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Executive Summary 

Heavy metals (HMs) have detrimental effects on aquatic life and humans through 

bioaccumulation. Their measurement relies on complex and laborious laboratory-based 

methods. As an innovative alternative strategy, AquaBioSens proposes to develop diatom whole 

cell biosensors (WCBs) for the detection of HMs in marine water. Specifically, we aim to genetically 

engineer the model diatom species P. tricornutum and T. pseudonana to provide read-out to marine 

water samples with Cd and Ni concentrations above the EU-WFD regulatory limits. Diatom WCBs 

lines are genetically engineered by transformation with a recombinant DNA construct. In this DNA 

construct the expression of a reporter gene encoding a fluorescent protein is controlled by specific 

endogenous promoter and terminator (genetic elements) activating expression in response to Cd and 

Ni. The main objective of T5.1 carried out at FORTH is to identify the sequence of the genetic 

elements described above and to provide this information to partner SDU to design WCBs in T5.2. 

Bibliographic mining identified a first series of P. tricornutum genetic elements but of lower 

sensitivity and longer time response than targeted in our WCBs. A first set of P. tricornutum WCBs 

was designed using these elements. To identify novel genetic elements of superior sensitivity and 

faster time response RNAseq analysis was conducted in P. tricornutum cultures grown under a matrix 

of Cd/Ni concentrations and exposure times. Bioinformatic analysis pinpointed a set of responsive 

genes and further data analysis characterized their signature responses (sensitivity, strength of 

upregulation and specificity). The Nucleotide sequence of up-regulated gene cognate genetic 

elements was retrieved and provided to SDU to start generating a second set of P. tricornutum WCBs. 

Additional RNAseq experiments and bioinformatic analysis in the second model species T. 

pseudonana are underway. We anticipate these results and therefore the completion of T5.1 within 

the next 3 months. 

This is the Public Deliverable reporting on work under Task 5.1. Further details will be provided 

in the period review report.  
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1 Introduction 

1.1 Overview 

HMs have detrimental effects on aquatic life and humans through bioaccumulation. Their 

measurement relies on complex and laborious laboratory-based spectrometric methods. HMs 

are ideal target for measurement using WCBs, as there are established responsive genes for several 

heavy metals. Cells respond in real time with high sensitivity, dose-dependence and stable output 

over a large range. In WP5, AquaBioSens proposes the novel use of diatoms as WCBs for the sensitive 

and multiplexed quantification of HMs, based on the most advanced genetic tractability of diatom 

species, as well as their robustness to a wide range of HM concentrations. Specifically, we aim to 

genetically engineer the model diatom species P. tricornutum and T. pseudonana to provide 

fluorescence read-out to marine water with Cd and Ni concentrations above the EU-WFD regulatory 

limits (ie 1.5 μg/L and 8 μg/L respectively). Such diatom transgenic lines are engineered following 

transformation with a recombinant DNA construct in which a fluorescent protein encoding gene (eg 

GFP) is placed under the control of Cd and Ni responsive genetic elements. Real-time fluorescence 

detection is carried out by a purpose-built hand-held fluorescence detector to be developed by 

partner BIOPIX-T in WP1 (Figure 1). 

 

 

Figure 1. Schematic of AquaBioSens approach exploiting transgenic diatom as 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, green arrow) placed under the 
control of genetic elements (promoter “Pro” and terminator “Ter” in blue) of genes characterised as up-

regulated in response to increased concentration of Cd/Ni. Ideally, the expression of the reporter gene is null 
or minimal when Cd and Ni concentrations are below the WFD limits. Its expression is induced (black arrow) 

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. Chlorophyll 

autofluorescence (in red) is detected in parallel in both scenarios of Cd and Ni concentrations and used as an 
internal control of diatom physiological integrity. 
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The scope of T5.1 is to identify P. tricornutum and T. pseudonana Cd and Ni responsive genetic 

elements. Bibliographic mining was conducted to retrieve previously identified Cd/Ni up-regulated 

genes. In parallel, novel Cd/Ni up-regulated genes are identified by RNAseq analysis of P. tricornutum 

and T. pseudonana laboratory cultures exposed to a matrix of Cd and Ni concentrations for different 

exposure times. The nucleotide sequences of the cognate putative genetic elements are fetched by 

bioinformatic analysis of P. tricornutum and T. genomes. Sequence information is provided to partner 

SDU to carry out assembly of the recombinant DNA constructs and generation of P. tricornutum and 

T. pseudonana WCBs in T5.2. 

 

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. D5.1 Input from other tasks and deliverables 

Deliverable Due 
Date 

Input for D5.1  

NA NA NA 

 

Provides outputs to: 

Table 2. D5.1 Output for other tasks and deliverables 

Deliverable Due Date Output from D5.1 

D5.2 30/06/25 
(M18) 

Sequences of putative 
responsive elements to 
be used for the 
generation of diatom 
HM WCBs in D5.2 
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2 Description of D5.1 Diatom Cd/Ni responsive elements 

2.1 Proposed work 

D5.1 is pertained to the completion of Task5.1 which is summarized as follow. We aim to identify 

diatom Cd and Ni responsive elements to be used to construct WCBs. We will use two diatom species 

of similar genetic tractability but contrasting ecophysiology. We will start by identifying Cd/Ni 

responsive elements based on literature. In parallel, we will identify novel responsive elements by 

conducting RNAseq analysis in diatom cultures exposed to a matrix of Cd/Ni concentrations for 

different exposure times. This will allow us to identify genetic elements responding to the range of 

Cd/Ni concentrations relevant for the WFD. 

2.2 Results 

2.2.1 Retrieval of Cd/Ni responsive putative genetic elements based on literature search 

To ensure that the assembly of the recombinant constructs and generation of transgenic 

diatoms WCBs begin early (ie before the results of our transcriptional profiling in response to Cd/Ni 

exposures) we first searched for diatom Cd/Ni up-regulated genes identified in previously published 

work. We identified 8 and 11 genes found up-regulated in response to Cd and Ni exposure in P. 

tricornutum respectively [1-4]. T. pseudonana gene homologues were identified through the 

exploration of genome portals dedicated to diatom comparative genomic analysis [5, 6]. Gene 

information was provided to SDU and promoter/terminator sequence information were exploited to 

start assembling the genetic reporter constructs and generate the first transgenic WCBs in P. 

tricornutum. Importantly, the 8 Cd and 11 Ni responsive genes identified in the literature were 

reported to respond to HM concentrations far above the EU-WFD limits ie 120 μg/L (EU-WFD limit: 1.5 

μg/L) and 1.5 mg/L (EU-WFD limit: 8 μg/L) respectively. In addition, these responsive genes were 

identified following Cd and Ni exposure of 24h and 3 days respectively, far longer than the targeted 

response time of our WCB (< 1h). Together these observations underlined the need to carry out novel 

transcriptional profiling experiment employing lower Cd/Ni concentrations and shorter exposure time 

to identify fast and sensitive responsive genes in line with our objectives. It also prompted us to amend 

the number of HM concentration and exposure time conditions initially proposed in our culturing 

experiments to ensure that we will elicit and capture transcriptional changes (see below). 

2.2.2 Culturing and sampling of diatoms exposed to increased Cd/Ni concentrations 

We first intended to culture P. tricornutum and T. pseudonana in artificial sea water-based 

media (ESAW media) to ensure defined concentrations and speciation of Cd and Ni in the media [7]. 

This approach was successful for P. tricornutum but not for T. pseudonana which exhibited limited 

growth and presented cell deformation indicating a severe stress condition. Several attempts using 

slight modifications of the ESAW media composition and different clones of T. pseudonana provided 

by SDU and other collaborators resulted to the same outcome suggesting that this diatom species 

could not be cultured in ESAW media under our experimental setting.  We hence decided to culture T. 

pseudonana in natural sea water-based media (F/2) resulting in reliable and optimal growth. Yet a 

significant amount of time was lost (4 months) before we could start our culture experiment in T. 

pseudonana. 
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In light of our bibliographic search, we decided to expose diatom to one additional (a) higher HM 

concentration (1,000x of EU-WFD limit in addition to 1x, 10x and 100x initially proposed) and (b) longer 

exposure period (24h in addition to 1h only as initially proposed) to ensure the capture of a 

transcriptional response. Overall, tetraplicate cultures of P. tricornutum and T. pseudonana were 

exposed for 1h and 24h to Cd and Ni concentrations corresponding to 1x/10x/100x/1,000x of EU-WFD 

limits. Cells were collected and stored at -80C for subsequent RNA extraction amounting to a total of 

192 samples.  

2.2.3 Identification of Cd/Ni responsive genes and genetic elements 

Given the large number of cell samples to be sequenced we first sought to assess the adequacy 

of our culturing experiment, RNA extraction protocol and transcriptional profiling method by focusing 

our analysis first in P. tricornutum. Following standard RNA extraction protocol and RNA quality control 

samples were sequenced in our local NGS facility. We choose the 3’-end mRNAseq method which is 

more comprehensive and sensitive for mRNA quantification than the standard full RNAseq method 

while remaining cost-effective [8]. Due to an error at the step of RNA extraction the RNA samples of 

the condition Cd 10x were lost and therefore not sequenced. 

We found a total of 69 and 2,622 up regulated genes in response to Cd and Ni exposures 

respectively (Table 3). The lowest concentration and exposure time condition found to elicit gene up 

regulation were 1x Cd 24h and 10x Ni 24h (Table 3). We observed a distinct positive effect of the 

concentration and exposure time on the number of genes found upregulated in response to Ni but not 

to Cd. To guide the decision on which up-regulated genes and cognate genetic elements to choose to 

design the WCBs further exploration of the RNAseq results was carried out to characterize the 

signature responses of the up regulated genes. In terms of shared and specific genes across 

concentrations, exposure times and heavy metals, the majority of the Cd-up regulated genes were 

found to be condition specific while the Ni-up regulated genes were essentially shared at 24h 

irrespectively of the concentrations (Table 3). We found a limited overlap between the Cd and Ni-

upregulated gene sets (13 genes out 2,691) suggesting a distinct gene response to each heavy metal. 

This last result provides good support that the generation of P. tricornutum WCBs specific to Cd and Ni 

is feasible. We next assessed the amplitude of gene up-regulation across conditions. The amplitude of 

up-regulation (Log2 fold-change) ranged from 1.4 to 4.7 and 3.4 to 7.3 in response to Cd and Ni 

respectively (Table 3). The genetic elements of such genes are best candidates to ensure robust 

detection in the presence of Cd/Ni while with minimal background signal in their absence. Overall, we 

produced a list of P. tricornutum Cd/Ni up-regulated genes together with their signature responses. 

The nucleotide sequences of the putative promoters and terminators of the up-regulated genes were 

retrieved from the annotated P. tricornutum reference genome by extracting the 500nt and 300nt 

regions upstream of the start codon and downstream of the stop codon respectively. This information 

was provided to SDU to guide the selection of most promising genetic elements to be used for the 

design of additional WCB prototypes. 
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Table 3: Output of the RNAseq experiment. 

Variable Cadmium Nickel 

 Number of up-regulated genes 69 2,622 

Lowest concentration eliciting gene up-regulation 1x 24h 10x 24h 

Amplitude of upregulation (Log2 fold change) 1.4 – 4.7 3.4 – 7.3 

 

2.2.4 Pending work  

RNAseq analysis in the second diatom species T. pseudonana is underway. As we have increased 

the number of HM concentrations and exposure time parameters from our initial plan, and due to time 

and budget constraint, we plan to focus RNAseq analysis in T. pseudonana to the lowest HM 

concentration and shortest exposure time for which transcriptional response in P. tricornutum was 

evidenced. We expect these results within 2-3 months from now. 

3 Conclusions 

P. tricornutum Cd- and Ni-responsive elements were identified through bibliographic mining and 

this information was provided to partner SDU to start engineering the first set of P. tricornutum Ni/Cd 

WCBs. In parallel P. tricornutum and T. pseudonana were exposed for 1h and 24 h to a matrix of Cd 

and Ni concentrations spanning from 1x to 1,000x with 10x increment to that of the EU-WFD limits and 

the cell biomass collected. RNAseq and bioinformatic analysis identified P. tricornutum Cd/Ni up-

regulated genes together with their signature response and sequences of their putative cognate 

genetic elements. This resource was provided to SDU to guide the design of additional WCBs. We are 

now completing RNAseq experiment in T. pseudonana focusing on the sample conditions 

corresponding to the shortest exposure time and lowest Cd/Ni concentration found to induce gene 

up-regulation in P. tricornutum. 
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