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Ngā hangarau ā-ira i 
Aotearoa
Genetic technologies in 
Aotearoa New Zealand 

He kupu whakataki
Introduction 

Here in Aotearoa New Zealand, scientists 
develop world-leading gene technology 
innovations in research labs every day. Many 
imported foods contain genetically modified 
ingredients and we already have gene-edited 
New Zealanders walking amongst us – the 
beneficiaries of life-saving gene therapies 
being trialled here. Today, the potential of 
new genetic technologies is exploding as 
techniques, including ones that use machine 
learning and artificial intelligence (AI), rapidly 
improve (1–3).

Aotearoa New Zealand has a complicated 
history with gene technologies, which goes 
back over 30 years. Our current regulations 
are among the strictest in the world (4,5). 
Researchers are allowed to alter genes of 
approved species inside the lab, but it is 
extremely difficult to get approval to apply this 
science outside the lab (for example, growing 
gene-edited crops outdoors).

In 2026, the way gene technologies are 
regulated may be changing with a new 
Gene Technology Bill being considered at 
Parliament.

As discussion increases about expanding the 
use of gene technologies in Aotearoa New 
Zealand, so does kōrero about what this means 
for our unique environment, economy, culture, 
and te ao Māori.

This paper is one of two:

•	 Genetic technologies in Aotearoa New 
Zealand – how they work

•	 Genetic technologies in Aotearoa New 
Zealand – how they’re used.

With these publications, Royal Society 
Te Apārangi aims to help people better 
understand gene technologies – and the issues 
surrounding them – so more communities can 
join these important conversations. 

This project is web-first. 

The full content is available at https://
www.royalsociety.org.nz/what-we-do/
our-expert-advice/all-expert-advice-
papers/genetic-technologies-in-
aotearoa-new-zealand

https://www.royalsociety.org.nz/what-we-do/our-expert-advice/all-expert-advice-papers/genetic-techno
https://www.royalsociety.org.nz/what-we-do/our-expert-advice/all-expert-advice-papers/genetic-techno
https://www.royalsociety.org.nz/what-we-do/our-expert-advice/all-expert-advice-papers/genetic-techno
https://www.royalsociety.org.nz/what-we-do/our-expert-advice/all-expert-advice-papers/genetic-techno
https://www.royalsociety.org.nz/what-we-do/our-expert-advice/all-expert-advice-papers/genetic-techno
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He aha ngā hangarau ā-ira?
What are genetic technologies?

Genetic technologies are a collection of 
techniques applied to DNA. 

In this report, we have divided genetic 
technologies into two broad categories:

1.	 ‘Reading’ DNA: DNA sequencing and 
genomics

2.	 Making changes to DNA: gene editing and 
genetic modification.

We use the term genetic technologies when 
referring to both reading and changing DNA. 
Gene technology refers to techniques for 
changing DNA, but we typically use either gene 
editing or genetic modification.

He aha te pītau ira?  
What is DNA? 

DNA is a molecule in almost all living things 
that carries genetic instructions used in 
development, general functioning, and 
reproduction. 

DNA is collected and studied by researchers for 
wide-ranging reasons. These include informing 
the development of food varieties, gaining 
insights into the genetic causes of disease, and 
supporting conservation programmes.

FIGURE 1 | A DNA molecule consists of two strands that wind around one another to form a shape 
known as a double helix. The genetic instructions it carries are spelled out in nucleotides (A, T, C, G) 
that form base pairs that are the rungs of the DNA ladder.

Created in BioRender. A, E. (2026) https://BioRender.com/w108udk

https://BioRender.com/w108udk
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Te whakamahia: Ngā hangarau 
ā-ira 
How they work: Genetic 
technologies 

You don’t have to be a scientist to understand 
the basics of genetic technologies. Read on for 
a brief explanation of the key points and some 

useful definitions.

Te whakaraupapa pītau ira 
DNA sequencing
 
Sequencing technologies are used to ‘read’ the 
sequence of a short segment of DNA, such as 
a single gene; or a full genome, the complete 
content of an organism’s genetic material. 

Technologies that read DNA are already 
commonplace tools at work in healthcare, 
primary industries, and conservation here in 
Aotearoa New Zealand.

Examples of applications (described in our 
other publications) include:

•	 Healthcare

	- Diagnosing and tracking disease

	- Tracing genetic histories and identities 
for genealogy or forensics

•	 Farming and horticulture

	- Aiding breeding

	- Diagnosing and tracking disease

•	 Conservation and environment

	- Aiding breeding, eg, kākāpō

	- Monitoring water quality.

Ngā taipitopito whānui mō te 
whakaraupapa pītau ira
DNA sequencing in more detail

PCR (polymerase chain reaction) and DNA 
sequencing allow researchers and technicians 
to make many copies of a defined region 
of DNA and ‘read’ its sequence (spelt out in 
A,T,C,G nucleotides), respectively. 

PCR works by cycling temperatures (from 
hot to cold, back and forth) to separate DNA 
molecules, then a DNA-copying enzyme called 
DNA polymerase makes a copy of a defined 
sequence. These cycles can make trillions 
of copies of the desired sequence. PCR is 
incredibly sensitive – a single DNA molecule 
can be enough to get started.

Most sequencing technologies work by 
building DNA: a new strand is built against a 
template strand1  – individual nucleotides are 
identified as they are added to the molecule. 
Many copies of the same DNA are sequenced 
at the same time to ensure accuracy.

Sequencing technology is improving rapidly, 
with faster and cheaper methods available all 
the time. For instance, the sequence for the 
human genome was completed in 2000 and 
took 13 years and 2.7 billion USD2  (6). Today, 
a single human genome can be sequenced in 
days or even hours (7) for 500 USD (8) or less 
(9). 

Sequencing populations

Sequencing technologies can be used to 
understand the genetics of entire populations, 
such as the yeast used at a brewery or all the 
birds in an endangered colony.

Metagenomics refers to the study of 
the genetics of all the organisms in an 
environment. This usually refers to microbial 
life but can also be used to sequence trace 
DNA from larger organisms. Metagenomics 
and environmental DNA (eDNA) are often 
used to study ecological diversity and  support 
conservation (10). For example, DNA collected 
from a river that runs through farmland would 
have evidence of the native fish, insects, algae, 
and microorganisms expected of a healthy 
waterway, but could also have traces of 
invasive species and polluting bacteria from 
livestock upstream.

Another useful term is a variome, which is a 
collection of all the different genomes that 
exist within a population and how they differ.

1  The template strand is used to infer the sequence of 
complementary strand: every T is paired with an A, every C 
with G and vice versa.

2  This is a high-quality reference genome using DNA 
from multiple people.
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Te rāwekeweke ira
Gene editing

Humans have been making changes to the 
genes of living things for as long as we’ve 
been around. Early hunters and gatherers, then 
farmers, used artificial selection – choosing 
to breed, for example, the biggest or tastiest 
varieties of plants to create new varieties.

In the early 1900s, before we fully understood 
the underlying mechanisms of genetics, 
breeders of plants and animals altered DNA 
using X-rays, sub-atomic particles, and 
chemicals. These sped up mutations that 
led to changes in physical traits. Many such 
techniques are still in use but – due to their 
random nature – do not count as gene 
technology. 

Nowadays, when we talk about making 
changes to DNA, we generally mean gene 
technology in a lab. Definitions of terms differ 
– these are the ones we use in this resource:

•	 Genetic modification refers to 
technologies that change the genome of a 
living organism with the addition of foreign 
DNA (from another species). Genetic 
modification is still the most common 
technique applied to plants, but is being 
replaced by gene editing 

•	 Gene editing refers to technologies that 
change the genome of a living organism 
without permanently introducing foreign 
DNA. Gene editing is typically more precise 
than genetic modification.

For example, corn can be made resistant to the 
herbicide glyphosate (known as RoundUp) with 
changes to a single gene (11). With genetic 
modification, scientists take a resistant version 
of the same gene from another organism and 
use it instead of the corn gene (12). With gene 
editing, scientists can use CRISPR to make 
a small change to the corn gene to confer 
resistance (13).

FIGURE 2 | A simple depiction of DNA sequencing

Created in BioRender. A, E. (2026) https://BioRender.com/6isuxte

https://BioRender.com/6isuxte
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Changing a trait by changing DNA: Apples and apples

The type of method that is used to create a new trait can have hugely different effects at the DNA 
level. 

Scenario: an apple orchard has famously tasty apples. The owners want to grow a variant of this 
apple that is tasty and has red flesh (instead of white). A red-flesh apple exists in nature that could 
be cross-bred with the tasty white-flesh apple – but it tastes terrible. A single gene is responsible 
for the colour of the apples’ flesh, but many genes contribute to taste and are not fully understood. 
How can the red-colour gene be transferred to the tasty apple without compromising its flavour?

There are three main approaches that could be taken to move the red-flesh gene between apples. 
All methods use the two parent apples (see the drawing below) to produce a red-fleshed apple, but 
each method differs in how many extra genes ‘hitchhike’ with the target gene.

Method 1: Selective breeding

Selective breeding, when compared to other 
methods, is a simpler way to get a tree with 
red-fleshed apples. However, offspring from 
the cross would carry half the genes of each 
parent and likely inherit many undesirable 
genes (eg, bad taste). 

Back-crossing (breeding the red offspring 
with the tasty apple) would eventually lead to 
a tasty, red-fleshed apple, but it would take 
many generations.

FIGURE 3 | Apple scenario: parents and desired offspring

FIGURE 4 | Selective breeding

Created in BioRender. A, E. (2026) https://BioRender.com/d09cgtn

Created in BioRender. A, E. (2026) https://BioRender.com/kjr6hln

https://BioRender.com/d09cgtn
https://BioRender.com/kjr6hln
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Method 2: Genetic modification

Genetic modification would use genetic tools 
to move the red-flesh gene into the new 
apple’s genome, but it’s hard to avoid bringing 
some other DNA. Sometimes you can’t control 
where the new gene goes, and this can cause 
problems.

The offspring apple will likely taste good, 
though, because most of its genes are from 
the tasty parent.

Method 3: Gene editing

Gene editing using CRISPR (explained below) 
would make small changes required for red-
fleshed apples to the tasty apple’s genes, 
without adding DNA from another variety of 
apple. Apples will have red flesh and taste 
exactly like the tasty parent.

FIGURE 5 | Genetic modification

FIGURE 6 | Gene editing

Created in BioRender. A, E. (2026) https://BioRender.com/0sxl0qg

Created in BioRender. A, E. (2026) https://BioRender.com/3cpq9yo

https://BioRender.com/0sxl0qg
https://BioRender.com/3cpq9yo
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Te rāwekeweke ira mā te CRISPR 
Gene editing using CRISPR

Gene editing is the main focus of this resource 
and we concentrate on the technique 
CRISPR (clustered regularly interspaced short 
palindromic repeats). 

If you want to learn about other techniques 
used for gene editing and genetic modification, 
please see our previous publications (14–19).

He aha te CRISPR?
What is CRISPR?

CRISPR is a scalpel-precise method to cut DNA 
in exactly the target location. CRISPR uses an 
enzyme called Cas9 to cut DNA at a position 
encoded by the scientist. This technique allows 
scientists to edit DNA, write DNA, move DNA, 
and much more.

CRISPR has been a game changer for gene 
technology – it is vastly more accurate 
and efficient at gene editing than previous 
techniques. Scientists adapted CRISPR from a 
process found in nature. It originally formed 
part of a bacterial immune system (20,21).

Te whakamahia: CRISPR
How it works: CRISPR 

CRISPR is short for CRISPR/Cas system. It has 
two main components:

•	 Cas93, a site-directed nuclease (DNA 
cutting enzyme): DNA-specific molecular 
scissors that can only cut when instructed

•	 guideRNA (gRNA), the cutting instructions 
for Cas9: the gRNA binds Cas9 and DNA 
that exactly matches the RNA sequence4. 
gRNA can be ‘programmed’ by scientists to 
cut at a desired position.

How CRISPR works in nature

When a bacterium has a viral infection (yes, 
bacteria get sick too), it creates a biological 
memory of the virus so the immune system 
can recognise the virus next time and defend 
against it (20,21). CRISPR is named after the 
sequences that encode these biological 
memories in a bacterial genome.

3  This stands for CRISPR-associated protein 9.

4  RNA, ribonucleic acid, is a single-stranded nucleic acid 
with multiple important functions in the cell.

FIGURE 7 | A simple depiction of CRISPR in action

Created in BioRender. A, E. (2026) https://BioRender.com/xm57ili

https://BioRender.com/xm57ili
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After an infection, a bacterium incorporates a 
piece of the virus’s DNA into its own genome, 
bordered by the CRISPR sequences. This DNA 
template is then used to make a gRNA that is 
used to check DNA in the cell. If the gRNA is a 
perfect match for the DNA (base pairing with 
a complementary DNA sequence), it signals to 
Cas9  to come and destroy the invading viral 
DNA (21,22).  

Cas9 will only bind and cut DNA if:

•	 gRNA recognises and binds the DNA: this 
means the DNA matches a genetic record 
of a previous infection

•	 There is a PAM (protospacer adjacent 
motif) site after the gRNA: this is a safety 
check to confirm the DNA is an invader 
and not the bacterium’s own record. A 
PAM site is a 2–6 base pair sequence 
following the gRNA binding site which is 
only present in invading DNA (22). 

These rules for cutting stop Cas9 from 
indiscriminately chopping up the bacterium’s 
own DNA.

The bacterium typically contains multiple 
sequence records of a given invader, which 
leads to the viral DNA being cut in multiple 
places and destroyed before it can kill the cell.

Early uses of CRISPR in biotechnology

CRISPR is highly programmable. Lab 
researchers can create their own gRNAs 
to direct Cas9 to cut almost any region of 
DNA they desire. This level of precision was 
groundbreaking. Previous gene editing and 
genetic modification technologies were often 
limited by strict DNA sequence recognition 
requirements of nucleases and other DNA 
cutting enzymes. 

Early uses of CRISPR in biotechnology involved 
breaking genes (creating knockouts) or 
inserting genes. In short, when Cas9 cuts DNA 
(creating what is called a double-stranded 
break), the repair is rarely perfect and the 
gene sequence is disrupted. This can be a 
useful function of CRISPR, with genes being 
intentionally broken or the break used to insert 
a new sequence – provided by the researcher 
– guided into place with matching DNA 
sequences at either end.

Limitations of CRISPR include this tendency to 
break genes (less useful when you don’t want 
to), and issues with accuracy (does Cas9 cut in 
the correct place?), precision (does Cas9 make 
the correct edit?), timing (changes can only be 
fully incorporated in actively dividing cells), and 
delivery (CRISPR is bulky and can be difficult to 
get into cells).

FIGURE 8 | CRISPR requires gRNA recognition and a PAM site after the gRNA binding site

Created in BioRender. A, E. (2026) https://BioRender.com/9m8gym3

https://BioRender.com/9m8gym3
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Advances in CRISPR gene editing

A lot has changed since the world learnt about 
CRISPR in 2012. CRISPR rapidly became an 
everyday tool in molecular biology, leading to 
big advances in medicine, primary industries, 
and many other applications. Co-discoverers 
Jennifer A. Doudna and Emmanuelle 
Charpentier shared the Nobel Prize for 
Chemistry in 2020 (23,24), a commendation 
that typically takes decades. CRISPR has been 
the focus of many innovations. Many of the 
technology’s limitations have been addressed 
by engineering the system to improve 
accuracy and efficiency (25). An edited 
organism’s genome sequence can be checked. 

CRISPR has also been adapted to perform 
many new molecular tasks (25,26). Sometimes 
the Cas protein itself is engineered to acquire 
a new function and other times it acts as 
a vehicle to deliver a specialised enzyme. 
Modified Cas proteins are still summoned to 
DNA when gRNA binds the target sequence, 
but new functions once they arrive can include 
the following:

•	 Cutting only one strand of DNA (known as 
nicking or creating a single-stranded break) 
with an engineered Cas nickase (27) 

•	 Chemically changing the DNA bases to edit 
the sequence (base editors) (28–31) 

FIGURE 9 | CRISPR in nature

Created in BioRender. A, E. (2026) https://BioRender.com/y2mowll

https://BioRender.com/y2mowll
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•	 Inserting new DNA in small (prime editors) 
(32) or large segments (recombinases 
among others) (33). Making large 
rearrangements (34–36)

•	 Activating or repressing a gene through 
transcription regulation (ie, mRNA 
synthesis; mRNA interference) (37–40) 

•	 Making transient changes by editing mRNA 
with RNA-targeting Cas proteins (RNA base 
editing (41))

•	 Changing the three-dimensional structure 
of the DNA (chromatin) for large scale 
gene regulation, also known as epigenome 
editing (42–46)

•	 A switch to regulate DNA editing in 
response to signals either inside or outside 
the cell (47–52) 

•	 A fluorescent tag as a useful glowing label 
to see the target region of DNA in a living 
cell (27,53–57).

These and other components make up our 
ever-expanding CRISPR toolbox and can be 
modified and combined to fit the gene editing 
task at hand.

Two CRISPR technologies in particular have 
been vital for gene editing: base editing and 
prime editing (58,59). Both avoid double-
strand DNA breaks (which are harder to 
control) and give more freedom in choosing 
the location and nature of DNA edits. Base and 
prime editing can be used in non-dividing cells, 
such as heart and muscle cells (traditional 
CRISPR can only incorporate changes into 
cells that are actively growing, like skin cells) 
(28).

Base editing

A base editor can substitute a single base/
nucleotide to another (58,59). Base editors are 
comprised of several functional pieces fused 
together, including:

•	 An engineered Cas nickase protein that 
binds and cuts one strand of DNA 

•	 A customisable gRNA 

•	 A base editing domain 

•	 Sometimes, a signal domain (28,58,59).

The Cas nickase uses gRNA to read and bind 
DNA at the intended edit site. Once in place, 
the base editing domain makes the desired 

FIGURE 10 | CRISPR system toolkit

Created in BioRender. A, E. (2026) https://BioRender.com/3hru4lj

https://BioRender.com/3hru4lj
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change but only in one DNA strand. The 
result is a mismatch – the new base no longer 
follows base pairing rules with its partner. The 
solution to this is the Cas nickase, which makes 
a cut on the unedited strand to summon 
cellular repair machinery. DNA repair enzymes 
will find the mismatch and assume that the 
base on the cut DNA is the wrong one, and 
“fix” it to pair with the edited base.

Base editing domains – also known as 
nucleotide deaminases – exist in nature 
and have been co-opted and modified for 
biotechnology (29,30). They are enzymes 
that chemically alter DNA bases adenine (A) 
and cytosine (C) in a way that makes the cell 
recognise them as guanine (G) and thymine (T), 
respectively5. This type of change is known as 
a transition and occurs within the same class 
of DNA bases6 but not between them. Changes 
between classes are called transversions and 
these are harder to achieve. 

The first base editors could make specific 
transitions with cytosine base editors (C to T) 
(29,30,60) and adenine base editors (A to G) 
(31,61). Cytosine base editors have an extra 
component in addition to the Cas nickase, 
gRNA, and base editing domain: a signal 
protein that discourages/inhibits cell repair 
mechanisms from “fixing” the edited base back 
to the original (61)7.

Recently, researchers have developed base 
editors for each of the possible transitions and 
transversions (26,62,63). Base editors have also 
been engineered to introduce intentionally 
random mutations (for mutagenesis) (64), 
an important tool in research and synthetic 
biology. RNA base editors specifically target 
RNA for edits intended to be temporary (41,65).

Base editors have a range of limitations, 
including being finnicky about where they 
edit; sometimes editing the wrong ‘off-target’ 
sequence; and a bulky size that can be difficult 
to get into cells. Solutions can be engineered 
to all of these limitations (66,67) and scientists 
weigh up the pros and cons of different 
approaches for each project.

5  Deamination converts adenine to inosine, and cytosine 
to uracil.

6  Adenine and guanine are both purines; cytosine, 
thymine, and uracil (in RNA) are pyrimidines.

7  A comparable signal protein is not necessary for 
adenine base editors because the repair process that 
targets A to G edits is slower (28).

Prime editing

A prime editor can precisely perform any small 
edit, including substitutions, deletions and 
insertions. They are comprised of: 

•	 An engineered Cas nickase protein 

•	 A customisable prime editing guide RNA 
(pegRNA)

•	 A reverse transcriptase domain (32,58,68).

The Cas nickase in a prime editor acts in a 
similar way as it does in a base editor: it locates 
the editing site and nicks one DNA strand (69). 
The pegRNA is an instruction molecule of two 
parts: like gRNA, it contains the directions to 
guide Cas to the editing site, but it also has the 
template for the exact edit to be carried out 
there (26).

The reverse transcriptase domain is key 
to prime editors’ functionality. Reverse 
transcriptases are enzymes taken from nature8 
and use RNA templates to write DNA, in the 
opposite direction to the typical process of 
transcription. Engineered reverse transcriptases 
are used routinely in molecular biology.

In prime editing, the Cas nickase uses the 
guiding portion of the pegRNA to find and 
bind the correct DNA editing site. The nickase 
cuts the target DNA strand and the reverse 
transcriptase domain uses the template portion 
of the pegRNA to write new DNA (26,58)9. The 
new DNA strand is patched to the old using 
existing DNA repair processes in the cell.

Prime editors are more versatile and precise 
than base editors. Prime editing allows a 
greater range of DNA edits and is less restricted 
by sequence contexts. Errors and off-target 
effects are minimal (26). However, at time of 
writing, prime editors are not very efficient and 
are still a developing technology (58,68,71).

8  Reverse transcriptase enzymes are used by retroviruses 
to convert their RNA genomes to DNA and hide in their 
host genomes (70). HIV is an example of a retrovirus.

9  A more detailed description can be found in (69).



Going forward

Genetic technology is a rapidly 
developing field with many potential 
applications in Aotearoa New Zealand. 
New Zealanders can expect to 
increasingly encounter new concepts, 
products, and choices in our everyday 
lives; it is important that we are able 
to have informed conversations about 
the risks and benefits of genetic 
technologies in our own backyard.
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Read more

Read about practical applications for genetic 
technologies in:

•	 Genetic technologies in Aotearoa New 
Zealand – how they’re used

•	 Full content is available on the Society’s 
webpage

Our previous publications on genetic 
technologies include:

•	 Gene editing: Legal and regulatory 
implications

•	 Gene editing: Scenarios in healthcare

•	 Gene editing: Scenarios in primary 
industries

•	 Gene editing: Scenarios in pest control

•	 Gene editing: Reflections from the panel 
co-chairs.

https://www.royalsociety.org.nz/what-we-do/our-expert-advice/all-expert-advice-papers/genetic-technologies-in-aotearoa-new-zealand


GENETIC TECHNOLOGIES IN AOTEAROA NEW ZEALAND — HOW THEY WORK | 17 

Ngā tohutoro
References  

1.	 Lin J, Ngiam KY. How data science and AI-based 
technologies impact genomics. Singapore Medical 
Journal. 2023;64(1): 59. https://doi.org/10.4103/
singaporemedj.SMJ-2021-438.

2.	 Vilhekar RS, Rawekar A. Artificial intelligence in 
genetics. Cureus. 2024;16(1): e52035. https://doi.
org/10.7759/cureus.52035.

3.	 Dixit S, Kumar A, Srinivasan K, Vincent PMDR, 
Ramu Krishnan N. Advancing genome editing with 
artificial intelligence: opportunities, challenges, 
and future directions. Frontiers in Bioengineering 
and Biotechnology. 2024;11. https://doi.
org/10.3389/fbioe.2023.1335901.

4.	 Everett-Hincks J, Henaghan M. Gene editing in 
Aotearoa – legal considerations for policy makers. 
Victoria University of Wellington Law Review. 
2019;50(3): 515–550. https://doi.org/10.26686/
vuwlr.v50i3.5990.

5.	 Dinica V. Transitioning to what? The role of 
genetic-engineering in New Zealand’s (circular) 
bioeconomy debates. Journal of Environmental 
Policy & Planning. 2021;23(2): 194–212. https://
doi.org/10.1080/1523908X.2021.1893161.

6.	 The cost of sequencing a human genome. 
National Human Genome Research Institute. 
https://www.genome.gov/about-genomics/
fact-sheets/Sequencing-Human-Genome-cost 
[Accessed 24th October 2024].

7.	 Gorzynski JE, Goenka SD, Shafin K, Jensen TD, 
Fisk DG, Grove ME, et al. Ultrarapid nanopore 
genome sequencing in a critical care setting. 
New England Journal of Medicine. 2022;386(7): 
700–702. https://doi.org/10.1056/NEJMc2112090.

8.	 Cost of sequencing a full human genome. Our 
World in Data. https://ourworldindata.org/
grapher/cost-of-sequencing-a-full-human-
genome [Accessed 24th October 2024].

9.	 A $100 genome? New DNA sequencers could be 
a ‘game changer’ for biology, medicine. Science. 
2022. https://doi.org/10.1126/science.add5060

10.	 Beng KC, Corlett RT. Applications of 
environmental DNA (eDNA) in ecology and 
conservation: Opportunities, challenges and 
prospects. Biodiversity and Conservation. 
2020;29(7): 2089–2121. https://doi.org/10.1007/
s10531-020-01980-0.

11.	 Comai L, Sen LC, Stalker DM. An altered aroA 
gene product confers resistance to the herbicide 
glyphosate. Science. 1983;221(4608): 370–371. 
https://doi.org/10.1126/science.221.4608.370.

12.	 Dill GM. Glyphosate-resistant crops: history, status 
and future. Pest Management Science. 2005;61(3): 
219–224. https://doi.org/10.1002/ps.1008.

13.	 Qiao D, Wang J, Lu MH, Xin C, Chai Y, Jiang 
Y, et al. Optimized prime editing efficiently 
generates heritable mutations in maize. Journal of 

Integrative Plant Biology. 2023;65(4): 900–906. 
https://doi.org/10.1111/jipb.13428.

14.	 Royal Society Te Apārangi. Gene editing: Evidence 
update. 2016 Oct p. 9. https://www.royalsociety.
org.nz/assets/documents/Gene-editing-
evidence-update2.pdf

15.	 Royal Society Te Apārangi. Gene editing: 
Reflections from the panel co-chairs, scenario 
summaries and scenarios, legal and regulatory 
implications. 2019 Aug p. 152. https://www.
royalsociety.org.nz/assets/Uploads/Gene-Editing-
FINAL-COMPILATION-compressed.pdf

16.	 Royal Society Te Apārangi. Gene editing: Legal and 
regulatory implications. 2019 Aug [Accessed 20th 
November 2024]. p. 11. https://www.royalsociety.
org.nz/assets/Uploads/Gene-Editing-Legal-and-
regulatory-implications-DIGITAL.pdf [Accessed 
20th November 2024].

17.	 Royal Society Te Apārangi. Gene editing: Scenarios 
in the primary industries. 2019 Aug [Accessed 
20th November 2024]. https://www.royalsociety.
org.nz/assets/Uploads/Gene-Editing-Summary-
Primary-Industries-DIGITAL.pdf [Accessed 20th 
November 2024].

18.	 Royal Society Te Apārangi. Gene editing: Scenarios 
in healthcare. 2019 Aug [Accessed 20th November 
2024]. https://www.royalsociety.org.nz/assets/
Uploads/Gene-Editing-Summary-Healthcare-
DIGITAL.pdf [Accessed 20th November 2024].

19.	 Royal Society Te Apārangi. Gene editing: Scenarios 
in pest control. 2019 [Accessed 20th November 
2024]. https://www.royalsociety.org.nz/assets/
Uploads/Gene-Editing-Summary-Pest-Control-
DIGITAL.pdf [Accessed 20th November 2024].

20.	 Wiedenheft B, Sternberg SH, Doudna JA. RNA-
guided genetic silencing systems in bacteria 
and archaea. Nature. 2012;482(7385): 331–338. 
https://doi.org/10.1038/nature10886.

21.	 Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna 
JA, Charpentier E. A programmable dual-RNA–
guided DNA endonuclease in adaptive bacterial 
immunity. Science. 2012;337(6096): 816–821. 
https://doi.org/10.1126/science.1225829.

22.	 Doudna JA, Charpentier E. The new frontier 
of genome engineering with CRISPR-Cas9. 
Science. 2014;346(6213). https://doi.org/10.1126/
science.1258096.

23.	 The Royal Swedish Academy of Sciences. Press 
release: The Nobel Prize in Chemistry 2020. 
NobelPrize.org. https://www.nobelprize.org/
prizes/chemistry/2020/press-release/

24.	 Ledford H, Callaway E. Pioneers of revolutionary 
CRISPR gene editing win chemistry Nobel. 
Nature. 2020;586(7829): 346–347. https://doi.
org/10.1038/d41586-020-02765-9.

25.	 Wang JY, Doudna JA. CRISPR technology: A 



18 | ROYAL SOCIETY TE APĀRANGI

decade of genome editing is only the beginning. 
Science. 2023;379(6629): eadd8643. https://doi.
org/10.1126/science.add8643.

26.	 Villiger L, Joung J, Koblan L, Weissman J, 
Abudayyeh OO, Gootenberg JS. CRISPR 
technologies for genome, epigenome and 
transcriptome editing. Nature Reviews Molecular 
Cell Biology. 2024;25(6): 464–487. https://doi.
org/10.1038/s41580-023-00697-6.

27.	 McCaffrey J, Sibert J, Zhang B, Zhang Y, Hu W, 
Riethman H, et al. CRISPR-CAS9 D10A nickase 
target-specific fluorescent labeling of double 
strand DNA for whole genome mapping and 
structural variation analysis. Nucleic Acids 
Research. 2016;44(2): e11–e11. https://doi.
org/10.1093/nar/gkv878.

28.	 Rees HA, Liu DR. Base editing: Precision chemistry 
on the genome and transcriptome of living cells. 
Nature Reviews Genetics. 2018;19(12): 770–788. 
https://doi.org/10.1038/s41576-018-0059-1.

29.	 Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. 
Programmable editing of a target base in genomic 
DNA without double-stranded DNA cleavage. 
Nature. 2016;533(7603): 420–424. https://doi.
org/10.1038/nature17946.

30.	 Nishida K, Arazoe T, Yachie N, Banno S, Kakimoto 
M, Tabata M, et al. Targeted nucleotide editing 
using hybrid prokaryotic and vertebrate adaptive 
immune systems. Science. 2016;353(6305): 
aaf8729. https://doi.org/10.1126/science.aaf8729.

31.	 Gaudelli NM, Komor AC, Rees HA, Packer MS, 
Badran AH, Bryson DI, et al. Programmable base 
editing of A•T to G•C in genomic DNA without 
DNA cleavage. Nature. 2017;551(7681): 464–471. 
https://doi.org/10.1038/nature24644.

32.	 Anzalone AV, Randolph PB, Davis JR, Sousa AA, 
Koblan LW, Levy JM, et al. Search-and-replace 
genome editing without double-strand breaks 
or donor DNA. Nature. 2019;576(7785): 149–157. 
https://doi.org/10.1038/s41586-019-1711-4.

33.	 Yarnall MTN, Ioannidi EI, Schmitt-Ulms C, Krajeski 
RN, Lim J, Villiger L, et al. Drag-and-drop genome 
insertion of large sequences without double-
strand DNA cleavage using CRISPR-directed 
integrases. Nature Biotechnology. 2023;41(4): 
500–512. https://doi.org/10.1038/s41587-022-
01527-4.

34.	 Strecker J, Ladha A, Gardner Z, Schmid-Burgk JL, 
Makarova KS, Koonin EV, et al. RNA-guided DNA 
insertion with CRISPR-associated transposases. 
Science. 2019;365(6448): 48–53. https://doi.
org/10.1126/science.aax9181.

35.	 Anzalone AV, Gao XD, Podracky CJ, Nelson AT, 
Koblan LW, Raguram A, et al. Programmable 
deletion, replacement, integration and inversion 
of large DNA sequences with twin prime editing. 
Nature Biotechnology. 2022;40(5): 731–740. 
https://doi.org/10.1038/s41587-021-01133-w.

36.	 Klompe SE, Vo PLH, Halpin-Healy TS, Sternberg 
SH. Transposon-encoded CRISPR–Cas systems 
direct RNA-guided DNA integration. Nature. 
2019;571(7764): 219–225. https://doi.org/10.1038/
s41586-019-1323-z.

37.	 Bendixen L, Jensen TI, Bak RO. CRISPR-Cas-
mediated transcriptional modulation: The 
therapeutic promises of CRISPRa and CRISPRi. 
Molecular Therapy. 2023;31(7): 1920–1937. 
https://doi.org/10.1016/j.ymthe.2023.03.024.

38.	 Gilbert LA, Larson MH, Morsut L, Liu Z, Brar 
GA, Torres SE, et al. CRISPR-mediated modular 
RNA-guided regulation of transcription in 
eukaryotes. Cell. 2013;154(2): 442–451. https://
doi.org/10.1016/j.cell.2013.06.044.

39.	 Qi LS, Larson MH, Gilbert LA, Doudna JA, 
Weissman JS, Arkin AP, et al. Repurposing CRISPR 
as an RNA-guided platform for sequence-
specific control of gene expression. Cell. 
2013;152(5): 1173–1183. https://doi.org/10.1016/j.
cell.2013.02.022.

40.	 Perez-Pinera P, Kocak DD, Vockley CM, Adler AF, 
Kabadi AM, Polstein LR, et al. RNA-guided gene 
activation by CRISPR-Cas9–based transcription 
factors. Nature Methods. 2013;10(10): 973–976. 
https://doi.org/10.1038/nmeth.2600.

41.	 Cox DBT, Gootenberg JS, Abudayyeh OO, Franklin 
B, Kellner MJ, Joung J, et al. RNA editing with 
CRISPR-Cas13. Science. 2017;358(6366): 1019–
1027. https://doi.org/10.1126/science.aaq0180.

42.	 Goell JH, Hilton IB. CRISPR/Cas-based epigenome 
editing: Advances, applications, and clinical utility. 
Trends in Biotechnology. 2021;39(7): 678–691. 
https://doi.org/10.1016/j.tibtech.2020.10.012.

43.	 Jogam P, Sandhya D, Alok A, Peddaboina V, Allini 
VR, Zhang B. A review on CRISPR/Cas-based 
epigenetic regulation in plants. International 
Journal of Biological Macromolecules. 
2022;219: 1261–1271. https://doi.org/10.1016/j.
ijbiomac.2022.08.182.

44.	 Kang JG, Park JS, Ko JH, Kim YS. Regulation of 
gene expression by altered promoter methylation 
using a CRISPR/Cas9-mediated epigenetic editing 
system. Scientific Reports. 2019;9(1): 11960. 
https://doi.org/10.1038/s41598-019-48130-3.

45.	 Li K, Liu Y, Cao H, Zhang Y, Gu Z, Liu X, et al. 
Interrogation of enhancer function by enhancer-
targeting CRISPR epigenetic editing. Nature 
Communications. 2020;11(1): 485. https://doi.
org/10.1038/s41467-020-14362-5.

46.	 Nuñez JK, Chen J, Pommier GC, Cogan JZ, 
Replogle JM, Adriaens C, et al. Genome-
wide programmable transcriptional memory 
by CRISPR-based epigenome editing. Cell. 
2021;184(9): 2503-2519.e17. https://doi.
org/10.1016/j.cell.2021.03.025.

47.	 Tang W, Hu JH, Liu DR. Aptazyme-embedded 
guide RNAs enable ligand-responsive genome 
editing and transcriptional activation. Nature 
Communications. 2017;8(1): 15939. https://doi.
org/10.1038/ncomms15939.

48.	 Liu KI, Ramli MNB, Woo CWA, Wang Y, Zhao T, 
Zhang X, et al. A chemical-inducible CRISPR–
Cas9 system for rapid control of genome editing. 
Nature Chemical Biology. 2016;12(11): 980–987. 
https://doi.org/10.1038/nchembio.2179.

49.	 Zhang J, Chen L, Zhang J, Wang Y. Drug inducible 



GENETIC TECHNOLOGIES IN AOTEAROA NEW ZEALAND — HOW THEY WORK | 19 

CRISPR/Cas systems. Computational and 
Structural Biotechnology Journal. 2019;17: 1171–
1177. https://doi.org/10.1016/j.csbj.2019.07.015.

50.	 Polstein LR, Gersbach CA. A light-inducible 
CRISPR-Cas9 system for control of endogenous 
gene activation. Nature Chemical Biology. 
2015;11(3): 198–200. https://doi.org/10.1038/
nchembio.1753.

51.	 Devarajan A. Optically controlled CRISPR-
Cas9 and Cre recombinase for spatiotemporal 
gene editing: A review. ACS Synthetic Biology. 
2024;13(1): 25–44. https://doi.org/10.1021/
acssynbio.3c00596.

52.	 Rottinghaus AG, Ferreiro A, Fishbein SRS, Dantas 
G, Moon TS. Genetically stable CRISPR-based 
kill switches for engineered microbes. Nature 
Communications. 2022;13(1): 672. https://doi.
org/10.1038/s41467-022-28163-5.

53.	 Wang S, Su JH, Zhang F, Zhuang X. An RNA-
aptamer-based two-color CRISPR labeling system. 
Scientific Reports. 2016;6(1): 26857. https://doi.
org/10.1038/srep26857.

54.	 Chen B, Zou W, Xu H, Liang Y, Huang B. 
Efficient labeling and imaging of protein-coding 
genes in living cells using CRISPR-Tag. Nature 
Communications. 2018;9(1): 5065. https://doi.
org/10.1038/s41467-018-07498-y.

55.	 Ma H, Naseri A, Reyes-Gutierrez P, Wolfe 
SA, Zhang S, Pederson T. Multicolor CRISPR 
labeling of chromosomal loci in human cells. 
Proceedings of the National Academy of Sciences. 
2015;112(10): 3002–3007. https://doi.org/10.1073/
pnas.1420024112.

56.	 He Q, Yu D, Bao M, Korensky G, Chen J, Shin M, 
et al. High-throughput and all-solution phase 
African Swine Fever Virus (ASFV) detection using 
CRISPR-Cas12a and fluorescence based point-
of-care system. Biosensors and Bioelectronics. 
2020;154: 112068. https://doi.org/10.1016/j.
bios.2020.112068.

57.	 Tanenbaum ME, Gilbert LA, Qi LS, Weissman 
JS, Vale RD. A protein-tagging system for signal 
amplification in gene expression and fluorescence 
imaging. Cell. 2014;159(3): 635–646. https://doi.
org/10.1016/j.cell.2014.09.039.

58.	 Anzalone AV, Koblan LW, Liu DR. Genome 
editing with CRISPR–Cas nucleases, base 
editors, transposases and prime editors. Nature 
Biotechnology. 2020;38(7): 824–844. https://doi.
org/10.1038/s41587-020-0561-9.

59.	 Kantor A, McClements M, MacLaren R. CRISPR-
Cas9 DNA base-editing and prime-editing. 
International Journal of Molecular Sciences. 
2020;21(17): 6240. https://doi.org/10.3390/
ijms21176240.

60.	 Li X, Wang Y, Liu Y, Yang B, Wang X, Wei J, et al. 
Base editing with a Cpf1–cytidine deaminase 
fusion. Nature Biotechnology. 2018;36(4): 
324–327. https://doi.org/10.1038/nbt.4102.

61.	 Komor AC, Zhao KT, Packer MS, Gaudelli NM, 
Waterbury AL, Koblan LW, et al. Improved base 
excision repair inhibition and bacteriophage Mu 

Gam protein yields C:G-to-T:A base editors with 
higher efficiency and product purity. Science 
Advances. 2017;3(8): eaao4774. https://doi.
org/10.1126/sciadv.aao4774.

62.	 Chen L, Hong M, Luan C, Gao H, Ru G, Guo X, et 
al. Adenine transversion editors enable precise, 
efficient A•T-to-C•G base editing in mammalian 
cells and embryos. Nature Biotechnology. 
2024;42(4): 638–650. https://doi.org/10.1038/
s41587-023-01821-9.

63.	 Wang D, Zhang Y, Zhang J, Zhao J. Advances 
in base editing: A focus on base transversions. 
Mutation Research - Reviews in Mutation 
Research. 2024;794: 108515. https://doi.
org/10.1016/j.mrrev.2024.108515.

64.	 Hess GT, Frésard L, Han K, Lee CH, Li A, Cimprich 
KA, et al. Directed evolution using dCas9-targeted 
somatic hypermutation in mammalian cells. 
Nature Methods. 2016;13(12): 1036–1042. https://
doi.org/10.1038/nmeth.4038.

65.	 Porto EM, Komor AC, Slaymaker IM, Yeo GW. Base 
editing: Advances and therapeutic opportunities. 
Nature Reviews Drug Discovery. 2020;19(12): 
839–859. https://doi.org/10.1038/s41573-020-
0084-6.

66.	 Grünewald J, Zhou R, Garcia SP, Iyer S, Lareau CA, 
Aryee MJ, et al. Transcriptome-wide off-target 
RNA editing induced by CRISPR-guided DNA base 
editors. Nature. 2019;569(7756): 433–437. https://
doi.org/10.1038/s41586-019-1161-z.

67.	 Neugebauer ME, Hsu A, Arbab M, Krasnow NA, 
McElroy AN, Pandey S, et al. Evolution of an 
adenine base editor into a small, efficient cytosine 
base editor with low off-target activity. Nature 
Biotechnology. 2023;41(5): 673–685. https://doi.
org/10.1038/s41587-022-01533-6.

68.	 Chen PJ, Liu DR. Prime editing for precise and 
highly versatile genome manipulation. Nature 
Reviews Genetics. 2023;24(3): 161–177. https://
doi.org/10.1038/s41576-022-00541-1.

69.	 Llado M. Explainer: What is prime editing and 
what is it used for? CRISPR Medicine. https://
crisprmedicinenews.com/news/explainer-what-
is-prime-editing-and-what-is-it-used-for/ 
[Accessed 17th December 2024].

70.	 Ganguly P. Retrovirus. genome.gov. https://
www.genome.gov/genetics-glossary/Retrovirus 
[Accessed 17th December 2024].

71.	 Zhao Z, Shang P, Mohanraju P, Geijsen N. Prime 
editing: Advances and therapeutic applications. 
Trends in Biotechnology. 2023;41(8): 1000–1012. 
https://doi.org/10.1016/j.tibtech.2023.03.004.



WHAKAPĀ MAI
CONNECT WITH US

ISBN: 978-1-877264-67-2

Figures created with BioRender 
https://BioRender.com

Except for figures, photos and the Society’s 
logo, expert advice papers are licensed under 
a Creative Commons 4.0 New Zealand License.

Please contact info@royalsociety.org.nz or visit 
the Society’s webpage for further information.

Published May 2026

royalsociety.org.nz 

RoyalSocietyNZ 

@royalsocietynz 

@royalsocietynz 

RoyalSocietyNZ

https://www.royalsociety.org.nz/what-we-do/our-expert-advice/all-expert-advice-papers/genetic-technologies-in-aotearoa-new-zealand
https://www.royalsociety.org.nz/
https://www.facebook.com/RoyalSocietyNZ
https://www.instagram.com/royalsocietynz/
https://x.com/royalsocietynz
https://www.linkedin.com/company/royalsocietynz/

