e., prototyping). We will rank transgenic cell lines against: (i)
specificity and detection capacity; (ii) dynamic range of the signal in relation to HMs concentration; (iii)
timing and sustain of signal output. We will select the 5-10 best performing prototype WCBs for further
performance assessment (Task 5.4). For this phase and for accurate prototyping, WCB harbouring only
one WCB construct will be generated, hence able to respond to one HM, either Cd or Ni. This task
originally planned the generation of WCB of both P. tricornutum and Thalassiosira pseudonana.
However, due issues which hampered the generation of transcriptomes of T. pseudonana (see Task
5.1), technical difficulties in cultivating and genetically engineer this species, this task will be primarily
focused on providing an in-depth characterization of P. tricornutum WCB's.

2.2 Results

2.2.1 Selection and cloning of Cd responsive putative genetic elements from literature

Based on bibliographic minging in collaboration with FORTH (D5.1), we chose three different
genes which show transcriptional upregulation upon Cd treatment at 1000- 1230 ug/ L at either 24 h
or 72 h [4-6] for subsequent element cloning (Figure 2). The three genes showed various
transcriptional abundances, which could activate the expression of the reporter gene (eGFP) to
different levels, thus, providing different strengths of green fluorescence and ensuring the
detectability by the device for multi-channel fluorescence detection from WP1. The endogenous
promoters (450-800 bp upstream) and terminators (653-800 bp downstream) of the genes and an
eGPF encoding gene were successfully cloned, sequence-verified and assembled into episomes by
using uLooP system [1] (Figure 3) and transformed into the model diatom P. tricornutum wild type by
bacteria conjugation [2]. Twenty cell lines of each construct were picked for Cd exposure.

2.2.2 Exposure of Cd biosensors to 1000x Cd did not induce fluorescence change

When the diatom biosensors reached early log phase, all diatoms were treated with Cd solution
with a final Cd concentration 1000x above EU-WFD limit (EU-WFD limit: 1.5 pg/L), which is similar to
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the concentrations used in the studies mentioned above [4-6]. Controls were inoculated with the same
amount of enriched artificial seawater medium (ESAW) as the Cd solution. Green fluorescence change
of the biosensors was measured using flow cytometry at 24, 48, and 72 h after Cd exposure. All the
biosensors showed stable green fluorescence regardless of Cd treatment (Figure 4). The possible
reasons for the result could be: 1) the genes from literature mining could be upregulated due to
secondary effect of Cd treatment, since the transcriptomic studies were conducted at either 24h or
72h after Cd exposure. 2) the gene upregulation detected from the literature could be short-term. 3)
our experimental conditions may not be optimal to induce the gene upregulation.

Cell lines from different constructs (Cd1-Cd3), however, showed different enhance Green
Fluorescent Protein (eGFP) signal intensities as expected from the different transcriptional abundances
of the three genes (Figure 2 and 4), where cell lines harbouring the Cd1 construct showed weak eGFP
fluorescence, Cd2 showed medium fluorescence and Cd3 showed strong fluorescence. Therefore, two
cell lines from each construct (Figure 5) were send to partner BIOPIX-T in WP1 to test the sensitivity
and specificity of the device for multi-channel fluorescence detection.

Hypothetical gene regulation upon Cd treatment

180
E 160 TPM-Cd 9FC
-
o 1o | MTPMHCd
©
[1+]
9 120
c 19FC
.2 100
E 80
3 0 Phatr3_J30246: mannitol dehydrogenase
a2 5 FC
g 40 Phatr3_J43314: Vacuolar iron transporter
:_‘! 20
0 Phatr3_J11674: Heavy metal tolerance protein

Phatr3_J30246  Phatr3_J43314 Phatr3_J11674

Cd3 Cd1 Cd2
FC: fold change

Figure 2. Bar plot of hypothetical transcriptional expression level of the three genes chosen from literature [4-
6]. Gene IDs (Ensembl database) and their annotation in the study are shown on the x axis. Grey bars indicate
transcript per million reads (TPM) values of the genes without Cd treatment (TPM-Cd) which were retrieved from
an unpublished RNA-seq of P. tricornutum without Cd treatment. Dark grey bars show TPM values after Cd
exposure (TPM+Cd) calculated from the gene fold changes (FCs) based on literatures. FCs are the average values
calculated from the FC values from the literatures. Gene annotations retrieved from PLAZA diatoms 1.0 database
is shown beside the bar plot.
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Figure 3. Schematics showing the episomes constructed for Cd (with eGFP) and Ni (with mRuby) biosensors.
Promoters (blue bars) and terminators (grey bars) of genes upregulated by Cd and Ni exposure will be cloned
with eGFP (green bars) or mRuby (red bars) reporter genes on episomes by using uLoop systems [1].
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Figure 4. Measurement of eGFP fluorescence of the candidate Cd WCB biosensors at 24h, 48h, and 72h after
Cd exposure, by flow cytometry. Five of 20 cell lines from constructs Cd1 (A), Cd2 (B), and Cd3 (C) are shown
on the figure. Every two lanes on each figure indicate fluorescence of one biosensor line, the upper one of
which indicates the cell line with Cd (1.5 mg/L, 1000x) treatment (e.g. line1+Cd) and the lower lane indicates
the cell line without Cd treatment (e.g. linel-Cd). The grey dashed line represents 1000 arbitrary fluorescence
unit, cell lines showing fluorescence above which are considered fluorescent. Since no biosensor line showed
fluorescence change upon Cd treatment, only five of each cell lines were shown on the figure.
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Figure 5. eGFP fluorescence of the cell lines sent to partner BIOPIX-T for testing the device as part of
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cell lines showing similar fluorescence strength from each construct were sent to BIOPIX-T.
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2.2.3 Selection and cloning of Ni responsive genetic elements based on RNA-Seq from D5.1

Based on the results from the RNA-seq in Task 5.1 at at 100x and 1000x nickel
concentrations, the promoter and terminator sequences of highly upregulated genes in both
conditions (log2 fold change > 1, pvalue < 0.05) were examined for the feasibility of uLoop cloning.
Afterwards, gene elements of five upregulated genes (Table 3) were cloned with mRuby reporter gene
to construct Ni biosensors (Figure 3). Ni3, Ni4 and Ni5 constructs are successfully cloned and
transformed into P. tricornutum wild type (cultured in ESAW medium) and an uracil auxotrophic strain
(cultured in L1 medium with 50 mg/ L uracil) [7]. The genetic regulatory elements of Nil and Ni2 are

yet to be cloned at the time of reporting.

2.2.4 Exposure of Ni biosensors to 1000x Ni results in fluorescence change of the WCBs

We selected 22 independent transgenic lines of Ni3, Ni4 and Ni5 WCBs. When the diatom
W(CBs reached early log phase, all diatoms were treated with Ni solution with a final Ni concentration
1000x above EU-WFD limit (EU-WFD limit: 8 pg/L), which is the same Ni concentration used in Task 5.1
for the RNA-Seq. Fluorescence change was measured 24h after the treatment in both P. tricornutum
W(CBs constructed on WT and uracil auxotrophic strains (Figure 6). WCBs constructed on WT diatoms
(Figure 6 A-C) showed higher fluorescent populations than that of uracil auxotrophic strains (Figure 6
D-F). Non-genetically modified WT diatoms, as a negative control, did not show any fluorescence
change upon Ni treatment.

Table 3. Genes selected from the RNA-seq in D5.2. Gene IDs and annotation are confidential at the time of
reporting. LFC: log2 fold change of the gene in the comparison between Ni-treated samples and control.

Gene name in this 100x LFC  1000x LFC

study
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Figure 6. Measurement of mRuby fluorescence of prototype WCB Ni biosensors at 24h after Ni exposure by
flow cytometry. Ni WCBs were transformed into WT P. tricornutum (A-C) and uracil auxotrophic strain (D-F).
Three of 22 cell lines from constructs Ni3 (A, D), Ni4 (B, E), and Ni5 (C, F) are shown on the figure. Every two lanes
on each figure indicate fluorescence of one biosensor line. The filled curves indicate cell lines with Ni (8 mg/L,
1000x) treatment and the hollow curves indicate cell lines without Ni treatment. Wild type P. tricornutum was
included in all the measurements. The grey dashed line represents 1000 arbitrary fluorescence unit, cell lines
showing fluorescence above which are considered fluorescent.

2.2.5 De-prioritization of T. pseudonana- based WCB

Cultivation of the diatom T. pseudonana was not successful in the first 4 months with recurrent
culture crashes both at SDU and FORTH affecting Tasks 5.1 and 5.2. By using different strains of the
diatom T. pseudonana obtained from different collections and laboratories, the diatoms were firstly
cultured in artificial sea water-based medium (ESAW medium) [8], in which diatoms showed slow
growth rate and irregular cell shape. This indicates ESAW medium might not be suitable for the
cultivation of T. pseudonana. The culture medium, therefore, was changed to natural sea water-based
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medium (F/2). Cells showed enhanced growth and regular shape compared to ESAW medium. Task
5.1, on which 5.2 is dependent, has been downsized for making more of the budget available for in
depth testing of P. tricornutum, which was performing well in our experimental conditions, and
delayed. At the time of reporting, it is still ongoing (see report task 5.1). In agreement with the project
coordinator and collaborators at FORTH (leading task 5.1) the optimization of genetic protocols for this
species has been deprioritized to allow the development of the most promising WCB prototypes in P.
tricornutum, which is more much more versatile and robust chassis for bioengineering applications. At
the time of reporting no HM responsive genes and genetic elements for T. pseudonana have been
identified, and the construction of T. pseudonana WCB prototypes is delayed by at least 4 months,
due to the factors mentioned above.

2.2.6 Pending work

1. Selection and cloning gene elements in P. tricornutum from RNA-seq data from Task 5.1 for
Cd-biosensor construction.

2. Cloning and transformation of Nil and Ni2 biosensors (Table 3).
Selection and cloning gene elements in T. pseudonana from RNA-seq data from Task 5.1 for
Cd-, Ni-biosensor construction.. In consultation with the project coordinator, it was agreed to
refocus the WP primarily on P. tricornutum which resulted being a more versatile and reliable
host for biosensor bioengineering.

3 Conclusions

In Task 5.2, endogenous gene promoters and terminators of P. tricornutum responsive to Cd/Ni
were cloned into episomal vectors with GFP or mRuby3 reporter genes. Three cadmium biosensors,
designed using literature-derived gene elements, were tested at 24h, 48h and 72h after Cd (1000x
concentration) exposure but showed no fluorescence response. Nevertheless, different baseline GFP
intensities were observed and forwarded for device calibration in WP1. For nickel detection, gene
elements from RNA-seq data were used to create five constructs, three of which have been
transformed to P. tricornutum wild type and uracil auxotrophic strains. In both diatom strains, all the
three Ni WCBs showed mRuby fluorescence change 24h after 1000x Ni treatment. Future work
includes completing remaining Ni and Cd constructs and expanding biosensor development to T.

pseudonana.
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