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“The objective of this study is to provide 
[federal regulatory] agencies with 
scientific trending information related 
to biotechnology in next 5–10 years, 
so that they can use it to modernize 
the U.S. regulatory system for 
biotechnology products”
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for future biotechnology products and its potential 
impact on the fruit industry
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The National Academies of Science, Engineering and 
Medicine (NAS) released their final version of a 
comprehensive 230-page report entitled “Preparing for 

Future Products of 
Biotechnology” 
on 30 June 2017 
(NAS 2017).  The 
report comprises 
s i x  c h a p t e r s , 
c o v e r i n g 
i n t r o d u c t i o n 
a n d  c o n t e x t ; 
emerging trends 
and products of 
biotechnology ; 

the current biotechnology regulatory system; understanding 
risks related to future biotechnology products; opportunities 
to enhance the capabilities of the biotechnology regulatory 
system; and conclusions and recommendations.  It also includes 
sections for summary, glossary, and relevant appendixes.  The 
electronic copy of the report is free for download at http://www.
nap.edu/24605.
 The report is a direct result of a focused study, “Future 
Biotechnology Products and Opportunities to Enhance 
Capabilities of the Biotechnology Regulatory System,” that was 
sponsored by the U.S. Environmental Protection Agency (EPA), 
the U.S. Food and Drug Administration (FDA), and the U.S. 
Department of Agriculture (USDA).  EPA, FDA and USDA are 
the three U.S. federal agencies currently in charge of regulatory 

reviews of biotechnology products.  The objective of the study 
is to provide the agencies with scientific trending information 
related to biotechnology in the next 5–10 years, so that they can 
use it to modernize the U.S. regulatory system for biotechnology 
products, a directive from the President’s Office of Science and 
Technology Policy in July 2015.
 The definition for biotechnology products is broad and 
comprehensive in the report.  Briefly, it can be stated as products 
developed through genetic engineering or genome engineering, 
including plants, animals and microbes, and products produced 
by such organisms and cell-free systems.  Below, I review and 
comment on the report, with focus on the technical drivers, the 
emerging biotechnology products, and the recommendations for 
improving the regulatory review process.  I also discuss how the 
emerging products might impact the production of food crops, 
particularly apples.

What are the major technical drivers for future 
products of biotechnology?
 Ever since the first report of recombinant-DNA (rDNA) 
technique (Cohen et al. 1973), scientists have been using it to 
engineer DNA sequences of genes to express proteins or traits 
of interest in microorganisms, animals, and plants.  The well-
known early examples of the biotechnology products include 
synthetic human insulin for treatment of diabetes (Genentech 
1978) and plant virus-resistant papaya for containing the 
devastating papaya ring virus (Gonsalves 1998).  Most existing 
products of biotechnology on the market were created by the 
rDNA technique, such as herbicide-resistant soybeans and BT-
cotton/corn.  Although the rDNA technique remains important, 
the newly developed tools for DNA sequencing, synthesis, and 
editing and the establishment of standardized biological parts 
have become the major technical drivers for emerging products 
of biotechnology.
 New Tools for DNA Sequencing, Synthesis, and Editing: 
The development of next-generation DNA sequencers has 
revolutionized the means of conducting genetic and genomic 
studies.  Since 2002, the cost for DNA sequencing has been 
decreased by a magnitude of eight orders (Figure 1).  This made 
it possible to sequence the whole genome for many animal and 
plant species, including apple (Velasco et al. 2010; Daccord et 
al. 2017).  The cost for synthesizing double stranded DNA (ds-
DNA), the natural form in the animal and plant nucleic  genomes, 
is reduced at a lower rate.  However, it is continuously trending 
lower.  So far, the cost for ds-DNA synthesis has been reduced 
by more than two orders since 2002 (Figure 1), allowing the first 
opportunities to create synthetic chromosomes and genomes 
(Annaluru et al. 2014; Kannan and Gibson 2017).  The emerging 

Figure	1.	 Efficiency	 trends	 in	 DNA	 sequencing	 (green)	 and	 synthesis	 of	
double-stranded	 DNA	 (dsDNA,	 blue)	 and	 single-stranded	 DNA	
(ssDNA,	red),	2001–2015.	Adapted	from	Figure	2-1	in	NAS	(2017).
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genome-engineering technologies, such as CRISPR/CAS9-based 
precision genome editing, and synthetic oligonucleotides-based 
multiplex automated genome engineering and whole-genome 
recoding, have demonstrated enormous potential for creating 
desirable variations in a wide spectrum of living organisms.  In 
apple, for example, use of the CRISPR/CAS9 system to precisely 
edit the genome was reported in two independent experiments 
(Malnoy et al. 2016; Nishitani et al. 2016).
 Standardized Biological Parts: The establishment of 
standardized biological parts is another important advance in 
biotechnology.  Standardized biological parts are defined as 
the “compatible, minimal DNA sequences that code for distinct 
biological functions, such as coding sequences that are responsible 
for the expression of proteins, promoters, and terminators (that 
cause transcription to cease).”  Based on the NAS report, the 
most significant efforts in this area include: 1) International 
Open Facility Advancing Biotechnology placed more than 2,500 
standardized, quantitatively defined, biological parts in the public 
domain in 2009; and 2) The National Institute of Standards and 
Technology partnered with Stanford University on a project 

Figure	2.		 Market	status	of	open-release	products	of	biotechnology	in	the	next	5-10	years.	Entries	 in	bold	are	examples	of	products	with	high	growth	
potential.	Arrows	indicate	that	similar	products	or	products	using	the	same	transformation	technology	(e.g.	genome	editing	or	gene	drives)	are	
likely	to	be	developed.	Adapted	from	Figure	2-7	in	NAS	(2017).

focusing on facilitating the standardization of parts relevant to 
biology.  These efforts are intended to mimic the proven success 
that was achieved in mechanized production, which relied on 
standardized parts with reproducible characteristics.  Once 
biological parts are standardized, companies furnishing analogues 
to designers, manufacturers, assemblers, sellers, or all of the 
abovementioned will be better positioned to develop products 
of biotechnology to benefit the society and the environment.  
A remarkable example demonstrating the essential role of 
standardizing biological parts could be observed in the efforts 
attempted to enable nitrogen fixation in non-legume plants 
(Temme et al. 2012; Smanski et al. 2014), which are briefly 
described under next section.

What are the emerging products of biotechnology in 
the next 5-10 years?
 Based on the aforementioned advances in biotechnology, it 
is expected that the products of biotechnology will be increasing 
in scope, scale and complexity in the next 5–10 years, and will 
be better than what is available currently.  Three classes of future 
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products of biotechnology are envisioned to be forthcoming, 
including open-released products, contained products, and plat-
forms.  Based on the descriptions, the open-released products are 
most relevant to crop production, which refer to ‘plants, animals, 
microbes, and synthetic organisms that have been engineered 
for deliberate release in an open environment.’  Figure 2 provides 
an overview for such future open-released products and their 
market status.  (The latter two classes will not be described here, 
as they are not directly associated with  .)
 Among these future biotechnology products, crops engi-
neered with increased photosynthesis efficiency and microbes 
or non-legume crops modified with nitrogen-fixing capacity are 
most exciting.  Photosynthesis is a vital process on the planet.  
In this process, green plants harvest the energy from sunlight 
using carbon dioxide (CO2) and water, and then store the energy 
in sugars, which are the energy source for nearly all activities of 
life.  Improving photosynthesis efficiency of plants would fun-
damentally improve crop productivity.  As a proof-of-concept 
example, the NAS report cited a study demonstrating that engi-
neered tobacco plants with improved photosynthesis produced 
about 15% more biomass (Kromdijk et al. 2016).  
 Nitrogen fixation occurs naturally in legumes, which is 
accomplished by certain bacteria, e.g., Rhizobium in their root 
nodules that can convert atmospheric nitrogen into ammonia, 
a usable nitrogen form for the host plants.  It has been a dream 
to enable nitrogen fixation in non-legume crops through genetic 
engineering.  The challenge, however, has been that transferring 
the complex molecular machineries responsible for nitrogen 
fixation directly into other root-associated bacterial cells has 
proven to be difficult, if not impossible, due to host specificity.  
Thanks to the latest advances in biotechnology and synthetic 
biology, especially the introduction of the concept of establishing 
standardized biological parts, a dream-come-true day might not 
be very far off.  For example, in a remarkable study, scientists suc-
cessfully ‘refactored’ the complex native nitrogen fixation 20-gene 
cluster from Klebsiella oxytoca, a bacterium found in a wide range 
of environments (Temme et al. 2012).  The significance of this 
work is that it rewrote the 
complex nitrogen fixation 
cluster into well-defined 
biological parts in hopes of 
breaking the host specificity 
to facilitate access, engi-
neering, and transferability.  
In another study, the same 
research group demon-
strated the possibility of 
creating a nitrogen fixation 
system that is functional 
for the intended purpose 
in new host cells by a large 
scale of rearrangement of 
the refactored nitrogen 
fixation gene cluster com-
prising 16 genes and 103 
biological parts (Smanski et 
al. 2014).  The NAS report 
emphasizes repeatedly that 
a key distinction of some 
of the future products of 

biotechnology from the existing ones is their ability to sustain 
their lasting presence in diverse environments with little or no 
human intervention.  Successful engineering of such nitrogen 
fixation bacteria that can survive and thrive themselves in the 
environment would greatly reduce the reliance of non-legume 
crops on nitrogen fertilizers.
 The other significant products of biotechnology include a 
low-acrylamide (a potential carcinogen) potato, a non-browning 
mushroom, a non-browning apple, gene drive-based weeds and 
insect pests engineered for their biological control, and genomi-
cally recoded organisms (Figure 2).

What recommendations are made for improving the 
regulatory reviews?
 The NAS report identified many opportunities for EPA, 
FDA, USDA and other federal agencies to enhance the regula-
tory review system for the future products of biotechnology.  As 
a result, a number of recommendations for the federal govern-
ment agencies were detailed in the NAS report.  In brief, these 
recommendations concentrate on three major areas: 
 The first is to ‘increase scientific capabilities, tools, exper-
tise, and horizon scanning in key areas of expected growth of 
biotechnology, including natural, regulatory, and social sciences.’  
As the increase in scope, scale and complexity of the products 
of biotechnology is expected in the next 5–10 years, adoption of 
the recommendations in this area is most urgent.  As a first step, 
the NAS report suggests that EPA, FDA and USDA merge their 
current independent regulatory review processes into a single 
entry system (Figure 3) to speed up the review process for those 
similar to what already exists, and concentrate on the future 
products developed by new biotechnologies, such as CRISPR/
CAS9-based gene drive for insect-pest control and those devel-
oped with genome recoding technology (Figure 2).  
 The second is to ‘increase their use of pilot projects to 
advance understanding and use of ecological risk assessments 
and benefit analyses for future biotechnology products that are 
unfamiliar and complex and to prototype new approaches for 

Figure	3.	 A	 possible	 structure	 for	 a	 single	 point	 of	 entry	 for	 application	 of	 risk	 analysis	 to	 future	 products	 of	
biotechnology.		Adapted	from	Figure	S-2	in	NAS	(2017)
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iterative risk analyses that incorporate external peer review 
and public participation.’  The purpose of the recommendations 
in this area is to identify the evidence-based efficient ways to 
improve the regulatory process so that the risk and benefit of 
the incoming new biotechnology products can be assessed 
comprehensively, effectively, and objectively.
 The third is to ‘increase their investments in regulatory 
science and link research and education activities to regulatory-
science activities’ from federal funding agencies such as the 
National Science Foundation, the U.S. Department of Defense, 
the U.S. Department of Energy, the National Institute of Stan-
dards and Technology, and others.  These recommendations 
address the lack of a long-term strategy for risk analysis of fu-
ture biotechnology products, which will enhance the regulatory 
system by making the regulatory perspectives more predictable 
to current and future developers of biotechnology products.

How might the NAS report impact the fruit industry?
 Throughout the NAS report, a trend is made abundantly 
clear; i.e., substantially more and novel products of biotech-
nology will be developed and commercialized in the next 
5–10 years (Figure 2).  Interpreting this trend in the context 
of production of crops, including fruit, it certainly means that 
the existing production system will be greatly impacted, likely 
leading to more opportunities for the industry.
 For example, non-browning apples are one of the prod-
ucts included in Figure 2.  Apparently, they are referring to 
Arctic™Apples, developed by the Canadian firm Okanagan 
Specialty Fruits (OSF).  The non-browning characteristic (fruit 
do not turn brown after being sliced) is achieved by suppress-
ing the browning causal enzymes called polyphenol oxidases 
(PPOs) using RNA interfering (RNAi) technique (Figure 4A).  
Arctic™Golden Delicious and Arctic™Granny Smith were ap-
proved by the USDA for market entrance in February 2015.  
Based on OSF, non-browning apple slices offer convenience 
for consumption, which will result in increased sales for apple 
fruit overall, benefiting the entire apple industry and consum-
ers.  
 However, could such a stated benefit of non-browning 
apples really be delivered, given the enormous controversy 
caused by Arctic™Apples during the USDA approval process 
(Xu 2015), and even after the approval?  For example, a new 
website urging readers to “Tell These Grocery Stores: No GMO 
Apples, Please!” has been created lately to disrupt the market-
ing of Arctic™Apples (URL1).  What are the signs that suggest 
that Artic™Apples may still be succeeding in the market place?  
A brief search of the internet found lines of evidence that OSF 
appears to be doing well, and Artic™Apples will likely be wel-
comed as a convenient food for consumers:

1) A Capital Press article posted on 9 January 2017 (URL 2) 
reported that a market test trial for Arctic™ Apples was to 
be conducted during February and March 2017 in about 
ten stores in the U.S. midwest.  Due to the limited quan-
tities, the plan was to sell about 500, 40-pound boxes of 
sliced fruit of Arctic™ Golden Delicious in grab-and-go 
pouch bags.  The fruit will be sold with the Arctic™ logo 
(Figure 4B).   

2) A 22 May 2017 report by Fresh Fruit Portal (URL 3) 
described that Mr. Neal Carter, the founder of OSF, was 
exceedingly encouraged by the results of the marker test 

Figure	4.	 Arctic	 Apples.	 A.	 Diagram	 depicting	 the	 difference	 between	
regular	 apple	 and	 Arctic	 Apple	 in	 PPO	 enzyme	 activity.	
Adapted	 from	 website:	 http://www.zmescience.com/
medicine/genetic/arctic-apples-bioengineering-091102016/.	
B.	Trademark	of	Arctic	Apples.

A

B

trial. He said “To be honest, we couldn’t have dreamt 
up this good a result.  To me, in a nutshell, that’s how it 
went.”  Regarding the OSF’s business expansion, the article 
reported that seven new employees have been added since 
the beginning of 2017, bringing the company total staff 
members to 17.  In terms of production of Arctic™Apples, 
Mr. Carter said 200 acres were planted in spring 2017 and 
“another 400 acres would crop up next year”.  The amount 
of fruit available would be 200,000–300,000 pounds in fall 
2017, and will go up four- or five-fold a year thereafter.  

3) The U.S. Apple Association now says that all apples are safe, 
healthy and nutritious, while prior to the government ap-
proval, it was concerned about possible market confusion.  

4) USDA approved another non-browning apple, Arctic™Fuji, 
in September 2016.  It is expected that Arctic™Gala will be 
approved in 2018 and the other Arctic™apples will possibly 
follow.  

 If the Arctic™Apples continuously perform well as Mr. 
Carter described in the 22 May 2017 article (see above), OSF 
and growers who are contracted with OSF for production 
would be the big winners.  In addition to non-browning apples, 
apples improved with the CRISPR/CAS9 technology for other 
important traits, such as resistance to diseases, and trees suit-
able for mechanical pruning and fruit harvesting, and many 
others, would also similarly benefit the industry.
 In summary, the National Academies’ comprehensive 
report is an important document profiling the future biotech-
nology products and their potential benefits and risks.  The 
recommendations detailed in the report are invaluable for 
forthcoming policy-making by EPA, FDA, USDA and other 
relevant federal agencies.  The clear trend seen in the report 
for more and novel products of biotechnology will greatly im-
pact the production of crop plants, including fruits, likely in a 
positive manner. 
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