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A R T I C L E  I N F O

Editor: Genoveva F. Esteban

A B S T R A C T

Dinoflagellate algae are a diverse group of single-celled eukaryotes, often living in marine environments. The 
majority of species are entirely free-living, but many can become symbionts with corals, jellyfish and other 
marine organisms. With rising sea temperatures, the function of the dinoflagellate photosynthetic machinery, 
and the redox state of the photosynthetic electron transport chain are impaired. This photosynthetic impairment 
is likely to be an important cause of coral bleaching. In the chloroplasts of plants and many algae, disturbance of 
the chloroplast redox state can be in part alleviated by the Plastid Terminal Oxidase protein (PTOX). Here, we 
made use of our newly developed genetic modification tools in the free-living dinoflagellate species Amphidinium 
carterae, which is found in both in temperate and tropical waters. We test if the introduction of PTOX to the 
chloroplast would allow A. carterae to withstand temperature stress. We find that the expression of the PTOX 
gene caused a lethal phenotype. Genetic engineering of dinoflagellate algae has long been problematic, and the 
ability to express heterologous proteins represents a significant advance in the long-term quest to engineer a 
heat-tolerant dinoflagellate.

1. Introduction

Dinoflagellates are an ancient and diverse group of eukaryotic algae, 
and are important phytoplankton in the world's oceans. Most species are 
free-living, while others form ecologically significant symbioses. Many 
dinoflagellates live at the upper extremity of their temperature zone, 
and so are extremely susceptible to slight rises in sea water temperature 
(Gierz et al., 2017; Warner et al., 1999). Dinoflagellates from the Sym
biodinaceae family are essential algae in coral reefs, forming a symbiosis 
with the coral (animals from the phylum Cnidaria) (LaJeunesse et al., 

2018). These algae provide 90% of the nutritional needs of the coral 
through photosynthesis (Muscatine and Porter, 1977). If sea tempera
tures rise to 30–32 ◦C, the symbiosis between Cnidaria and the dino
flagellate breaks down. The breakdown of this symbiotic relationship 
causes coral bleaching and if complete can ultimately cause death of the 
reef. The loss of coral reefs due to coral bleaching is one of the most 
pressing environmental challenges facing the world today (Weis, 2008).

There is presently much interest in attempting to confer resistance to 
stress in dinoflagellate algae. Photoinhibition of coral-associated dino
flagellate algae (family Symbiodiniaceae) has been identified as one 
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trigger of coral bleaching (Helgoe et al., 2024). Whilst the exact mech
anism of heat-induced photoinhibition in symbiotic dinoflagellates has 
not been confirmed, it is clear that overreduction of the plastid electron 
transport chain (PETC) and reactive oxygen species (ROS) are involved 
(reviewed by (Szabó et al., 2020)). A proposed mechanism includes ROS 
production as a result of heat inactivation of the Type II ribulose-1,5- 
bisphosphate carboxylase‑oxygenase (RuBisCO) that dinoflagellates 
contain. This enzyme is heat intolerant; and stops working above about 
30 ◦C (Lilley et al., 2010). When RuBisCO activity ceases, the Cal
vin–Benson–Bassham (CBB) cycle is also inhibited. This causes over
reduction of the photosynthetic electron transport chain, including the 
plastoquinone pool, the generation of ROS and photoinhibition at 
Photosystem II (PSII) (Foyer and Hanke, 2022; Ragni et al., 2010; Jones 
et al., 2000; Warner et al., 1999). Understanding how dinoflagellates 
respond to heat stress is a fundamental question, and one that urgently 
needs answering.

The plastid terminal oxidase (PTOX) is a protein found in the chlo
roplast of plants and many eukaryotic algae (Fig. 1). The protein is also 
found in some cyanobacterial species, where it is called the plastid-like 
terminal oxidase. PTOX is a plastoquinol oxidase, located on the stromal 
side of the thylakoid (Lennon et al., 2003). It is believed to have dual 
roles in carotenoid biosynthesis and in adjusting the redox poise of the 
photosynthetic electron transport chain (PETC) by oxidising the plas
toquinone (PQ) pool (Joët et al., 2002). Although it has been suggested 
this may help avoid the generation of ROS, under some conditions PTOX 
may result in ROS generation (Heyno et al., 2009; Joët et al., 2002). 
Previous work has shown that levels of PTOX may increase in photo
synthetic organisms under stress conditions (Stepien and Johnson, 2009; 
Shahbazi et al., 2007; Streb et al., 2005). It is therefore proposed that the 
protein may provide a safety valve for survival under high light, high 
temperature or high salt conditions (Shahbazi et al., 2007). Our searches 
of the sequenced dinoflagellate genomes and transcriptomes available 
via the NCBI revealed that these algae may contain a gene for PTOX, 
although none has been confirmed experimentally.

Several groups have genetically modified plants to express elevated 
levels of PTOX, in an attempt to confer resistance to stress conditions 
(Ahmad et al., 2012; Rosso et al., 2006). However, the consequences of 
overexpression have differed among studies, and in some instances 
overexpression has led to increased photoinhibition (Heyno et al., 
2009).

To date, efforts to understand dinoflagellate biology have been pri
marily correlative, due to the absence of a robust genetic transformation 
system, and the complexity of the genome. Due to the evolutionary 
distances from model species, many genes remain unannotated. This 
makes it hard to determine the function and role of proteins (Lin, 2024). 
However, recent molecular advances have transformed the field, 
including nuclear transformation in Breviolum minutum (Gornik et al., 

2022) and long-term expression of heterologous genes in Oxyrrhis 
marina (Sprecher et al., 2020). In 2019, we established the first stable 
genetic modification system in dinoflagellate chloroplasts, using 
Amphidinium carterae (Nimmo et al., 2019). A. carterae has been used as 
a model organism for dinoflagellates as it lacks the armoured thecal 
plates common in other species. These thecal plates have been proposed 
to be one reason why genetic transformation of dinoflagellates has 
proved difficult (Chen et al., 2019). Most cultured Amphidinium strains 
are temperate and coastal isolates (e.g.; CCMP1314, from Falmouth 
Pond, Massachusetts, USA) and are maintained at 19–21 ◦C, although 
prior physiological studies have indicated that some subpopulations 
may survive at up to 30 ◦C (Aquino Cruz and Okolodkov, 2016).

To establish transformation in A. carterae, we made use of the unique 
fragmented dinoflagellate chloroplast genome. Instead of having a 
conventional 120–150 kb circular chloroplast genome, many dinofla
gellate species have a fragmented chloroplast genome of approximately 
20 plasmid-like minicircles (Howe et al., 2008). Dependent on species, 
each minicircle contains between 0 and 4 genes and is up to 5 kb in size. 
Each contains a conserved core region containing the origin of replica
tion and transcriptional start site (Howe et al., 2008). By replacing the 
protein-coding gene in the psbA or atpB minicircles with a selectable 
marker, we were able to create artificial minicircles for genetic trans
formation (Faktorová et al., 2019; Nimmo et al., 2019). With the advent 
of a stable transformation system, allowing expression of heterologous 
genes, we can at last study these enigmatic algae at a molecular level. 
Although A. carterae is likely not a symbiotic species, the knowledge 
gained from a tractable, model system could give rise to significant in
sights in other, as-yet intractable systems, such as the Symbiodiniaceae.

This study aimed to make use of these newly developed genetic 
modification tools to overexpress PTOX in the A. carterae chloroplast. 
We proposed that overexpression of PTOX would help the algae with
stand heat stress more effectively. The presence of PTOX may relieve the 
heat-induced overreduction of the PQ pool and subsequent PSII 
photoinhibition.

Here, we first assess the spatial distribution of wild relatives of 
A. carterae, suggesting it can occur in environmental temperatures up to 
30 ◦C. Next, we present further artificial minicircles, suitable for intro
ducing genes into the dinoflagellate chloroplast. One is based on the petD 
minicircle, and the other is based on the minicircle containing petB and 
atpA genes, designed to express two transgenes in parallel. We make use 
of this two-gene construct to introduce the Arabidopsis thaliana PTOX 
coding sequence into A. carterae. We find that the PTOX gene confers a 
lethal phenotype, killing the cells within 14 days. We conclude that the 
heterologous expression of PTOX in the chloroplast (at least under the 
strong promoters used here) is not able to confer heat tolerance in 
dinoflagellates.

Fig. 1. A schematic electron transfer pathway in dinoflagellate chloroplasts. Abbreviations: PSI: Photosystem I; PSII: photosystem II; e− : electron; PTOX: plastid 
terminal oxidase; PQ/PQH2: plastoquinone pool; cyt b6f: cytochrome b6f complex; PC; plastocyanin; Fd: ferredoxin; FNR: ferredoxin NADP reductase. Yellow arrow: 
light, red star: sites of photoinhibition.
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2. Methods

2.1. Distribution of A. carterae

Spatial distributions of A. carterae, and the close relatives 
A. operculatum and A. simplex were assessed using 18S V4 rDNA 
Amplicon Sequence Variants (ASVs) located in the Tara Oceans Barcode 
Atlas and in MetaPR2 via a previously defined phylogenetic reconcili
ation pipeline (Vernette et al., 2021; Vaulot et al., 2022; Perrin and 
Dorrell, 2024). Briefly, a reference library of dinoflagellate 18S rDNA 
sequences was assembled from GenBank (accessed April 2025) and from 
nucleotide transcriptomes from the MMETSP database (Dorrell et al., 
2017), and this was then enriched with all Tara Ocean Barcode Atlas and 
MetaPR2 database ribotypes annotated as belonging to Amphidinium. 
The library was aligned using MAFFT v7.90 under the –auto and 
–adjustdirection settings, and the alignment was trimmed with TrimAl 
using setting -gt 0.5 (Katoh and Standley, 2013; Capella-Gutiérrez et al., 
2009). The trimmed alignment was parsed with IQ-TREE (Nguyen et al., 
2015) using -st DNA -nt AUTO -lmap 2000 -con -bb 1000 settings, and 
the consensus tree was parsed for MetaPR2 ribotypes showing greater 
proximity to annotated A. carterae, A. operculatum or A. simplex than to 
other dinoflagellates. Alignments, phylogenies, and spatial distributions 
of all identified A. carterae meta-genes are provided in Dataset S1. 
Flatfiles (tab-separated text files, pdf figures) of each sheet in Dataset S1 
are provided at the following open-access Zenodo repository: https://do 
i.org/10.5281/zenodo.18555380

2.2. Culturing of A. carterae

A. carterae CCMP1314 was grown in f/2 medium on a 16/8 h light/ 
dark cycle at 18 ◦C at 30μE m− 2 s− 1, as previously described (Barbrook 
et al., 2006). Cells under high or low light were grown at 18 ◦C at 60 μE 
m− 2 s− 1 or 15 μE m− 2 s− 1 respectively, under the same 16 h:8 h light: 
dark cycle.

2.3. Vector construction and transformation

All constructs were based on native A. carterae chloroplast DNA 
minicircles, following Nimmo et al., 2019. The pAmpChl and pAtpBChl 
constructs are described in Nimmo et al., 2019 and Faktorová et al., 
2019. For the novel construct pAmpPetDChl, the petD gene in the petD- 
containing minicircle (AJ250265) was replaced with a sequence 
encoding chloramphenicol acetyl transferase (CAT, codon optimized for 
A. carterae (Barbrook and Howe, 2000)), and linearized after the end of 
CAT for cloning into the E. coli shuttle vector pMA. The pAmp2GChlGFP- 
1 construct is based on the petB/atpA minicircle (AY048664). The petB 
gene was replaced with CAT and the atpA gene was replaced with a 
sequence encoding green fluorescent protein (eGFP, codon optimized for 

A. carterae). As the annotation of the petB/atpA minicircle contains an 
uncertain annotated start codon for atpA (Barbrook et al., 2001), a 
second construct based on this minicircle was also designed, entitled 
pAmp2GChlGFP-2. This construct assumed atpA commenced at position 
1457 instead of 1337 (numbering as in AY048664). It therefore has an 
an extra 120 bp intergenic region between petB and atpA. As before, the 
petB gene was replaced with CAT, and the atpA gene was replaced with a 
sequence encoding green fluorescent protein (eGFP; codon optimized for 
A. carterae). Finally, we created the construct pAmp2GChlPTOX, 
replacing GFP in pAmp2GChlGFP-1 with PTOX from Arabidopsis thaliana 
(Genbank: NP567658). As PTOX is encoded in the nuclear genome, it 
contains a chloroplast-targeting sequence. The sequence encoding this 
was removed, and the remaining gene codon optimized for A. carterae 
(Barbrook and Howe, 2000). Sequences were synthesized by GeneArt 
(Invitrogen) and inserted into the E. coli pMA cloning vector, or, for 
pAmp2GChlGFP-2 only, synthesized by Twist Bioscience and inserted 
into pTwist Amp High Copy. The constructs are shown in Fig. 2, and 
sequences for all construct sequences are given in Suppl. data.2.

Transformation was carried out either following Nimmo et al. 
(2019), using a Bio-Rad Biolistics PDS-1000/He system or using elec
troporation. In the former case, approx. 2.5 × 107 early log phase cells 
were used in each transformation experiment, with 1550 psi rupture 
disks. Antibiotic selection (in liquid media) was imposed on day 3 with 
the addition of chloramphenicol at a final concentration of 20 μg ml− 1. 
Each transformation experiment was carried out in triplicate. Trans
formed cells were grown under normal light intensity (30 μE m− 2 s− 1). 
Where noted transformed cells were also grown at 15 μE m− 2 s− 1 or 60 
μE m− 2 s− 1. A full protocol can be found at https://www.protocols.io/ 
view/biolistic-transformation-of-amphidinium-4r2gv8e. Electropora
tion experiments were carried out using the Lonza system, as previously 
described (Gornik et al., 2022), with antibiotic selection as above.

2.4. RT-PCR

The total A. carterae cell population at day 7 post-transformation 
(approx. 5 × 106 cells) was harvested in a benchtop centrifuge for 
analysis by RT-PCR. Total RNA was isolated using the Trizol - chloro
form method as previously described (Nimmo et al., 2019). 1 ml Trizol 
was added to each cell pellet, and RNA was isolated following the 
manufacturer's instructions (Invitrogen). Extracted RNA was subjected 
to an on-column DNase treatment, following the Qiagen RNeasy kit 
protocol. First strand synthesis was performed using Invitrogen Super
Script IV using the manufacturer's protocol, with gene-specific reverse 
primers. The cDNA was used in PCR with GoTaq (Promega) or Dream
Taq (ThermoFisher) polymerase according to the manufacturer's 
instructions.

Fig. 2. Linearized artificial minicircles pAmpPetDChl, pAmp2GChlGFP-1, pAmp2GChlGFP-2 and pAmp2GChlPTOX. The grey arrow indicates the region 
originating from a minicircle, the remainder is bacterial shuttle vector (based on the E. coli vector pMA). The bacterial origin of replication (ori) is blue and the 
minicircle core region (core) is purple. AmpR (yellow) is the region encoding ampicillin resistance for selection in E. coli and CAT (green) encodes chloramphenicol 
acetyl transferase, for selection in A. carterae. GFP (green) and PTOX (green) are both codon optimized for A. carterae. The intergenic region (black) is the region 
between petB and atpA. pAmp2GChlGFP-1 has the intergenic region as originally annotated, while pAmp2GChlGFP-2 contains an additional 120 bp at the 3′ end of 
the intergenic region. The additional 120 bp is shown as a black box, and its insertion point is indicated. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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2.5. Primer sequences

CAT-1: Fwd: CGCCTTTCGAACGACG, Rev.: AGGACTAATGA
TAGTCTCCCG, with a Tm of 52 ◦C giving rise to a 324 bp product. 
pAmpPetDChl: Fwd: CGACAGGAGTGATTAACTGAG, Rev.: GGAATG 
CGGTGATATCAAGCTGTACTG, giving rise to a 1061 bp product. 
pAmp2GChlGFP: Fwd: GGAATGCGGTGATATCAAGCTGTACTG, Rev.: 
CGGAACTCTGGATGTGCG giving rise to a 430 bp product. CAT_F2: 
GCTTGATATCACCGCATTCC, CAT_R3: TAACGTCGCGAACATGGACA, 
giving rise to a 380 bp product. GFP_F1: TCTGCAATGCCAGAGGGTTA, 
GFP_R1: GATGGTGGTGTACAGCTTGC, giving rise to a 281 bp product. 
Primers for PTOX: Fwd: GAAGGCATCAGGCGAG, Rev.: CAGTGTG 
CCTCCTCTGG, with a Tm of 52 ◦C, giving rise to a 300 bp product.

2.6. Western blot

A. carterae cell lysates were extracted from mature cultures of wild 
type and transformant lines grown in f/2 without selection, by incuba
tion in extraction buffer [50 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, and 
incubated with cOmplete protease inhibitor cocktail (Sigma-Aldrich)] 
for 30 min at room temperature, followed by centrifugation, where su
pernatant was collected. The lysate was denatured in sample buffer for 
10 min at 95 ◦C before SDS-PAGE. Western blots, following blocking in 
TBS-T 5% milk powder, were probed with monoclonal anti-GFP anti
body raised in mouse (Sigma G6539), and HRP-conjugated secondary 
antibody (Invitrogen 31,430).

3. Results

3.1. Distribution and wild thermal niche of A. carterae

To assess the probable thermal tolerance of A. carterae in the wild, we 
considered its likely habitats, together with those of the conspecific 
A. operculatum and the sister-group A. simplex, using meta-barcoding 

data normalized in the Tara Ocean Barcode Atlas and MetaPR2 servers 
and a previously defined phylogenetic reconciliation pipeline (Fig. 3) 
(Vaulot et al., 2022; Perrin and Dorrell, 2024). Eight MetaPR2 Allele 
Specific Variants (ASVs, corresponding to taxonomically distinct 18S 
rDNA sequences) and 45 Tara Oceans ASVs related to A. carterae were 
identified, with individual distributions shown in Dataset S1. Different 
spatial distributions were observed for A. carterae in MetaPR2, in which 
it was found in both temperate and tropical coastal stations (Pacific 
Northwest, Bay of Bengal, Fig. 4), and in Tara Oceans ASVs, where it was 

Fig. 3. Spatial distribution and thermal niche of environmental Amphidinium carteraemeta-genes. Left: a map of total relative abundance (expressed as pct: per 250 
mappedribotypes) of (1) MetaPR2 samples and (2) Tara Oceans v4 ASVs, across all depths and 0.8–2000 μm size fractions, that could be phylogenetically reconciled 
to Amphidinium carterae/ A. operculatum/ A. steinii, following methodology of Perrin and Dorrell (2024). Right: measured temperature of each site, showing thermal 
niches from 13 to 15 ◦C (MetaPR2) or 23–27 ◦C (Tara). Plots of individual size fractions are provided in Fig. S1 and phylogenies in Fig. S2.

Fig. 4. PCR to test for successful transformation. A. pAmpPetDChl (pAmp
PetDChl primer pair), B. pAmp2GChlGFP-1 (pAmp2GChlGFP primers). Lane L, 
hyperladder 1kB (Bioline), Lane 1 positive control (purified transformation 
vector), Lane 2, DNA isolated from putative transformed A. carterae.
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widespread but at low abundance across the subtropical ocean. A 
detailed view of individual Tara Oceans size fractions particularly sug
gested occurrence of A. carterae-related ASVs in surface and nano-sized 
fractions (5–180 μm) in the subtropical Pacific and Indian Ocean 
(Fig. S1). With regard to thermal niche, the Pacific Northwest stations in 
which MetaPR2 ASVs were identified had moderate measured temper
atures (11.31–14.81 ◦C), consistent with the collection site of the type 
culture CCMP1314 (Nantucket Sound, USA; Wangersky and Guillard, 
1960). In contrast; the subtropical and Indian Ocean stations in which 
A. carterae-related sequences were detected were warmer (c. 25–28 ◦C, 
Dinesh Kumar et al., 2016), suggesting a capacity for thermotolerance in 
this species or its close relatives which may render it an appropriate 
model for laboratory study.

Three of the A. carterae MetaPR2 ASVs, forming a monophyletic sub- 
clade (7801b4db34, 157087fad5, 14928aaaac) were detected as abun
dant in one coral reef microbiome, with measured sea temperature 
29.3 ◦C (Fig. 3, S2). This is unlikely to be due to biological or technical 
contamination as the most closely-related ASVs to this clade in Tara 
Oceans are likewise detected in coral-associated environments from the 
Western Indian Ocean (Juan de Nova Island) and Eastern Pacific Oceans 
(Mangareva Islands). It is nonetheless unlikely that A. carterae is a true 
coral endobiont, with previous studies collecting Amphidinium as a 
benthic and epibiotic dweller in reef environments (Durán-Riveroll 
et al., 2023). Further confirmation of the Amphidinium environmental 
niche will be best explored by mapping its sequenced genome onto 
shotgun total meta-genomic sequencing data from wild habitats (Judd 
et al., 2024).

3.2. Development of new transformation vectors

We designed two new artificial minicircles as transformation vectors, 
pAmpPetDChl and pAmp2GChlGFP-1. The pAmpPetDChl vector is 
based on the petD single gene minicircle, while the pAmp2GChlGFP 
vector is based on the two-gene minicircle containing petB and atpA. 
Each artificial minicircle has an E. coli pMA plasmid backbone, and 
contains the full A. carterae minicircle sequence, with either the petD or 
petB coding sequences replaced with a sequence encoding chloram
phenicol acetyl transferase (CAT, and indicated by ‘Chl’ in the vector 
name). In the two-gene minicircle, the atpA gene is replaced with one for 
eGFP. These vectors are designed to allow selection in E. coli with 
ampicillin, and for selection in A. carterae with chloramphenicol. Note 
that selection in E. coli with chloramphenicol was not successful.

To determine if there was a difference in transformation success rates 
(defined as the fraction of transformation experiments that gave rise to 
antibiotic-resistant cells) between artificial minicircles, A. carterae cells 
were bombarded with each artificial minicircle multiple times, followed 
by selection with chloramphenicol, as shown in Table 1. PCR to test for 
the presence of each artificial minicircle was carried out following each 
transformation (Fig. 4). We included our two previously published 

minicircles pAmpChl (based on the A. carterae psbA minicircle (Nimmo 
et al., 2019)) and pAmpAtpBChl (based on the A. carterae atpB minicircle 
(Faktorová et al., 2019)) for comparison. Although the success rates 
(number of discrete transformation attempts recovering at least some 
chloramphenicol-resistant cell lines) varied from 33% to 75%, there was 
no statistically significant difference between vectors (Chi-squared, p =
0.05), as shown in Table 1. All transformation experiments using the 
Lonza electroporator were unsuccessful (n = 9, using the pAmpChl 
artificial minicircle).

3.3. Effect of artificial minicircles on A. carterae growth rate

To determine if the introduction of artificial minicircles affected the 
growth rate of A. carterae, cultures of each of the four lines (pAmpChl, 
pAmpAtpBChl, pAmpPetDChl and pAmp2GChlGFP-1) were established 
in triplicate (from separate transformation events), and grown in stan
dard conditions in the presence of chloramphenicol for 21 days. This 
showed that the strains containing pAmpChl and pAmpAtpB had similar 
growth rates, while strains containing the pAmpPetDChl and 
pAmp2GChlGFP-1 grew at substantially lower rates, Fig. 5.

We tested if average growth rates of cells over 21 days with the 
chloramphenicol resistance gene replacing different endogenous genes 
correlated with the transcript levels of the endogenous genes in wild 
type cells. The growth rate of cultures resulting from transformation 
with each artificial minicircle was compared with known transcript 
levels of each native minicircle, as shown in Table 2. The transcript level 
data were obtained from the same strain in our laboratory (Cambridge) 
in previous experiments (Dorrell et al., 2019). The results showed that 
cultures transformed with plasmids based on minicircles corresponding 
to more abundant transcripts (pAmpPetDChl, pAmp2GChlGFP-1) grew 
more slowly than cultures containing plasmids based on minicircles with 
less abundant transcripts (pAmpChl and pAmpAtpBChl).

3.4. Expression of GFP in A. carterae containing pAmp2GChlGFP

To determine if the GFP gene was expressed from the two-gene 
minicircle, pAmp2GChlGFP-1, we used RT-PCR with RNA extracted 
from three independent cultures transformed with the plasmid and 
selected with chloramphenicol, as shown in Fig. 6. This confirmed RNA 
transcripts encoding GFP were present.

RNA was extracted from wild type A. carterae (lanes 1–3) and cells 
containing pAmp2GChlGFP-1 (lanes 4–6). A RT-PCR reaction was car
ried out using primers against GFP (primer pair GFP-1), with or without 
reverse transcriptase (+RT, − RT) as shown. Lanes + and – show the 
results of PCR with the same primers with (+) or without (− ) purified 
vector as DNA template.

Despite the presence of mRNA encoding GFP, it was not possible to 
detect functional GFP via fluorescence wide-field microscopy, and the 
absence of GFP was confirmed in a western blot (Fig. 7). Although we 
initially speculated that this could be due to high levels of auto
fluorescence (Tang and Dobbs, 2007), we realised that the original 
annotation of the petB-atpA minicircle was inconclusive concerning the 
position of the atpA start codon (Barbrook et al., 2001). As the GFP gene 
in the pAmp2GChlGFP-1 construct was placed in the same position on 
the minicircle as atpA, an incorrect annotation for atpA would result in 
an incorrect positioning of GFP. We therefore re-analyzed the petB-atpA 
minicircle sequence. Alignments with other atpA genes revealed that the 
A. carterae gene (as annotated) had an extended N-terminal coding re
gion not present in other species. Additionally, ribosomal binding site 
(RBS) prediction software designed for cyanobacteria (as a proxy for 
chloroplasts) did not predict a RBS upstream of the presumed initiation 
codon for atpA (Reis and Salis, 2020). Instead, there was a strong pre
dicted RBS 120 bp downstream, consistent with the start of alignment 
with other atpA genes. Together, these results would indicate that the 
intergenic region between petB and atpA is 120 bp longer than originally 
annotated (Barbrook et al., 2001).

Table 1 
Efficiency of biolistic transformation. Each artificial minicircle was used to 
transform wild type A. carterae in separate biolistic transformations. The number 
of times that cultures contained transformed cells (as confirmed by PCR) was 
recorded. Each transformation experiment (or set of experiments) also included 
a no vector control, to ensure that cells survived the biolistic procedure. 
Transformations were carried out at both the University of Cambridge and 
University of Nottingham by separate individuals, and transformants were ob
tained at both sites.

Artificial 
minicircles

Original 
minicircle

Size 
(bp)

Times 
shot

Successful 
transformation

% 
success

pAmpChl psbA 4326 12 9 75%
pAmpAtpBChl atpB 3870 9 4 44%
pAmpPetDChl petD 4978 9 3 33%
pAmp2GChlGFP- 

1
atpA/petB 4427 13 5 39%
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We therefore redesigned the artificial minicircle containing GFP to 
contain the new, 120 bp longer intergenic region, as pAmp2GChlGFP-2. 
This artificial minicircle was introduced into A. carterae using biolistics, 
and following selection, we were able to identify the minicircle using 
PCR 60 days after transformation, indicating stable transformation 
(Fig. 7A). However, RT-PCR to show transcription of GFP was not suc
cessful (Fig. 7B), nor were western blots (Fig. 7C), suggesting that the 
GFP protein was not expressed in the cell.

3.5. Presence of a PTOX gene is lethal in A. carterae

We wished to test if the introduction of PTOX would confer heat 
resistance to A. carterae. We therefore removed the gene encoding GFP 
from the pAmp2GChlGFP-1 artificial minicircle and replaced it with a 
codon-optimized PTOX from A. thaliana, as shown in Fig. 2. Although 
there is a possible RBS upstream of PTOX in the vector, there is also a 

strong RBS at the 5′ end of the recoded PTOX gene, within the coding 
sequence (Reis and Salis, 2020). This would allow synthesis of PTOX 
with a 12 aa N-terminal truncation.

We used biolistic transformation to introduce the pAmp2GChlPTOX 
construct into A. carterae. Despite attempting the transformation with 
pAmp2GChlPTOX nine times in triplicate (i.e., a total of 27 independent 
transformation attempts), the A. carterae cells never survived more than 
14 days post-transformation, as judged by a failure to observe motile 
cells by light microscopy. Cultures were followed for a further two weeks 
by which time no intact cells were visible. As a positive control, 
A. carterae cells were transformed in parallel with pAmpChl (which 
confers resistance to chloramphenicol (Nimmo et al., 2019)), and these 
cells remained alive at 14 days under selection with chloramphenicol, as 
judged by light microscopy. As a negative control, A. carterae cells were 
transformed with the E. coli cloning vector pGEM-T easy. These cells all 
died within 14 days under chloramphenicol selection, as expected. 
Together these results indicate that the introduction of PTOX was lethal 
to the recipient cells.

3.6. Confirmation of transcription of PTOX in A. carterae

To confirm that PTOX was indeed transcribed prior to the death of 
A. carterae cells, we re-transformed cells with pAmp2GChlPTOX and 
harvested RNA after 7 days, before the cells had died (as judged by the 
presence of motile cells by light microscopy). RT-PCR was carried out 
using a set of primers within the PTOX coding sequence, and a set of 
primers within the coding sequence of the selectable marker, CAT. RT- 
PCR products of the expected sizes were seen for PTOX and for CAT 
(Fig. 8), and these were confirmed by sequencing. No products were 
seen in negative controls without reverse transcriptase, or in lines 
transformed with the E. coli vector pGEM-T easy, which does not carry 
either of those coding sequences and is not expected to replicate in the 
dinoflagellate chloroplast. We were unable to carry out any biophysical 
measurements of photosynthesis function (e.g. PAM fluorometry of 
chlorophyll fluorescence) or biochemical measurements of photosyn
thetic machinery (e.g. western blots of photosystem proteins), as there 
was insufficient cellular material.

3.7. Effect of PTOX in A. carterae under high and low light conditions

Previous studies have shown that the consequences of PTOX 
expression depend on the light intensity to which cells are subjected 

Fig. 5. Growth curves. The four transformed cell lines were grown (in triplicate) in the presence of chloramphenicol for 21 days. Cell counts were undertaken using 
a haemocytometer at days 7, 14 and 21. The original minicircle on which each construct was based is shown. All cultures contained 100,000 cells at day 0. Note that 
untransformed cells do not grow under chloramphenicol selection.

Table 2 
Expression of CAT in artificial minicircles. As a comparison, the levels of 
expression of the native minicircle from wild type cells are taken from (Dorrell 
et al., 2019).

artificial 
minicircle

native 
minicircle

expression level of native 
gene (mean read coverage)

doubling time 
(days)

pAmpChl psbA 810 6.6
pAmpAtpBChl atpB 670 6.9
pAmpPetDChl petD 1470 10.5
pAmp2GChlGFP- 

1
atpA/petB 1250 10.7

Fig. 6. Expression of GFP mRNA in cells containing pAmp2GChlGFP-1.
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(Heyno et al., 2009). To test this, we carried out biolistic transformation 
of A. carterae with pAmp2GChlPTOX as before. Following trans
formation cells were grown in triplicate under high (60 μE m− 2 s− 1) and 
low (15 μE m− 2 s− 1) light intensities. There was no significant difference 
in survival time under the two different light intensities, with all cells 
dead by 14 days as judged by light microscopy. Thus, in total we carried 
out a total of 33 experiments (11 independent transformation events, 
each in triplicate), in which cells were transformed with 

pAmp2GChlPTOX and incubated for 14 days. 27 of these were under the 
standard light conditions, whilst 3 were under high light conditions, and 
3 under low light conditions. In all cases, cells had died by day 14.

4. Discussion

The results presented here provide a significant development in the 
establishment of transformation technologies for dinoflagellate algae, 

Fig. 7. PCR to confirm successful transformation and RT-PCR and western blot showing that GFP is not expressed. A: PCR. Primers were designed against 
both CAT and GFP genes (CAT_F1/CAT_R1 and GFP_F1/GFP_R2), and PCR carried out on two separate A. carterae cell lines transformed with pAMP2GChlGFP-2. As a 
control, untransformed A. carterae cells (WT), A. carterae containing pAmpChl, and purified pAMP2GChlGFP-2 plasmid (+) were included. B: RT-PCR RNA was 
extracted from two separate A. carterae cell lines transformed with pAMP2GChlGFP-2. cDNA was synthesized using random hexamers, with (+) and without (− ) 
reverse transcriptase (RT). PCR was carried out using CAT_F2/CAT_R3 and GFP_F1/GFP_R2 primers. As a PCR control, untransformed A. carterae cells (WT) and 
purified pAMP2GChlGFP-2 plasmid (+) were included. C: Western blot, showing Ponceau Red stained gel and blot probed with anti-GFP antibody. WT: wild type 
cells (untransformed), 2G1: A. carterae transformed with pAMP2GChlGFP-1, 2G2: A. carterae transformed with pAMP2GChlGFP-2. GFP: purified GFP protein as 
positive control. All lanes are from the same original gel and blot (additional lanes removed). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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and report on the first attempts at genetic modification to enhance 
survival of dinoflagellate algae under stress conditions. We have 
increased the number of A. carterae chloroplast transformation vectors 
to seven, making use of four different native minicircles. We have 
created artificial minicircles including both a selectable marker and a 
heterologous gene to allow co-expression of two genes. Although we 
were not successful in expressing GFP, future research could adapt this 
vector for expression of other heterologous genes. Finally, we found that 
the Lonza electroporator is not suitable for use in A. carterae.

We attempted to introduce the PTOX gene into A. carterae, to see if 
cells expressing PTOX withstand heat stress conditions more effectively. 
However, instead we found that the expression of the PTOX gene caused 
a lethal phenotype. We carried out a total of 33 experiments in which 
cells were transformed with pAmp2GChlPTOX and incubated for 14 
days (27 attempts in the initial experiments, plus 6 under differing light 
intensities). In all cases, cells had died by day 14. The lack of cellular 
material meant it was not possible to demonstrate PTOX activity 
directly. However, the death of cells transformed with pAmp2GChlP
TOX alongside the survival of cells transformed with artificial mini
circles lacking a PTOX coding sequence, and the demonstration by RT- 
PCR of PTOX mRNA in cells sacrificed before 14 days, strongly indi
cate that PTOX was functionally expressed from pAmp2GChlPTOX and 
caused cell death. Previous studies have suggested that heterologous 
expression of PTOX surprisingly can lead to increase in reactive oxygen 
species (Heyno et al., 2009), which would be expected to lead to 
impaired chloroplast function. Although we do not know why the strains 
expressing PTOX died, it is consistent with death of the algal cells being 
due to the effect of PTOX.

Previous studies have shown that the effects of expression of PTOX 
vary with light intensity and its expression may cause oxidative stress 
and/or a reduction in photosynthetic yield (Shahbazi et al., 2007; Ste
pien and Johnson, 2009; Streb et al., 2005). However, our experiments 
did not indicate any lessening of the deleterious effects at different light 
intensities. The original two-gene minicircle, based on petB/atpA, is 
known to be represented by abundant transcripts (Dorrell et al., 2019), 
and so the amount of PTOX produced here may be high, although this 
has not been verified due to lack of material available for analysis. It is 
possible that the dinoflagellate response to PTOX production may be 

beneficial at much lower levels of protein expression, but this is not 
currently possible with the transformation vectors currently available.

Despite numerous attempts, we were unable to express GFP in 
A. carterae. It is not clear why we were unable to express this protein. 
Our initial construct pAmp2GChlGFP-1 showed presence of mRNA, 
while the revised construct pAmp2GChlGFP-2 did not. No GFP was 
detected by western blot. It should be noted that efforts to obtain stable 
expression of GFP from the dinoflagellate nuclear genome have also 
been problematic (Gornik et al., 2022).

Together, these results show the promise of the dinoflagellate chlo
roplast for the expression of heterologous genes. All four chloroplasts 
minicircles tested to date have been amenable to genetic modification, 
suggesting that it would also be possible to use the remaining chloro
plast minicircles as shuttle vectors. As dinoflagellate minicircles can 
include multiple genes, and each minicircle is carried multiple times in 
the genome, this opens up the possibility for the simultaneous insertion 
of multiple heterologous genes. Simultaneous expression of multiple 
heterologous genes in chloroplasts has been challenging in many algal 
species (Larrea-Alvarez and Purton, 2020). Thus, our advances in 
developing tools for A. carterae chloroplast genome engineering open up 
new opportunities for research into dinoflagellate chloroplast genetics.
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Fig. 8. RT-PCR showing expression of CAT and PTOX genes in A. carterae. 
Expected size of PCR products: CAT 324 bp; PTOX 300 bp. Key: +: positive 
control for PCR, − : negative control for PCR (no template control), L: Bioline 
hyperladder 100 bp. Lanes 1–3 are control lines shot with pGEM T-easy (an 
E. coli plasmid) lacking a PTOX gene, Lanes 4–6 are lines shot with 
pAmpChlPTOX. +/− RT are RT-PCR carried out with/without reverse tran
scriptase, respectively.
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