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Nitrogen is essential for life. It is the most 
common element in Earth’s atmosphere 
and a primary component of crucial bio-

logical molecules, including proteins and nucleic 
acids such as DNA and RNA—the building blocks 
of life. 

Crops need large amounts of nitrogen in order 
to thrive and grow, but only certain chemical 
forms collectively referred to as reactive nitrogen 
can be readily used by most organisms, including 
crops. And because soils frequently do not contain 
enough reactive nitrogen (especially ammonia and 
nitrate) to attain maximum productivity, many 
farmers add substantial quantities to their soils, 
often in the form of chemical fertilizer.

Unfortunately, this added nitrogen is a major 
source of global pollution. Current agricultural 
practices aimed at producing high crop yields often 
result in excess reactive nitrogen because of the dif-
ficulty in matching fertilizer application rates and 
timing to the needs of a given crop. The excess 
reactive nitrogen, which is mobile in air and water, 
can escape from the farm and enter the global 
nitrogen cycle—a complex web in which nitrogen 
is exchanged between organisms and the physical 
environment—becoming one of the world’s major 
sources of water and air pollution. 

The challenge facing farmers and farm policy 
makers is therefore to attain a level of crop produc-
tivity high enough to feed a growing world popula-
tion while reducing the enormous impact of  
nitrogen pollution. Crop genetic engineering has 
been proposed as a means of reducing the loss of 
reactive nitrogen from agriculture. This report  
represents a first step in evaluating the prospects 
of genetic engineering to achieve this goal while 
increasing crop productivity, in comparison with 

other methods such as traditional crop breeding, 
precision farming, and the use of cover crops that 
supply reactive nitrogen to the soil naturally. 

The Importance of Nitrogen Use  
Efficiency (NUE)
Crops vary in their ability to absorb nitrogen, but 
none absorb all of the nitrogen supplied to them. 
The degree to which crops utilize nitrogen is called 
nitrogen use efficiency (NUE), which can be mea-
sured in the form of crop yield per unit of added 
nitrogen. NUE is affected by how much nitrogen 
is added as fertilizer, since excess added nitrogen 
results in lower NUE. Some agricultural practices 
are aimed at optimizing the nitrogen applied to 
match the needs of the crop; other practices, such 
as planting cover crops, can actually remove excess 
reactive nitrogen from the soil. 

In the United States, where large volumes 
of chemical fertilizers are used, NUE is typically 
below 50 percent for corn and other major crops—
in other words, more than half of all added reactive 
nitrogen is lost from farms. This lost nitrogen is 
the largest contributor to the “dead zone” in the 
Gulf of Mexico—an area the size of Connecticut 
and Delaware combined, in which excess nutrients 
have caused microbial populations to boom, rob-
bing the water of oxygen needed by fish and shell-
fish. Furthermore, nitrogen in the form of nitrate 
seeps into drinking water, where it can become a 
health risk (especially to pregnant women and  
children), and nitrogen entering the air as ammo-
nia contributes to smog and respiratory disease as 
well as to acid rain that damages forests and other 
habitats. Agriculture is also the largest human-
caused domestic source of nitrous oxide, another 
reactive form of nitrogen that contributes to global 

Executive Summary
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warming and reduces the stratospheric ozone that  
protects us from ultraviolet radiation.

Nitrogen is therefore a key threat to our global 
environment. A recent scientific assessment of nine 
global environmental challenges that may make the 
earth unfavorable for continued human develop-
ment identified nitrogen pollution as one of only 
three—along with climate change and loss of bio-
diversity—that have already crossed a boundary 
that could result in disastrous consequences if not 
corrected. One important strategy for avoiding this 
outcome is to improve crop NUE, thereby reduc-
ing pollution from reactive nitrogen.

Can Genetic Engineering Increase NUE?
Genetic engineering (GE) is the laboratory-based 
insertion of genes into the genetic material of 
organisms that may be unrelated to the source 
of the genes. Several genes involved in nitrogen 
metabolism in plants are currently being used in 
GE crops in an attempt to improve NUE. Our 
study of these efforts found that:

• Approval has been given for approximately  
125 field trials of NUE GE crops in the United 
States (primarily corn, soybeans, and canola), 
mostly in the last 10 years. This compares with 
several thousand field trials each for insect resis-
tance and herbicide tolerance. 

• About half a dozen genes (or variants of these 
genes) appear to be of primary interest. The exact 
number of NUE genes is impossible to deter-
mine because the genes under consideration by 
companies are often not revealed to the public. 

• No GE NUE crop has been approved by  
regulatory agencies in any country or com-
mercialized, although at least one gene (and 
probably more) has been in field trials for about 
eight years.

• Improvements in NUE for experimental GE 
crops, mostly in controlled environments,  
have typically ranged from about 10 to 50 per-
cent for grain crops, with some higher values. 

There have been few reports of values from the 
field, which may differ considerably from lab-
based performance.

• By comparison, improvement of corn NUE 
through currently available methods has been 
estimated at roughly 36 percent over the past 
few decades in the United States. Japan has 
improved rice NUE by an estimated 32 percent 
and the United Kingdom has improved cereal 
grain NUE by 23 percent.

• Similarly, estimates for wheat from France show 
an NUE increase from traditional breeding of 
about 29 percent over 35 years, and Mexico has 
improved wheat NUE by about 42 percent over 
35 years.

Available information about the crops and 
genes in development for improved NUE suggests 
that these genes interact with plant genes in com-
plex ways, such that a single engineered NUE gene 
may affect the function of many other genes. For 
example:

• In one of the most advanced GE NUE crops, 
the function of several unrelated genes that 
help protect the plant against disease has been 
reduced.

• Another NUE gene unexpectedly altered the 
output of tobacco genes that could change the 
plant’s toxicological properties. 

Many unexpected changes in the function of 
plant genes will not prove harmful, but some may 
make it difficult for the crops to gain regulatory 
approval due to potential harm to the environment 
or human health, or may present agricultural draw-
backs even if they improve NUE. For the most 
advanced of the genes in the research pipeline, 
commercialization will probably not occur until at 
least 2012, and it will likely take longer for most of 
these genes to achieve commercialization—if they 
prove effective at improving NUE. At this point, 
the prospects for GE contributing substantially to 
improved NUE are uncertain. 
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Other Methods for Reducing Nitrogen Pollution 
Traditional or enhanced breeding techniques can 
use many of the same or similar genes that are 
being used in GE, and these methods are likely to 
be as quick, or quicker, than GE in many cases. 
Traditional breeding may have advantages in com-
bining several NUE genes at once.

Precision farming—the careful matching of 
nitrogen supply to crop needs over the course 
of the growing season—has shown the ability to 
increase NUE in experimental trials. Some of these 
practices are already improving NUE, but adop-
tion of some of the more technologically sophisti-
cated and precise methods has been slow.

Cover crops are planted to cover and protect 
the soil during those months when a cash crop 
such as corn is not growing, often as a component 
of an organic or similar farming system. Some can 
supply nitrogen to crops in lieu of synthetic fertil-
izers, and can remove excess nitrogen from the soil; 
in several studies, cover crops reduced nitrogen 
losses into groundwater by about 40 to 70 percent. 

Cover crops and other “low-external-input” 
methods (i.e., those that limit use of synthetic  
fertilizers and pesticides) may also offer other  
benefits such as improving soil water retention 
(and drought tolerance) and increasing soil organic 
matter. An increase in organic matter that contains 
nitrogen can reduce the need for externally sup-
plied nitrogen over time. 

With the help of increased public investment, 
these methods should be developed and evaluated 
fully, using an ecosystem approach that is best 
suited to determine how reactive nitrogen is lost 
from the farm and how NUE can be improved in 
a comprehensive way. Crop breeding or GE alone 
is not sufficient because they do not fully address 
the nitrogen cycle on real farms, where nitrogen loss 
varies over time and space, such as those times when 
crops—conventional or GE—are not growing. 

Conclusions 
GE crops now being developed for NUE may 
eventually enter the marketplace, but such crops 

are not uniquely beneficial or easy to produce. 
There is already sufficient genetic variety for NUE 
traits in crops, and probably in close relatives of 
important crops, for traditional breeding to build 
on its successful track record and develop more 
efficient varieties. 

Other methods such as the use of cover crops 
and precision farming can also improve NUE and 
reduce nitrogen pollution substantially. 

Recommendations
The challenge of optimizing nitrogen use in a hun-
gry world is far too important to rely on any one 
approach or technology as a solution. We therefore 
recommend that research on improving crop NUE 
continue. For traditional breeding to succeed, 
public research support is essential and should be 
increased in proportion to this method’s substantial 
potential. 

We also recommend that system-based 
approaches to increasing NUE—cover crops, preci-
sion application of fertilizer, and organic or similar 
farming methods—should be vigorously pursued 
and supported. These approaches are complemen-
tary to crop improvement because each addresses a 
different aspect of nitrogen use. For example, while 
breeding for NUE reduces the amount of nitrogen 
needed by crops, precision farming reduces the 
amount of nitrogen applied. Cover crops remove 
excess nitrogen and may supply nitrogen to cash 
crops in a more manageable form. 

Along with adequate public funding, incentives 
that lead farmers to adopt these practices are also 
needed. Although the private sector does explore 
traditional breeding along with its heavy invest-
ment in the development of GE crops, it is not 
likely to provide adequate support for the develop-
ment of non-GE varieties, crops that can better use 
nitrogen from organic sources, or improved cover 
crops that remove excess nitrogen from soil. We 
must ensure that broad societal goals are addressed 
and important options are pursued nevertheless. 

In short, there are considerable opportunities 
to address the problems caused by our current 
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overuse of synthetic nitrogen in agriculture if we 
are willing to make the necessary investments. The 
global impact of excess reactive nitrogen will wors-
en as our need to produce more food increases, so 
strong actions—including significant investments 
in technologies and methods now largely ignored 
by industrial agriculture—will be required to lessen 
the impact. 
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The need to raise global food production 
perhaps as much as 100 percent by the 
middle of the century poses one of the 

major challenges currently facing the world—as 
does reducing the pollution caused by many cur-
rent agricultural practices. Because plant growth  
is often constrained by the amount of nitrogen in 
the soil that plants can access, adding more nitro-
gen to agricultural fields will almost certainly play 
a role in meeting the challenge of increased crop 
productivity. Unfortunately, some of the nitrogen 
sources readily available to farmers across much  
of the globe are already chief contributors to  
nitrogen pollution. 

Dobermann and Cassman (2005) project a 
need to increase grain production 38 percent by 
2025, and assert that this may be done with a 
nitrogen crop yield response increase of 20 percent 
using current technologies, with a net increase in 
nitrogen of 30 percent if current losses of agricul-
tural land do not continue. Other estimates,  
however, note that a 45 percent reduction in nitro-
gen pollution in the Gulf of Mexico is likely needed 
to have a substantial impact on the dead zone there 
(EPA 2009b). Pouring on even more fertilizer to 
increase food production would aggravate this  
and other problems and carry potentially high 
costs. What we need are ways to increase food  
production on existing farmland while reducing 
nitrogen pollution. 

Strategies for reducing nitrogen loss from farms 
without reducing productivity include vegetation 
buffer strips planted along waterways adjacent to 
crop fields; such buffers have captured significant 

amounts of nitrogen that would otherwise reach 
streams and rivers. Also, better timing of nitrogen 
fertilizer application—to be performed only when it 
is actually needed by a given crop during the grow-
ing season—reduces the amount of nitrogen applied. 

Key Terms Used in This Report
Improving the nitrogen use efficiency (NUE) of 
crops is another strategy for reducing nitrogen loss 
from farms—and consequent downstream nitrogen 
pollution—in this case by increasing the amount 
of plant growth that occurs for each pound of 
nitrogen added to the soil. Improved NUE reduces 
the need for nitrogen fertilizer. This can poten-
tially be done in two ways: through traditional or 
enhanced methods of crop breeding, or through 
genetic engineering. 

NUE can also be improved in order to reduce 
nitrogen loss from farm fields rather than to 
increase crop yield. The use of cover crops and 
better-timed fertilizer applications often serve this 
purpose. It should be noted that because different 
methods for measuring NUE can arrive at different 
values, it may be difficult to make direct compari-
sons between NUE values found in this report and 
elsewhere.

Traditional breeding involves controlled mating 
between plant parents selected for their desirable 
traits. This powerful technology, responsible for 
most genetic improvement in crops over the last 
100 years, can now be enhanced with new genomic 
technologies that assist scientists in identifying 
prospective traits. Using information about plant 
genetics to inform breeding does not constitute 

Chapter 1

Introduction: Genetic Engineering and Nitrogen  
in Agriculture
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genetic engineering, and the promise offered by 
these two approaches may differ dramatically.

Genetic engineering (GE) refers specifically 
to the isolation and removal of genes—specifi-
cally, genes that determine traits of scientific or 
economic interest—from one organism and their 
insertion into another, where they become part of 
the inherited genetic material. In relation to crops, 
GE can add genes to plants from virtually any 
source and achieve gene combinations not pos-
sible in nature. For example, most commercialized 
GE crops contain genes from bacteria that make 
the crops immune to certain herbicides or protect 
them against insect pests. 

GE and traditional breeding have different 
advantages and limitations as techniques for devel-
oping new crop varieties. GE enables us to com-
bine genes from organisms that cannot reproduce 
with each other, but its success depends on how 
specific genes (and specific combinations of genes) 
influence plant growth. Very few plant traits are 
controlled by a single gene, and our understanding 
of how multi-gene systems influence plant growth 
is limited, especially when considering the varied 
environmental conditions under which plants grow 
and the changes in gene function and metabolism 
that occur over the life of the plant. 

Traditional breeding, which is sometimes 
informed by a detailed understanding of the parent 
plants’ genetics, also rearranges the genetic mate-
rial of the crop. But in this case, because all of the 
parents’ genes are involved, some undesired genes 
may end up in the resulting crop along with the 
genes of interest. And unlike GE it uses only those 
genes already found in the crop or closely related 
plant species. The ability of traditional breeding to 
bring many genes from sexually compatible plants 
together can be advantageous for improving the 
many traits controlled by multiple genes. While 
knowledge of genetics can inform traditional 
breeding, this method can also achieve the desired 
traits even when the genetic basis is not thoroughly 
understood.

Report Organization
This report describes the status of GE as a tool 
for producing crops with improved NUE, and is 
divided along the following lines:

• The next section of Chapter 1 describes the role 
of the nitrogen cycle. 

• Chapter 2 provides definitions for NUE relevant 
to this report and discusses the implications of 
using different conceptual frameworks to mea-
sure NUE. We then evaluate GE’s prospects for 
providing food and feed crops with enhanced 
NUE, based on an examination of the scientific 
literature and government databases.

• Chapter 3 evaluates traditional breeding’s pros-
pects for providing food and feed crops with 
enhanced NUE. Covered technologies include 
marker-assisted breeding and other advances in 
genomics, and the identification of crop genes 
involved in nitrogen metabolism. Important 
differences between traditional breeding and 
GE are considered.

• To provide appropriate context, Chapter 4 
discusses the value of an ecosystem approach 
to evaluating nitrogen pollution and solutions, 
and Chapter 5 reviews two other approaches for 
reducing fertilizer use and nitrogen pollution: 
precision farming and cover cropping. 

• Finally, Chapter 6 offers several recommenda-
tions for public policies that can help reduce 
nitrogen pollution.

The Impact of Nitrogen Fertilizer Use in 
Agriculture 
The addition of nitrogen fertilizers, along with 
other changes in agriculture, has greatly increased 
crop productivity in many parts of the world, 
allowing global food production to remain ahead 
of rapid population growth in the second half of 
the twentieth century (Vitousek et al. 2009). But 
areas where soils are exceptionally deficient in 
nitrogen, such as much of Africa (Sanchez 2002), 
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have not kept pace in producing enough food, and 
improvements in soil fertility are urgently needed.  

While essential to food production, nitrogen 
compounds added to agricultural ecosystems are 
also some of the most important sources of pol-
lution nationally and globally. Consequences of 
nitrogen pollution include toxic algal blooms,  
oxygen-depleted dead zones in coastal waters, and 
the exacerbation of global climate change, acid 
rain, and biodiversity loss (Krupa 2003; McCubbin 
et al. 2002; Vitousek et al. 1997). Reactive nitro-
gen entering the Mississippi River from crop  
fields comprises about 42 percent of the nitrogen 
causing the dead zone in the Gulf of Mexico—at 
16,500 sq. km in recent years (EPA 2008), an area 
the size of Delaware and Connecticut combined. 

Fertilizer-intensive agriculture practices are 
also the United States’ major anthropogenic (i.e., 

human-caused) source of nitrous oxide (N2O), a 
potent heat-trapping gas that also contributes to 
the destruction of stratospheric ozone. Agricultural 
soils are responsible for about two-thirds of the 
anthropogenic nitrous oxide produced in the 
United States (EPA 2009a). In addition, gaseous 
ammonia released from nitrogen fertilizer contrib-
utes to fine particulate matter that causes respira-
tory disease and acid rain (Anderson, Strader, and 
Davidson 2003; Krupa 2003; McCubbin et al. 
2002; Vitousek et al. 1997). Nitrate concentrations 
above 10 parts per million in drinking water have 
been implicated as a cause of methemoglobinemia, 
or “blue baby syndrome” (Fan and Steinberg 1996).

Recently, it has been suggested that disruption 
of the global nitrogen cycle—the complex web in 
which nitrogen is exchanged between organisms 
and the physical environment (Figure 1)—caused 
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The nitrogen cycle is a highly complex, global cycle that continuously transforms nitrogen into various chemical forms. 
Industrial agriculture—with its inefficient use of synthetic fertilizers—alters this cycle by adding excessive amounts of 
reactive nitrogen to the local and global environments.

Source: Adapted from Government of South Australia, Primary Industries and Resources SA.

Figure 1. The Nitrogen Cycle
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by added nitrogen now exceeds the planet’s capac-
ity to maintain a desirable state for human survival 
and development (Rockström et al. 2009). Of the 
nine significant planetary processes or conditions 
described in that report, only climate change and 
loss of biodiversity have also passed such a point. 
This assessment underscores the enormous impact 
that excess nitrogen is having on the environment.

The Role of Reactive Nitrogen
The dramatic consequences of nitrogen fertilizer 
use, both positive and negative, are understandable 
when we appreciate the extent to which human 
activity altered the nitrogen cycle in the twentieth 
century, especially following the “green revolution” 
of the 1960s (Figure 2). Overall, production of reac-
tive nitrogen increased by a factor of 11, from about 

15 teragrams (Tg), or trillion grams, of nitrogen 
per year in 1860 to about 165 Tg per year in 2000. 
About 80 percent of this nitrogen has been used in 
crop production (Galloway et al. 2002). 

Those forms of nitrogen called reactive nitro-
gen are critically important in the context of 
crop production and its environmental impact. 
Although nitrogen exists in many forms in the 
environment and is abundant in the atmosphere 
as nitrogen gas (N2), this report focuses on two 
of the many reactive nitrogen compounds most 
readily used by crops: ammonia and nitrate. These 
compounds are readily used by both plants and 
microbes, hence are commonly referred to as reac-
tive nitrogen. By contrast, N2 cannot be used by 
most organisms. Reactive nitrogen enters agricul-
tural systems from several sources: 

The amount of human-caused reactive nitrogen in the global environment has increased ��-fold since the nineteenth  
century and about eight-fold since the �9�0s, which marked the beginning of the “green revolution” in agriculture. 
Agriculture is responsible for about �0 percent of the reactive nitrogen produced worldwide.

Source: Adapted from Galloway et al. 2003. © 2003, American Institute of Biological Sciences. Used by permission. All rights reserved.
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• Industrial production of synthetic fertilizer, 
which combines natural gas and N2 to produce 
ammonia 

• Microbe-driven decomposition of organic matter 

• Bacterial nitrogen fixation, the process in which 
microbes, often associated with legumes such as 
soybeans and alfalfa, break the N2 bond 

• Lightning, which can split the N2 bond 

Agriculture is often the most important source 
of several reactive nitrogen compounds in the 
environment. Nitrate, for example, is one of the 
major forms of reactive nitrogen in fertilizer, and 
a major source of water pollution. Much of the 
other major forms of reactive nitrogen in fertil-
izer, ammonia and urea, are rapidly converted to 
nitrate. Nitrate is a particular problem because it is 
especially mobile in the soil, and therefore readily 
lost through leaching. 

The mobility of several forms of reactive  
nitrogen means that nitrogen can pollute the 

environment at local, regional, and global lev-
els. In addition, microbes in soils often convert 
less mobile forms of reactive nitrogen into more 
mobile forms such as ammonia and nitrous oxide, 
which are mobile in the air, further contributing to 
the spread of nitrogen pollution from farms. 

We thus face the dilemma of expanding 
our food supply to meet the needs of a growing 
global population—for which we currently rely on 
increased nitrogen use—while reducing pollution 
from nitrogen. Whether supplied as synthetic fer-
tilizer or via the addition of biological components 
like legumes, nitrogen is an expensive input into 
an agricultural system, so farmers already want to 
use it as efficiently as possible. But this objective 
has gained new urgency as we witness the impact 
of nitrogen overuse on global ecosystems. It is now 
imperative that we develop new ways of using nitro-
gen efficiently if we are to avoid even greater harm 
to the environment in our quest for more food.
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The variety of strategies available for increas-
ing NUE (and thereby reducing nitrogen 
pollution) reflects the different spatial 

and time scales at which NUE can be analyzed. 
At the scale of the individual plant, NUE can be 
increased by enhancing the capacity of that crop 
species to acquire nitrogen from the soil or bet-
ter use nitrogen within the plant. For example, a 
plant with a mature root system that continues 
to acquire nitrogen even when concentrations in 
the soil are low—or that acquires nitrogen more 
rapidly even when concentrations in the soil are 
high—will use more of the available nitrogen in 
the soil than a comparable plant with lower NUE. 

Similarly, plants that transfer more nitrogen to the 
grain or increase grain yields will also use nitrogen 
more efficiently. 

Plant characteristics that influence NUE 
include the amount of energy allocated to root 
systems (more extensive root systems can enable 
greater utilization of soil nitrogen) and the specific 
characteristics of enzyme systems used to acquire 
nitrogen and allocate acquired nitrogen to different 
parts of the plant, such as the seed of grain plants. 
Because the main advantage of GE is its ability to 
target specific plant traits (Box 1), we here review 
the status of GE technology for improving NUE, 
primarily at the scale of the individual plant. 

Chapter 2

Nitrogen Use Efficiency in GE Plants and Crops

Genes can be thought of as consisting of two parts: the 

part that carries information needed to produce proteins 

that underlie traits (the structural gene), and the part  

that directs when and how much of the protein is  

produced, especially the part called the promoter.  

Gene expression refers to the timing and amount of  

protein production, which strongly influences plant  

function and development. Typically, the most important 

regulator of gene expression is the promoter. Genetic 

engineers typically alter the timing or amount of protein 

production by adding a new promoter to the gene that 

causes high expression.

The promoter and the structural gene may each 

originate from different genes and different organisms, 

and can be brought together in new combinations. For 

example, a promoter from a rice gene can be attached to 

a structural gene from a bacterium. 

Some genes directly control the expression of several 

genes. The proteins produced by such genes are called 

transcription factors. Transcription factors sometimes 

have advantages for the engineering of genetically com-

plex traits (such as NUE) that are controlled by several 

genes. But they can also affect the expression of genes 

that control traits other than the intended one—a result 

that may have undesirable consequences. Such a result 

can also occur if the expression of single genes that are 

not transcription factors is altered. 

Altering gene expression has so far proved to be as 

important for improving NUE through GE as have struc-

tural genes. Most experimental increases in NUE have 

come from increasing the expression of existing structural 

genes (or similar genes from other organisms) rather than 

using genes that are fundamentally different from those 

already found in the crop.

Box 1. How Engineered Genes Contribute to Plant Traits
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How We Evaluated GE’s Prospects for 
Improving NUE
Ideally, to evaluate the efficacy of a new crop 
designed to increase NUE, we would study the 
plants as they are grown on a variety of working 
farms—in the field with varying soil conditions, 
plant densities, rainfall patterns (over a period 
of years), and other factors that influence plant 
growth. Such studies provide realistic estimates of 
commercial promise and reveal unintended conse-
quences on and off the farm. 

Because on-farm studies are costly, a series of 
preliminary, controlled, and more easily interpreted 
experiments are usually performed first. For exam-
ple, new GE plants are typically evaluated first by 
growing them individually in pots in a greenhouse. 

Laboratory and greenhouse studies have great 
value because they show how genetic manipula-
tions manifest themselves in plants, rather than in 
a bacterium in a Petri dish. They do not, however, 
enable us to evaluate how a crop will contribute to 
a farming system that may retain or lose nutrients 
to the surrounding landscape, air, and water (see 
Box 2 for a discussion of different testing environ-
ments for GE plants).

The publicly available information on GE 
crops with NUE genes comes primarily from con-
trolled studies conducted in growth chambers or 
greenhouses, and U.S. Department of Agriculture 
(USDA) records indicate that no such crops have 
yet been approved or commercialized. On-farm 
experiments, therefore, have not been conducted. 

The performance of new NUE crops may be assessed  

by growing them within structures or outdoors. The  

different methods have their own strengths and weak-

nesses: growth chambers provide the greatest control  

over growing conditions and the most precise compari-

sons, while commercial-scale studies provide the most 

realistic environment. 

Greenhouse and growth chamber studies involve 

growing the experimental crop under highly controlled 

settings. Though greenhouses typically use ambient light 

and may not fully control temperature, they still represent 

an artificial environment compared with the exposed 

conditions of a crop field. Growth chambers are enclosed 

structures that typically control all aspects of crop growth 

including temperature, light, and humidity. Plants are often 

grown in pots rather than in groups or rows as on a farm. 

Field trials test crops outdoors, but under conditions 

that can be monitored and treated in a controlled manner. 

Although field trials approach commercial crop produc-

tion in terms of exposure to environmental conditions, 

they are much more limited in size (plots are often less 

than an acre), duration (often for only a few years), and 

geographic distribution.

Commercial-scale studies typically involve monitor-

ing crop growth on commercial farm fields that are much 

larger than field trials, and may continue (continuously or 

intermittently) for many years. Commercial-scale stud-

ies may sometimes be performed like field trials, but at a 

much larger scale and for a longer duration.

Growth chambers and greenhouses cannot repli-

cate the complex interactions between a plant and the 

environment that occur outdoors, including conditions 

that may lead to undesirable side effects. Field trials can 

begin to assess environmental effects, but sporadic phe-

nomena such as pests and severe weather may not be 

present during the limited duration of a field trial. 

Therefore, commercial-scale studies over a long 

period of time are needed to reliably detect the effects of 

sporadic, but important, environmental phenomena, as 

well as processes that take a long time to develop (such 

as the accumulation of organic nitrogen in the soil). Such 

studies may also provide considerable information about 

how plants affect each others’ growth and about NUE, 

including nutrient loss from agricultural systems.

Box 2. Methods Used to Study Crop NUE
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A relatively small number of field trials (which 
represent an intermediate step between growth 
chamber and on-farm studies) have been con-
ducted, but the results of those trials—considered 
confidential business information—have not been 
released. Without comprehensive field studies, we 
cannot evaluate the promise of GE NUE crops 
under commercial conditions, or whether serious 
drawbacks such as impaired responses to drought 
or pathogens may emerge in the field.

Nonetheless, the available data provide a use-
ful assessment of the state of development of GE 
NUE crops. Although many such crops appear to 
be in relatively early stages of development, and 
face several possible hurdles, there are a number of 
examples in the scientific literature (beginning in 
the 1990s, but primarily since 2000) of genes that 
have shown promise for improving NUE. Progress 
in this area mirrors our increased understanding 
of nitrogen metabolism by the genes involved in 
NUE, gained with the use of traditional genetic 
methods as well as tools from physiology and 
molecular biology (Hirel et al. 2007). 

Studies of GE NUE Crops
Researchers have focused much of their efforts to 
develop GE NUE crops on seven genes, primar-
ily in major grain crops (rice, corn, and wheat) 
and the oilseed crop canola. Soybeans have been a 
common subject of USDA field trials for improved 
NUE, but the genes used in these trials are not 
known to the public. Most of the research in the 
public literature has centered on plant-derived 
genes important to nitrogen metabolism in plants, 
though some genes have come from bacteria 
(which resemble plants in some aspects of nitrogen 
metabolism). Many of these genes have been iso-
lated and analyzed in experimental plants such as 
Arabidopsis as well as crops. 

Genes that have been evaluated in the litera-
ture include: 

• genes that code for nitrate and ammonium trans-
porters that assimilate nitrogen from the soil; 

• genes such as nitrate and nitrite reductases, 
which alter the form of nitrogen in the crop so 
it may be incorporated into organic (carbon-
containing) molecules; 

• genes that synthesize nitrogen compounds such 
as glutamine synthetase, which produces the 
amino acid glutamine (used to transport nitro-
gen through the plant); and 

• genes responsible for remobilizing nitrogen from 
the vegetative parts of plants into the seed.1

The following discussion of studies described 
in the scientific literature focuses on those genes 
that have attracted the most attention and have 
shown the greatest promise for improving NUE. 

In most cases, the GE strategy for nitrogen 
metabolism genes has been to boost their expres-
sion with gene promoters that cause the gene to 
be turned on at high levels in many plant tissues 
most of the time (Box 1) (Good, Shrawat, and 
Muench 2004). Boosting gene expression through-
out a plant means that the protein product of gene 
expression will occur in plant tissues where it is not 
normally found, or in atypical amounts. This wide-
spread change may increase the chance of undesir-
able side effects (or pleiotropy, discussed below). 

Concern about the likelihood of unintended 
consequences stems in part from our understand-
ing that most aspects of plant molecular biology 
(including nitrogen metabolism) are highly regu-
lated and respond to changes in plant biochem-
istry. Therefore, atypical expression of nitrogen 
metabolism genes will likely cause some reactions 
by the plant. Whether these reactions will manifest 
themselves in plant growth and cause agricultural, 
environmental, or human safety problems is usual-
ly not entirely predictable given our current knowl-
edge of plant biochemistry and metabolic networks 
(Sweetlove, Fell, and Fernie 2008). 

1 A more detailed list and discussion about these genes can be found in Good, Shrawat, and Muench (2004).
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Using promoters that express nitrogen metabo-
lism genes at high levels in many parts of the 
plant, in most cases, has resulted in increased NUE 
in experimental crops. Below and in Table 1 is a 
list of the gene-crop combinations of potential 
interest to genetic engineers. 

Perhaps the most widely explored genes for 
improved NUE are those that control production 
of glutamine synthetase (GS). Several versions of 
these genes, called a “gene family,” appear to be 
central to nitrogen metabolism because glutamine 
is the primary compound involved in the move-
ment of nitrogen throughout the plant, including 
into the growing seed. Versions of GS genes are 
found in the root and in the green parts of the 
plant. GS has been engineered into several crops.

Glutamine synthetase in wheat. GE wheat 
was developed using a bean GS gene and a strong 
promoter from a rice gene (Habash et al. 2001). 

Plants were grown under controlled light and tem-
perature in a growth chamber using a soil potting 
mix. The over-expression of this gene, compared 
with the normal wheat GS gene, in the green tis-
sues of the plant resulted in an increased grain 
yield of about 10 percent, and increased grain 
nitrogen by a somewhat larger amount, under nor-
mal nitrogen fertilization. This occurs by increas-
ing the reallocation of nitrogen in the plant from 
the leaves to the seed. 

The root system of the GE GS wheat plants 
was also enhanced compared with non-GE wheat 
plants. While this may be a beneficial result, pos-
sibly enhancing nitrogen assimilation, it illustrates 
the side effects that often occur with the altered 
expression of engineered genes. 

Glutamine synthetase in maize. A maize GS 
gene, normally expressed in leaves, was over-
expressed using a promoter taken from a plant 

Table 1. Genes Used to Improve NUE through Genetic Engineering 1

Gene
Gene Source

(Gene/promoter)
Engineered Plant

NUE Improvement 2 
(Percent)

Grown in the Field? 3

Glutamine synthetase (GS) Bean/rice Wheat 10 No

Glutamine synthetase (GS) Corn/plant virus Corn 30 No

Glutamate synthase (GOGAT) Rice/rice Rice 80 No

Asparagine synthetase (AS) Arabidopsis/plant virus Arabidopsis 21 No

Glutamate dehydrogenase E. coli/plant virus Tobacco 10 Yes

Dof1 Corn/plant virus Arabidopsis Nitrogen content: 30; 
growth: ~65 No

Alanine aminotransferase 
(ALA) Barley/canola Canola 40 Yes

Alanine aminotransferase 
(ALA) Barley/rice Rice 31–54 Yes 4

Notes:

1 As reported in the public literature; other genes may be under private study by companies and universities.

2 Values for NUE are measured in different ways in different experiments. Therefore the values presented here are not directly comparable. 

3 It is possible that field trials for these genes have been conducted but not disclosed to the public. 

4 USDA field trials have been approved for this gene, but the results have not been reported to the public. 
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virus that produces GS in most plant tissues. 
Plants were grown in a greenhouse in pots, and 
produced about 30 percent more grain under low-
level nitrogen fertilization (Martin et al. 2006). 

Glutamate synthase in rice. Glutamate synthase 
(GOGAT) genes represent another gene family 
important in plant nitrogen metabolism, and have 
been used in experiments to improve NUE in rice. 
Genetically engineered indica rice—the primary 
subspecies grown in India and several other parts of 
Asia—was developed using an indica GOGAT gene 
under the control of a GOGAT promoter from a 
different rice subspecies, japonica rice (Yamaya  
et al. 2002).2 Grain yields for GE indica plants 
grown in pots in controlled conditions were 80 per-
cent higher than for the non-GE indica plants. 

Asparagine synthase in Arabidopsis. As with 
the GS gene, the asparagine synthase (AS) gene 
controls the synthesis of an amino acid that can 
be important for transporting nitrogen through a 
plant. AS was over-expressed in the experimental 
plant, Arabidopsis, using a strong promoter from a 
plant virus that produces high levels of AS in most 
plant tissues (Lam et al. 2003). The GE plants 
were grown in pots under controlled light and 
temperature and normal levels of nitrogen. Seed 
protein content increased by about 21 percent. 

Glutamate dehydrogenase in tobacco. Under 
field conditions in Illinois, a bacterial glutamate 
dehydrogenase gene (from E. coli) expressed at 
high levels in tobacco using a promoter from 
a plant virus produced up to about 10 percent 
more plant biomass than the non-GE plants over 
a period of three years (Ameziane, Bernhard, and 
Lightfoot 2000). Increased crop yield appeared to 
occur only at normal nitrogen fertilization levels. 

Dof1 transcription factor in Arabidopsis. The 
maize Dof� gene is a transcription factor (Box 1) 
that controls the expression of several genes 
involved in carbon metabolism (Yanagisawa et al. 
2004). Carbon and nitrogen metabolism are linked 
in plants, and because many plant molecules 

contain significant amounts of both carbon and 
nitrogen, increased expression of a gene for carbon 
compounds may also boost nitrogen in the plant. 
The GE Arabidopsis plants containing Dof� at high 
levels accumulated more nitrogen than normal 
plants—in some cases more than twice as much—
when grown in the laboratory on an artificial agar-
based medium containing low amounts of nitrogen. 
The GE plants also showed greater growth than 
their non-GE counterparts, although the amount of 
growth difference was not quantified.

Alanine aminotransferase in canola. The ala-
nine aminotransferase (ALA) gene is one of the few 
nitrogen metabolism genes that has been expressed 
from a promoter restricted to specific plant tissues 
and environmental conditions, and grown in the 
field rather than only in greenhouses or growth 
chambers. Investigators combined a barley ALA 
gene with a promoter that functions in the roots of 
canola plants and used the resulting combination to 
genetically alter canola plants (Good et al. 2007). 

In field trials over a two-year period, and with 
nitrogen fertilizer application rates 40 percent 
below normal, they observed canola seed yields 
equivalent to those achieved at typical soil nitrogen 
levels. At more typical application rates, the GE 
canola exhibited a yield increase of approximately 
33 percent. At high application rates (280 kg/hect-
are), no yield advantage was reported.

Alanine aminotransferase in rice. A barley 
ALA gene was expressed by a root-tissue-specific 
promoter in GE rice (Shrawat et al. 2008). Under 
controlled conditions, grain yield increased 
between 31 and 54 percent compared with the 
non-GE rice. Root and fine root biomass also 
increased considerably, as did nitrogen uptake. The 
USDA has also approved field trials of ALA rice, 
but the results have not been released to the public. 

Summary. Our review of the literature revealed 
several genes important to plant nitrogen metabo-
lism that have drawn the interest of genetic engi-
neers. Of these, GS genes have probably attracted 

2 There are several distinct types of Asian rice—indica, japonica, and javanica—all of the species Oryza sativa, and all generally inter-fertile. Indica rice varieties are the most widely 
grown.
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the widest interest. Promising results have also 
been observed with GOGAT and ALA. Work on 
the latter appears to be the most advanced, with 
field trials lasting several years (see below). 

The studies described above, mostly conducted 
in controlled environments, demonstrate that 
NUE genes can increase both seed yield (at low, 
normal, or high nitrogen fertilizer levels) and plant 
nitrogen content. Grain yield increases in green-
house tests have ranged from approximately 10 
percent to 80 percent (Table 1). However, tests in 
controlled environments may not identify undesir-
able genetic side effects that manifest themselves 
under certain environmental conditions, and may 
not detect other limitations imposed by commer-
cial-scale crop production. 

Approved Field Trials of GE NUE Crops 
Field trials test experimental GE crops under con-
ditions that may approach those on farms, and 
afford the opportunity to assess a variety of pos-
sible environmental impacts as well as NUE at 
the scale of a crop field (rather than an individual 
plant). However, secrecy about genes and field 
trial results greatly limits our ability to evaluate the 
prospects of these genes. Field data are critical to 
assess the success of efforts to produce high-NUE 

crops because, for example, an individual plant 
may have high NUE when grown in a pot but 
lower NUE in the field if fertilizer is applied before 
root systems have developed sufficiently to colo-
nize most of the field’s soil. Nutrient losses often 
depend on the timing of not only fertilizer applica-
tion but also irrigation and/or rainfall. 

U.S. field trials of GE crops must receive 
USDA approval, and are listed in the USDA’s pub-
licly available GE field trial database. This database 
therefore provides the number of all approved 
NUE field trials in this country, and offers a gener-
al sense of how advanced this research is compared 
with other GE traits. 

Between 1987, when the USDA initiated its 
field trial program, and 2000, only 26 field tri-
als for nitrogen metabolism were approved, but 
99 have been approved since then (Animal Plant 
Health Inspection Service 2009). This substantial 
increase over the past decade suggests growing 
interest in, and identification of, possible NUE 
genes. Nevertheless, the total number represents 
only a fraction of the field trials approved for 
insect-resistant and herbicide-tolerant GE crops: 
there have been 4,623 field trials approved for 
herbicide tolerance and 3,630 for insect resistance 
through 2008 (Gurian-Sherman 2009) (Figure 3). 
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The relatively small number of field trials for 
NUE shows that advances in this research are more 
recent than that on other traits, and less advanced. 
It is also consistent with the small number of genes 
the public literature suggests have attracted the 
most interest. For example, if the number of field 
trials for the ALA gene is representative of other 
NUE genes, then dividing the total number of 
NUE trials (125) by ALA field trials (17) suggests 
about seven NUE genes being studied in field tri-
als. On the other hand, it is also possible that some 
trials may involve several NUE genes. 

All of the field trials conducted through 
2004—as well as several conducted afterward—use 
the general term “nitrogen metabolism altered” 
to describe the GE trait. It is unclear how many 
of these 60 approved field trials were attempt-
ing to increase NUE specifically, but because the 
terms “nitrogen metabolism altered” and NUE are 
used to describe the same gene at different times, 
we have included these trials in our total under 
the assumption that at least some had the goal of 
improving NUE. 

The USDA database also provides a window 
on which institutions are investing in enhanced 
NUE via GE, and which crops have received 
attention. The large majority of field trials, for 
example, have been conduced by either Monsanto 
or Pioneer Hybrid. Several have also been con-
ducted by Arcadia, which is using the ALA gene. 
This company appears to be collaborating with 
Monsanto, as revealed by a paper discussing GE 
ALA in canola that was co-authored by scientists 
employed by both companies (Good et al. 2007). 
Most of the NUE field trials involve corn, with 
many involving soybeans, canola, and rice as well. 
A few have been conducted using other crops, but 
have not been carried forward to recent years; one 
involving the potential biofuel crop switchgrass 
was approved in 2009.

Because of current limits on the public avail-
ability of field trial data, we must rely on infer-
ences about the genetic and physiological effects 

of GE NUE genes on the plant to evaluate their 
prospects for success. 

Possible Risks Related to GE NUE Genes 
Limited testing has already revealed several pos-
sible undesirable or harmful unintended changes in 
the expression of plant genes due to the engineer-
ing of NUE genes. Even when GE NUE crops 
show promise in greenhouse tests, the possibility 
of undesirable or harmful side effects (pleiotropic 
effects) when those crops are grown in the field 
may reduce the value of the gene. Field trials con-
ducted for several years are more likely to detect 
undesirable side effects, but some may only be 
observed in response to occasional occurrences, 
such as extreme heat or cold or an outbreak of 
pathogens, that may not occur during field trials. 

One particularly worrisome side effect of GE 
NUE genes is that they may indirectly increase 
the production of harmful substances in the edible 
parts of crops. Most crops have genes that pro-
duce harmful substances, but these genes are not 
expressed, or are expressed at low levels, in the 
edible parts of crops. Engineered genes, however 
(or genes manipulated through traditional breed-
ing), may have the opposite effect due to complex 
interactions between the engineered gene and crop 
genes (National Research Council 2000).

Consider the E. coli glutamate dehydrogenase 
gene, which was studied as a possible NUE gene 
(Ameziane, Bernhard, and Lightfoot 2000). When 
expressed in tobacco it altered the production of 
many plant compounds (some were increased and 
some were decreased), most notably the amounts 
of nine known carcinogens and 14 potential drugs 
(Munger et al. 2005). Although tobacco is not 
edible, this example illustrates the possibility of 
unpredictable and potentially harmful changes in 
food crops. 

Because we know that the nitrogen status 
of plants affects various aspects of their physiol-
ogy, including defense against pests (Craine et al. 
2003; Vitousek et al. 2002), it is reasonable to ask 
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whether altering nitrogen metabolism with NUE 
transgenes could influence the amounts and types 
of important plant components.

Recent tests have found that overexpression 
of ALA in rice causes a significant change in the 
expression of 91 other genes in the roots and 
shoots of rice plants grown hydroponically (Beatty 
et al. 2009). Seventeen of these genes had altered 
expression in two independently created ALA rice 
plants. The identified rice genes are involved in 
various aspects of plant function: several have been 
associated with defense against pathogens, one of 
which (called the osmotin-like, thaumatin-like 
gene) was expressed at a two- to three-fold lower 
level than in normal rice plants. Two genes of the 
PR10 type (a “pathogenesis-related” protein impli-
cated in the defense of plants against disease) were 
also found to have significantly reduced expression. 
Reduced expression of these genes raises a question 
about the possible increased susceptibility of ALA 
GE rice to disease.

In summary, pleiotropic effects are a distinct 
possibility for GE NUE crops, but have yet to be 
explored in the public literature. Because they are 
largely unpredictable and may only occur under 
specific environmental conditions, these side effects 
may not be revealed by the types of experiments 
thus far performed (mostly under greenhouse con-
ditions). Even when such crops are grown in the 
field, some changes in gene expression may only 
be detected through sophisticated testing of plant 
genes or compounds, as was done for tobacco 
containing a glutamate dehydrogenase gene and 
rice containing an overexpressed ALA gene; such 
testing is not required under current U.S. regula-
tions. Many side effects may be harmless or incon-
sequential for crop production, but the possibility 
that some could be undesirable should be carefully 
evaluated.

Commercialization of GE NUE Crops 
There is not enough detailed information about 
the performance of GE NUE crops at this time to 

clearly understand their prospects for commercial-
ization. Commercial potential is therefore generally 
inferred from available information about a) the 
efficacy of NUE genes and b) possible hurdles that 
may be faced as these crops are tested under more 
realistic conditions and as they proceed through 
the regulatory process. 

The NUE values obtained for GE crops in 
recent tests, most of which were conducted in 
controlled environments and with limited dura-
tions, are unlikely to be maintained on commercial 
farms under real-world conditions. In addition, the 
apparently limited number of comparisons with 
existing crop varieties that may differ in NUE also 
suggests that NUE values for GE crops may be 
lower than reported (see Chapter 3).

Only the actual performance of GE NUE 
crops will determine whether these varieties are 
economically viable and attractive compared with 
other technologies for improving NUE. The NUE 
values of GE crops need to be high enough to 
justify the costs of development, production, and 
marketing, as well as the extra costs farmers must 
pay for GE seed.

Undesirable side effects, where they exist, may 
reduce the efficacy of these crops, force farmers 
to pay additional costs, and affect how widely the 
crops are adopted if approved. For example, if 
plant diseases are exacerbated in some instances 
(see above), higher costs for disease control could 
reduce the adoption rate of the crop and, in turn, 
the practical impact on NUE. When side effects 
are harmful to the environment, they may also  
prevent regulatory approval.

The ALA gene shows the most promise for 
commercialization based on publicly available 
information. It is the only gene identified in 
USDA field trials, 17 of which—almost 14 percent 
of all NUE field trials—have been approved since 
2002. This long record suggests that the ALA gene 
may be approaching the late stages of testing.  
On the other hand, the lack of large-scale field  
trials—none of more than five acres—that are  
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usually conducted within several years of regula-
tory approval may suggest that commercialization 
is at least several years away.

This gene also reduced expression of several 
genes in rice that help the plant defend itself 
against disease. It is unclear at this time what prac-
tical effects this may have. 

No petition for deregulation of any NUE 
crop—a prerequisite for commercialization—has 
yet been announced by the USDA in its public 
database (Animal and Plant Health Inspection 
Service 2009b). Examination of the petition  
database shows that deregulation decisions gener-
ally require at least two years. It seems unlikely 

therefore that any NUE crop will be commercial-
ized in the United States before 2012.

Most of the GE NUE crops reported in the 
scientific literature appear to be at relatively early 
stages of development, with the possible exception 
of the barley ALA gene in canola and rice. If other 
genes are in more advanced stages of development, 
the work is occurring behind closed doors. Based 
on the information available to us, the prospects 
for commercialization of GE NUE crops must be 
considered largely uncertain at this time. These 
prospects should be compared with those of other 
methods and technologies for addressing nitrogen 
pollution, which are addressed in the next chapters.
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Improving NUE through Traditional and Enhanced 
Breeding Methods

Chapter 3

Traditional breeding involves the controlled 
mating of plant parents selected for their 
desirable traits. This effective technology, 

responsible for most genetic improvement in crops 
over the last 100 years, can now be enhanced by 
new genomic technologies that assist scientists in 
identifying prospective genes and parents. GE is 
sometimes considered a form of breeding, but it is 
distinct from previous crop breeding methods and 
is not referred to as breeding here. Genomic breed-
ing methods use knowledge gained from the study 
of plant genes, but is not a form of GE and uses 
plant-mating methods similar to traditional types 
of breeding. 

Information on traditionally bred crops is dif-
ficult to obtain because there is no registry of such 
crops. Some information can be found in the sci-
entific literature and by talking to plant breeders at 
public institutions.

Traditional breeding has a strong track record 
in conferring important new traits on crops (e.g., 
disease and insect resistance, drought tolerance, 
dramatically increased yields), and there is every 
reason to think it would be able to achieve success 
in improving NUE. Like GE, traditional breeding 
uses genetic variation as a means to improve crops, 
but unlike GE, which can derive that variation from 
unrelated organisms, traditional or genome-enhanced 
breeding methods exploit variation within the crop 
species or its sexually compatible wild relatives. 

NUE Improvements in Commercial Varieties
Increases in NUE through traditional breeding 
for wheat and oats have been demonstrated over 

the second half of the twentieth century in Europe 
(Muurinen et al. 2006; Brancourt-Hulmel et al. 
2003). For example, Brancourt-Hulmel et al. 
grew wheat cultivars introduced between 1946 
and 1992 under the same conditions, including 
amount of added nitrogen. Comparing the average 
yield at high nitrogen input for the four varieties 
introduced between 1946 and 1964 with the four 
introduced between 1987 and 1992, the study data 
show a 29 percent gain in NUE over the approxi-
mately 35 years between the average introduction 
dates of the two periods (1955 and 1990). 

Also, a study comparing older and newer 
varieties of wheat in Mexico between 1950 and 
1985 (with a typical amount of applied nitrogen) 
showed a yield increase for the newer variet-
ies of 60 kilograms per hectare per year (Ortiz-
Monesterio et al. 1997), or about 42 percent in  
35 years. Although these studies represent just a 
small sample of the grain varieties developed in 
recent decades, the findings suggest that yield  
gains in other grains over the past 50 years may 
also contribute to improvements in NUE. 

The Impact of Higher Yield on NUE
Success in improving crop yields often improves 
NUE as well. In the United States, nitrogen use 
has been roughly constant from the 1990s through 
the mid-2000s (Wiebe and Gollehon 2006b), 
while the yield of major grains has increased: about 
13 percent for wheat, 16 percent for soybeans, 
and 28 percent for corn over the past 13 years 
(Gurian-Sherman 2009). Historically, about half 
of U.S. crop yield gains have been attributed to 
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crop breeding (Duvick 2005). If that relationship 
has continued during the past dozen years, then 
traditional breeding may account for roughly half 
of the improvement in NUE over this period based 
on yield per unit of added nitrogen, or about half 
of the increased yield value. 

This provides a very rough estimate of tradi-
tional breeding’s contribution to improved NUE 
in this country in recent years. Overall, consider-
able improvement has occurred over the past sev-
eral decades, as a result of both breeding and other 
means (Table 2).

Genetic Variability of NUE-Related Traits in 
Major Crops
As past studies suggest, there is considerable 
potential for improving NUE through traditional 
breeding methods, but this potential depends on 
the variability of NUE-related traits, and their 
corresponding genes, within a crop or its wild rela-
tives. Much of the genetic potential of major crops 
remains untapped for many traits (Hoisington  
et al. 1999), which likely include NUE. 

Hoisington et al. found that only a small por-
tion of the genetic variation in corn and wheat 
has been utilized in current crop varieties. This 
under-utilization is especially true for wild relatives 
such as Tripsacum and Teosinte species for maize 
improvement and Aegilops, Agropyron, and non-
wheat Triticum species for wheat improvement. 
Only about 1 percent of the U.S. maize germ-
plasm base, and only about 5 percent of the glob-
ally available germplasm base, has utilized these 
resources (Hoisington et al. 1999). For wheat, only 
an estimated 10 percent of varieties as of 1986 may 
have used the genetic resources from exotic wheat 
varieties (called landraces) to improve existing 
wheat varieties. 

Despite this minimal use of the available 
genetic diversity, tremendous contributions have 
already been made to maize and wheat improve-
ment, including numerous genes for disease resis-
tance, insect resistance, stress tolerance (such as for 
drought), quality traits, and yield (Hoisington  
et al. 1999)—suggesting there is also potential here 
for improving NUE. Another possible resource is 

Table 2. Improvements in Nitrogen Use Efficiency

Crop
Time Frame*

(Years)
Country

Source of  
NUE Gain

NUE Gain 
(Percent)

Reference

Wheat 35 Mexico Breeding 42 (59 kg/ha/year) Ortiz-Monesterio  
et al. 1997

Wheat 35 France Breeding 29 Brancourt-Hulmel  
et al. 2003

Rice ~15 Japan Unknown 32 Dobermann and  
Cassman 2005

Maize ~20 United States Unknown 36 Dobermann and  
Cassman 2005

Cereal crops 15–20 United Kingdom Unknown 23 Dobermann and  
Cassman 2005

* All studies were conducted in the second half of the twentieth century.
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the existence of sexually compatible wild relatives 
for virtually all other major food crops, such as the 
rice relative Oryza rufipogon and the soybean rela-
tive Glycines soja (Ellstrand 2003). NUE has not 
been widely investigated in these genetic resources.

Some research with nitrogen metabolism genes 
shows some of the genetic variability for traits or 
genes associated with NUE within a crop species. 
Perhaps most striking is the genetic variability 
found in rice for a GOGAT gene (Yamaya et al. 
2002). The gene used for this experiment (or more 
properly, the gene promoter) originated in one 
type of rice (japonica) and was inserted into anoth-
er type of sexually compatible rice (indica) after 
being attached to the indica GOGAT gene, result-
ing in an 80 percent increase in yield. Because the 
genes were from sexually compatible varieties of 
rice, a similar yield improvement may be accom-
plished using traditional breeding techniques.3 

Related research shows a similarly high level of 
variation in the amount of another gene and pro-
tein widely studied and used to develop GE NUE 
crops. GS protein in rice leaves ranged from 2.55 
to 16.18 micrograms—more than a six-fold dif-
ference—in the offspring of two varieties, one a 
japonica and the other an indica type (Obara et al. 
2001). To the extent that levels of GS expression are 
important for improving NUE, as has been seen in 
other experiments, this variation suggests substantial 
potential for improving NUE through breeding. 

Obara et al. identified this variability by com-
paring only two varieties of rice, albeit varieties 
that are genetically divergent. These two variet-
ies do not contain all of the genetic variability 
contained in all rice varieties or their wild rela-
tives, and therefore do not reveal how much addi-
tional variability—which may be used to increase 
NUE—could be found if more of the rice gene 
pool was examined. 

Research in corn has revealed numerous chro-
mosomal locations associated with variation in 
different aspects of NUE (Coque and Galais 2006; 
Galais and Hirel 2004). Several of these regions, 
called quantitative trait loci (QTL), are also associ-
ated with genes that have been used experimentally 
in GE to enhance NUE, including several GS 
genes and glutamate dehydrogenase. Genetic mark-
ers that are linked to QTL and function as genetic 
fingerprints can be used to track the QTL during 
breeding in a process called marker-assisted breed-
ing, which can greatly accelerate breeding. 

QTL and significant genetic variability for 
NUE have also been found in barley (Mickelson  
et al. 2003). Preliminary work in wheat has iden-
tified several QTL associated with NUE, which 
include one or more GS genes in the flag leaf (the 
leaf nearest the wheat seed head), which is known 
to be important for grain yield (Habash et al. 
2007). Development of improved crop varieties that 
use QTL can be difficult to accomplish in practical 
breeding programs because they may perform well 
in one environment or in one variety of the crop, 
but not as well in others (Bernardo 2008; Dekkers 
and Hospital 2002; but see Heffner, Sorrels, and 
Jannick 2009 for a more optimistic view).

Higher values for NUE-associated traits have 
been observed in progeny than in either parent 
(Mickelson et al. 2003).4 This demonstrates that, 
at least for the varieties tested, improvement of 
NUE-associated traits found in parent varieties is 
possible. Traditional breeding’s ability to improve 
NUE can thus be enhanced by new methods based 
on the identification of specific genes or regions of 
crop genomes. 

Even if there is considerable genetic diversity 
within a crop, however, it is possible that current 
commercial varieties may already contain very 
good genes for NUE, which could reduce the 

3  Traditional breeding would not provide exactly the same result, because the promoter from the japonica rice gene was combined with a structural gene from indica rice using GE, 
which would not typically occur with traditional breeding. We are assuming that overexpression (rather than some other activity) of the GOGAT enzyme is primarily responsible for 
the results, but it is possible that overexpression is not responsible for the entire difference in NUE. 

4  This is a characteristic called transgressive hybridization, which may be associated with strongly adaptive traits. Many traits in the progeny of varietal crosses, however, show values 
between those of the two parents.
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potential for further improvement through tradi-
tional breeding. Other possible barriers include 
undesirable pleiotropic effects similar to those that 
may occur through GE. 

The potential for improving NUE through 
traditional breeding is likely to be considerable (but 
not unlimited). Recent research on crop genetic 
variability, and variability for NUE traits specifi-
cally, suggests considerable variation exists for traits 
associated with NUE. The extended crop gene pool 
that includes sexually compatible wild relatives does 
not seem to have been explored for the purpose 
of improving NUE, but may provide additional 
opportunity to improve NUE through breeding.

Strengths and Limitations of Breeding 
Compared with GE 
Given the need to allocate public research money 
judiciously, it would be wise to compare the rela-
tive prospects of GE and traditional breeding for 
improving NUE. In general, both methods have 
the capacity to generate improved crop varieties, 
but only traditional breeding has thus far succeed-
ed in bringing varieties with improved NUE to the 
marketplace.

For both GE and breeding, reported values 
of improvement in NUE should be viewed as 
preliminary prior to extensive field testing that 
includes comparisons with the best current variet-
ies of the crop. Many of these values were derived 
from studies of plants grown in pots, inside growth 
chambers or greenhouses where light, water, and 
temperature were controlled. Growing conditions 
in the field can be expected to introduce stresses 
and other environmental effects that may negative-
ly affect NUE values. In addition, the genetic and 
physiological complexity of nitrogen metabolism 
in plants presents a considerable challenge for GE 
approaches relying on single genes (Lawlor 2002), 
which may lead to problems in the field. 

Equally important, the values reported in the 
literature for GE NUE crops are typically deter-
mined by comparing the GE variety only with 

its non-GE progenitor. Such comparisons do not 
reflect the variation in NUE that exists in commer-
cial or other available varieties of the crop. Thus, 
because some other varieties of the crop may deliv-
er better NUE than the one used for comparison 
with the GE variety, the relative NUE advantage of 
the engineered gene would be less than the value 
reported in the literature.

In theory, GE should be capable of develop-
ing new crop varieties more quickly than breed-
ing (Long et al. 2006) because it involves adding 
only one or a few genes, while breeding combines 
the entire genomes of the two parents. Removing 
undesirable genes to arrive at the desired combina-
tion of genes typically requires years of breeding. 

But, this presumed advantage of GE appears 
to be minimal or absent in practice. First, the 
GE process itself introduces mutations and other 
changes in the plant that may be undesirable 
(National Research Council 2004). Although 
plants are initially screened for obvious unintended 
alterations, many potential changes can involve 
plant metabolism or occur only under certain 
environmental conditions—factors that would not 
be detected during the initial screening. Many of 
these mutations can be eliminated by the same 
kind of iterative process used to improve plants 
through traditional breeding, but this requires con-
siderable time. 

Time is also added to the GE process because 
the effects of new engineered genes under differ-
ent growing conditions are not predictable. New 
GE varieties must therefore be grown in field trials 
for several years (as must new varieties developed 
through traditional breeding). 

Meanwhile, the breeding process has been 
improved by our increasing understanding of plant 
genetics, physiology, and biochemistry. This has 
led to selection methods that can accelerate the 
breeding process substantially, further reducing any 
advantages of GE.

Certain studies have found that GE crops 
require more than a decade to be developed and 
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deployed—similar to the amount of time needed 
for traditionally bred crops (Goodman 2004; 
Gepts 2002). 

Finally, as noted above, the supposed advantage 
of GE over breeding in providing expanded access 
to genetic resources has yet to result in improved 
NUE. The available research papers that have pro-
vided preliminary quantification of NUE improve-
ment through GE or breeding have not revealed a 
distinct advantage for either approach.

To reiterate, although GE and traditional 
breeding both have the potential to produce new 
crop varieties with higher NUE, only traditional 
breeding has succeeded in bringing such varieties 
to market (GE’s attempts are limited to the past  

10 to 12 years). Whatever advantages GE is pre-
sumed to have in generating new varieties, they are 
not apparent in this arena or any other involving 
complex traits. 

So, while there is no reason to abandon ongo-
ing GE efforts, there is no reason to expect more 
from them than traditional breeding, and they 
should not be favored in the allocation of scarce 
resources. Evidence shows that public resources 
for traditional breeding have declined globally 
in recent decades (Kloppenburg 2005) despite 
its success with complex traits such as NUE. We 
must ensure that public sector traditional breeding 
receives a level of support commensurate with its 
demonstrated potential.
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Ecosystem approaches consider the spatial, 
temporal, and species interactions that can 
affect a crop’s NUE—factors not necessarily 

considered during breeding for NUE, which often 
focuses single-mindedly on crop yield per unit of 
added nitrogen. Viewed exclusively through this 
crop production lens, NUE may miss important 
routes of nitrogen loss from the farm. For example, 
a crop with improved NUE may not reduce nitro-
gen losses early in the growing season, prior to  
vigorous crop growth and root production. 
Ecosystem approaches thus represent a possible 
route to both higher crop yields and lower nitro-
gen loss and pollution. 

A Big-Picture Perspective
Ecosystem scientists view cover crops as part of a 
holistic plant-soil system, and their approach to 
measurement reflects this view. Key data points 
often include actual losses of reactive nitrogen 
from the farm, in the form of runoff, leaching 
into groundwater, and gaseous emissions from the 
soil (e.g., Tonitto, David, and Drinkwater 2006; 
Drinkwater, Waggoner, and Serrantonio 1998), 
and sometimes include a crop’s uptake of nitrogen 
as a percentage of the nitrogen applied. Through 
this lens, NUE could be defined as the amount 
of plant matter or grain produced with the least 
nitrogen pollution. 

An ecosystem perspective also expands the time 
scale over which we consider NUE, drawing atten-
tion to periods when plants are not actively grow-
ing or when recently planted crops have immature 

root systems that draw nitrogen from only a small 
portion of the total soil volume. Reactive nitrogen 
that goes unused when crops are not actively grow-
ing can be a major source of nitrogen loss from 
farms (Tonitto, David, and Drinkwater 2006). 
Therefore, crop species that can be planted earlier 
in the season—or that persist later in the grow-
ing season—can potentially reduce nitrogen loss 
by capturing more soil nitrogen than crops with a 
shorter growing season. This intersection between 
root development, a plant’s nitrogen demand, and 
the timing of fertilizer application also plays a role 
in determining farm-level NUE. 

Viewing the agricultural system at large spa-
tial and temporal scales points to a variety of 
approaches (precision agriculture, use of cover 
crops) that can control the flow of nitrogen 
between farm and adjacent systems (air, water). 
Cover crops, which are often used in organic or 
similar agricultural systems, and precision farming, 
which is used more often in traditional systems, are 
discussed in Chapter 5.5 

The Time Is Ripe for a New Approach
Any progress in nitrogen use we have made up to 
this point has not led to the decrease in nitrogen 
pollution we need. For example, U.S. corn yields 
have increased about 28 percent over the past  
13 years (Gurian-Sherman 2009), and productivity 
of other major crops such as soybeans and wheat 
have also increased. Nitrogen fertilizer use on 
major crops remained about the same during most 
of that period (Wiebe and Gollehon 2006a),  

Chapter 4

The Ecosystem Approach to NUE

5 Means of reducing nitrogen pollution directly (e.g., planting vegetative buffer strips between crop fields and streams) are also important but not covered in this report. 
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suggesting a substantial improvement in NUE—
but several indicators suggest nitrogen pollution 
has not improved significantly. 

For example, the so-called dead zone in the Gulf 
of Mexico, largely the result of agricultural nitrogen 
pollution, expanded during the 1990s, peaked in 
2002, and has remained at near-record size since. 
The U.S. Environmental Protection Agency (2008) 
has suggested that nitrogen pollution will need to be 
reduced about 45 percent to substantially shrink the 
dead zone. Other studies confirm that nitrogen  

pollution remains a serious problem (Rockström  
et al. 2009; Vitousek et al. 2009). 

Looking to the future, this analysis suggests 
that simply increasing the efficiency of crops (as 
defined by yield per unit of nitrogen applied) is 
unlikely by itself to reduce pollution sufficiently. 
Any improvements in NUE must therefore be 
viewed from an ecosystem perspective that gives 
equal weight to preventing nitrogen loss and 
increasing crop yields. 
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In addition to GE and traditional breeding, 
several other agricultural technologies or prac-
tices show promise for improving NUE. This 

chapter sets our evaluation of GE and breeding in 
a broader context by providing a brief overview of 
prominent alternatives for improving NUE: preci-
sion farming and organic or other “low-external-
input” farming systems6 that use livestock manure, 
or “green manure” 7 from cover crops,8 as sources 
of crop nutrients. Both precision farming and 
cover crops can be incorporated into industrial 
agricultural systems; systems that use little or no 
pesticides or synthetic fertilizers require a more 
fundamental change from the predominant indus-
trial farming system, but deliver a richer set of 
environmental benefits.

Both precision farming and organic or simi-
lar systems attempt to improve NUE by manag-
ing nitrogen input and the amount of nitrogen 
in the soil rather than altering the plant genome. 
Precision farming focuses on matching the nitro-
gen supplied from synthetic fertilizers to the needs 
of the crop, avoiding the excesses that contribute 
to nitrogen pollution. Organic farming and similar 
systems emphasize building soil quality and soil 
organic matter, which provides multiple benefits 
including reduced nitrogen loss from the farm. 

In general, the negative environmental impacts 
of nitrogen, including air and water pollution and 
the production of nitrous oxide, increase as the 
amount of inorganic nitrogen applied increases. 

Industrial agriculture, which commonly applies a 
large amount of synthetic, inorganic reactive nitro-
gen at once—more than crop roots can assimilate 
over a short period of time—is especially damag-
ing. By contrast, methods that minimize the use of 
synthetic fertilizer, release nitrogen slowly over the 
growing season, or remove excess nitrogen from 
the soil reduce the negative impacts of nitrogen.

Both organic and precision farming take into 
account the nitrogen sources already available 
in soil (so-called indigenous nitrogen), which is 
primarily organic (i.e., bound to carbon atoms) 
in form. Organic nitrogen breaks down into inor-
ganic forms that are used by the crop but can cause 
pollution if they find their way into water or air.9  

It is generally desirable to increase the amount 
of indigenous nitrogen available as a source of 
inorganic nitrogen for crop nutrition because 
it tends to contribute less to nitrogen pollu-
tion (Cassman, Dobermann, and Walters 2002). 
Indigenous nitrogen generally releases inorganic 
nitrogen continuously, in amounts smaller than 
industrial agriculture’s typically large applications 
of synthetic fertilizer. 

The amount of organic nitrogen in the soil and 
the rate at which inorganic nitrogen is applied to 
the soil or released from organic sources are impor-
tant considerations for both organic and precision 
farming. Specifically, the amount of synthetic inor-
ganic nitrogen added to the soil should take into 
account the amount released from the indigenous 

Chapter 5

Other Means of Improving NUE

6 Low-external-input systems emphasize the use of biological principles to achieve soil fertility and pest control, and include organic farming as well as methods that allow a minimal 
use of synthetic fertilizers or pesticides.

7 Green manure refers to the use of plants as a means of supplying nutrients to other crops. Green manure crops are often grown during seasons when food crops are not grown; instead 
of being harvested they are plowed into the soil, where they release their nutrients.

8 Cover crops are planted to protect soil that would otherwise lay bare (between cropping seasons, for example) and subject to erosion. Cover crops also take up inorganic nitrogen that 
would otherwise be lost from the field. Plowing cover crops into the soil prior to the planting of cash crops provides nutrients, improves soil quality, and increases soil carbon content. 

9 Some organic compounds can be used by crops but are not as important as inorganic forms. Some can also move though soil into groundwater, but these are also generally unimportant.
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nitrogen supply. Because this can be challenging in 
practice, it is not always done. 

Cover Crops 
Nitrogen can be supplied to crops by incorporat-
ing livestock manure or leguminous plants used as 
green manure into the soil. Both kinds of manure 
contain organic forms of nitrogen incorporated 
into large molecules such as proteins that are bro-
ken down into the smaller inorganic forms useful 
to crops. 

Many of the major crops that are the target 
of both GE and traditional breeding cannot pro-
duce useable nitrogen, but others—legumes, for 
example—can. Legumes include important food 
and feed crops such as beans, peas, soybeans, 
peanuts, and alfalfa, as well as cover crops such 
as vetches and clovers. These crops live in close 
association with bacteria that can produce reac-
tive nitrogen usable by the crop itself 10 and by 
non-legume crops planted in succeeding seasons. 
Because legume cover crops may supply most or 
all of the nitrogen needed for subsequent crops to 
produce high yields, incorporation of legumes into 
agricultural systems can reduce the need to sup-
ply synthetic nitrogen (thereby helping to reduce 
nitrogen pollution). 

Legumes supply nitrogen in the form of 
organic molecules that are generally retained in the 
soil for longer periods of time than synthetic nitro-
gen—an additional advantage for reducing pol-
lution. But because much of the organic nitrogen 
may be converted into more reactive forms such as 
ammonia or nitrate relatively quickly under certain 
conditions, the organic sources must be properly 
managed to avoid causing nitrogen pollution. 

Manure and green manure also add carbon 
and other nutrients to soil, which may generally 
improve soil quality. For example, increasing soil 
organic matter generally improves the soil’s water-
holding properties and soil nitrogen levels, thereby 
improving the ability of crops to survive drought 

(Lotter, Seidel, and Liebhardt 2003). Use of cover 
crops on otherwise fallow soil also greatly reduces 
erosion and may remove heat-trapping carbon 
dioxide from the atmosphere (Teasdale, Coffman, 
and Magnum 2007; Pimentel et al. 2005; 
Drinkwater, Waggoner, and Serrantonio 1998). 
Public policies aimed at improving NUE should 
therefore consider both the positive and negative 
impacts of the practices involved.

A long-term study in Pennsylvania comparing 
industrial agriculture practices with those of organ-
ic farming found that the latter produced much 
less leaching of nitrate into groundwater. The 
organic system did not use insecticides, herbicides, 
or synthetic fertilizers and relied on either legume 
cover crops—grown from fall to spring when the 
cash crops, corn and soybeans, were not growing—
or manure to supply organic nitrogen (Drinkwater 
et al. 1998). Despite the fact that the organic and 
industrial systems used similar amounts of added 
nitrogen, considerably more nitrogen was retained 
in the soil of the organic system, which also lost 
about 50 percent less nitrogen to leaching through 
the soil (a potential source of water pollution). 
Yields for the organic crops were about 9 percent 
lower than the industrial crops, so the net nitrogen 
savings were considerably higher in the organic 
crops on a per-unit basis.

Soils from long-term organic farming systems 
have shown higher overall soil organic matter and 
organic nitrogen levels than industrial agriculture 
systems (Mariott and Wander 2006). Furthermore, 
organic systems have produced 40 percent more 
particulate matter (organic matter in an intermedi-
ate stage between fresh plant matter and decayed 
matter), which is associated with the ability to 
slowly release nitrogen that may be used by crops. 

A meta-analysis11 of 35 research projects exam-
ining nitrogen leaching and yield found dramatic 
reductions in leaching from fields incorporating 
cover crops compared with fields that did not 
(Tonitto, David, and Drinkwater 2006). This 

10  Legumes have a symbiotic relationship with particular types of bacteria that live in root structures called nodules and convert nitrogen into forms the crop can use for nutrition. 
11  A meta-analysis determines the combined statistical significance of many separately conducted research projects.
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occurred despite the fact that many of the research 
projects, used for comparison with fields incorpo-
rating cover crops, included conservation tillage—
associated with improved soil properties—as part 
of their industrial agricultural practices. 

In rotations with non-legume cover crops, the 
cash crop was fertilized with synthetic fertilizer; in 
rotations with legume cover crops, the legume pro-
vided the nitrogen for subsequent cash crops. The 
cover crops were typically planted in the fall and 
plowed into the soil in the spring, prior to plant-
ing the cash crops. Non-legume cover crops such 
as rye reduced nitrogen leaching by an average of 
70 percent compared with industrial crops, with-
out reducing cash crop yields, while legume cover 
crops reduced leaching by 40 percent and averaged 
7 percent lower cash crop yields (about 10 percent 
lower for grain crops). 

Yields from the cover-cropped systems tended 
to be lowest in more northerly areas where the 
cover crops tended to produce less plant material 
and thus less nitrogen. In important agricultural 
areas where the cover crops tended to grow well—
and thereby produced amounts of nitrogen  
comparable to synthetic nitrogen used to grow  
the industrial cash crops—yields were essentially 
the same. 

Similar yield results were also found in another 
recent meta-analysis (Badgley et al. 2007). These 
results challenge the assertion that nitrogen from 
legumes is much less capable of producing the 
yields that can be achieved with synthetic nitrogen 
fertilizers (Smil 2000). 

Cover crop systems do have several limitations 
that could benefit from greater research (Snapp 
et al. 2005). For example, cover crop growth, and 
hence their contribution to NUE or nitrogen fer-
tilization, depends on the weather; low rainfall or 
cold autumn temperatures can reduce the growth 
of common crops, and nitrogen production of 
legume cover crops. Winter rye grown as a cover 
crop in Minnesota was effective in reducing nitro-
gen leaching in only one of four years studied 

(Strock, Porter, and Russelle 2004), but still 
reduced nitrate loss by an average of 13 percent. 

The seed, planting, and incorporation of cover 
crops into the soil involve expenses and farming 
challenges that must also be taken into account. 
Incorporating the cover crop at the appropriate 
interval before cash crop planting, for instance, can 
sometimes be a problem. Under certain conditions, 
such as heavy rainfall after legume cover crop incor-
poration but prior to vigorous cash crop growth, 
the cover crop may contribute to nitrogen loss.

Precision Farming
The pattern, timing, and amount of fertilizer 
applications makes a significant difference in how 
much pollution will be caused by reactive nitrogen. 
Synthetic nitrogen fertilizer is often applied once 
at the beginning of the crop growing season or the 
preceding autumn, in an amount too large to be 
entirely assimilated by crop roots before some is 
lost. The basic premise of precision farming is to 
apply fertilizer in amounts sufficient to attain the 
desired yield without exceeding the amount the 
crop can utilize. 

One practice being used by many farmers to 
more closely match nitrogen supply to crop need 
is to split fertilizer applications between the begin-
ning of the growing season and later in the year. 
Another practice that improves NUE is fertiliz-
ing in the spring instead of the fall. Fall nitrogen 
application, especially when cover crops are not 
planted, allows considerable nitrogen loss to occur 
prior to crop growth in the spring. These methods 
have probably helped improve NUE over the past 
several decades in the United States and Japan 
(Cassman, Walters, and Dobermann 2002). For 
example, U.S. corn yield per amount of applied 
nitrogen has increased 36 percent over a period of 
about 20 years (Dobermann and Cassman 2005). 

Unfortunately, these relatively simple practices 
are not enough to fine-tune fertilizer application to 
the nitrogen needs of a crop. This is partly due to 
the fact that different soils contain different 
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amounts of indigenous nitrogen, and partly 
because growing conditions and crop varieties alter 
a crop’s response to applied nitrogen (Cassman, 
Walters, and Dobermann 2002). 

More effective synchronization between crop 
growth and the amount and timing of nitrogen 
application therefore requires the calibration of 
indigenous soil nitrogen, crop variety, weather, 
and other factors that may affect growth rates. 
Measurements of soil nitrogen show consider- 
able variation, even on a scale as small as a few 
meters. Ideally, many closely spaced measurements 
are needed to apply fertilizer with great precision, 
but as a substitute for such large numbers of  
measurements, researchers have attempted to 
adjust nitrogen applications on a similarly fine 
scale by using remote sensing of crop growth 
characteristics that respond to soil nitrogen avail-
ability. For example, variable fertilizer application 
rates have been adjusted on a per-meter basis by 
using tractor-mounted sensors that measure light 
reflectance from plant leaves (Raun et al. 2002). 
Although some improvements in NUE have been 
demonstrated in experiments using such methods, 
nitrogen measurements must be calibrated for  
each location. 

Given the technology requirements—includ-
ing GPS systems and remote crop sensors linked to 
fertilizer applicators—these high-precision methods 
may be more applicable to large farms in wealthy 

nations (Weibe and Gollehon 2006b) than those 
in developing countries, or smaller farms generally. 

Adoption by U.S. farmers of yield monitors 
used to adjust nitrogen applications reached  
36.5 percent for corn in 2001, and 28.7 percent 
for soybeans in 2002. But only one-third of those 
farmers (or fewer) have also adopted yield-map-
ping of fields or high-precision, variable-rate fertil-
izer applicators. The use of such applicators fell 
from 12.3 percent for corn in 1998 to 9.8 percent 
in 2001, and from 6.7 percent for soybeans in 
1998 to 5.0 percent in 2002 (Weibe and Gollehon 
2006b). This suggests that farmers have shown 
resistance to adopting more advanced forms of  
precision agriculture.

For soils with low levels of organic matter and, 
therefore, indigenous nitrogen, larger amounts of 
added fertilizer are required to meet yield goals. 
This will make it more difficult to achieve high 
levels of NUE. Because precision farming does not 
address the problem of poor-quality soils—espe-
cially soils with low or declining organic mat-
ter—it seems unlikely that this technique can 
address the problem of nitrogen pollution by itself. 
Nevertheless, the available data suggest that the use 
of precision farming where appropriate, along with 
organic farming and the use of cover crops that 
increase soil organic matter and indigenous nitro-
gen over time, should be encouraged to help meet 
NUE goals. 
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The impact of reactive nitrogen pollution 
on our air, water, and climate demands 
that we make better use of this invaluable 

resource. At the same time, our growing global 
population means that we also need to produce 
more food in the coming decades—a process that 
will worsen nitrogen pollution unless we change 
our current practices. 

A single approach to improving NUE is not 
likely to reverse the current environmental degra-
dation caused by industrial agriculture. Instead, we 
need to work toward the simultaneous improve-
ment of crops, fertilizer usage, and, especially, 
methods that increase soil organic matter and 
indigenous nitrogen.

So far, GE has not produced commercially 
viable crops with physiologically complex traits 
such as improved NUE.12 Although a few genes 
that appear promising for improving NUE have 
been identified in the public literature, they have 
yet to demonstrate that they can improve NUE 
consistently in various environments, and without 
significant undesirable side effects that could harm 
our agriculture, environment, or public health. In 
addition, the NUE values initially reported for sev-
eral of these genes must be considered preliminary, 
because most of the tests were not conducted in 
the environment over an extended period of time. 

The single non-GE crop varieties that have 
been used to gauge the NUE of GE varieties are 
not sufficient to determine the degree to which 
an engineered gene may improve NUE compared 
with available varieties of the crop. It is possible, 
for example, that a GE variety may have lower 

NUE than one or more commercial crop variet-
ies against which it has not been compared. And 
because much of the testing of GE crops is con-
ducted behind closed doors, public assessment of 
the efficacy and safety of these crops will have to 
await their emergence from the regulatory process. 

The Promise and Pitfalls of Non-GE Approaches
Traditional breeding has improved both NUE and 
crop yields over the past several decades (Table 2), 
and it seems likely that it can continue to help 
improve NUE in coming years. Current evidence 
does not show that GE has any clear advantages 
over traditional breeding for improving NUE. In 
fact, the limited data available suggest that genetic 
variation for NUE within crop species may be as 
high as has been shown so far for engineered genes 
from other species. 

Since little visible effort has been made thus 
far to explore this variation, either within crop 
species or their sexually compatible wild relatives, 
the potential exists for improving NUE by mak-
ing use of this variation through breeding. As with 
GE, however, it is possible that NUE traits within 
the crop gene pool could have unintended nega-
tive side effects. But we do not believe this risk is 
as high for genes that are part of the normal crop 
genome as it is for exotic genes introduced to the 
crop genome through GE, or engineered genes 
expressed in ways outside the typical range of  
crop metabolism. 

NUE traits identified only as quantitative trait 
loci, which may be used in traditional breeding, 
face logistical challenges because of the possibility 

Chapter 6

Conclusions and Recommendations

12  Current GE crops have been engineered simply to produce the desired GE protein, not to create a plant with a significantly different metabolism (as would be needed to increase  
 NUE).
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that they may respond to different environments 
or different crop varieties in undesirable ways. 
Overall, however, traditional breeding shows con-
siderable early promise for improving NUE. 

Organic farming and other low-external-input 
methods including the use of cover crops show 
considerable promise as well. These methods have 
the additional benefit of addressing several agri-
cultural problems simultaneously. For example, 
increasing soil organic content—which includes 
both carbon and nitrogen—can improve NUE and 
water retention while reducing nitrogen pollution, 
erosion, and pesticide use. These practices have 
received far too little attention from the research 
community and farm policy makers.

Finally, precision farming, broadly defined, 
may have already contributed to some improve-
ment in NUE over the past several decades. These 
methods may continue to improve NUE in devel-
oped countries, although more technologically 
complex and precise methods do not appear to 
have been widely adopted so far. It is less clear how 
much they have to offer to small farms, especially 
in developing countries. Also, because precision 
farming does not address the fundamental problem 
of soil health by improving soil organic content 
over time, there are significant limits on how far it 
can improve NUE, especially for poor-quality soils. 

Precision farming has received considerable 
research attention, in part because it is generally 
compatible with current industrial agriculture pro-
cesses. While it deserves continued attention, this 
should not come at the expense of other promising 
approaches such as breeding and organic farming.

Several of the methods for improving NUE 
discussed here are largely complementary, although 
GE and breeding largely overlap in their possible 
contributions; both may reduce the need for added 
nitrogen to achieve a desired yield. Organic and 
similar methods can also reduce the need for added 
nitrogen, especially synthetic nitrogen, by build-
ing soil organic content and indigenous nitrogen 
over time. Precision farming can better match 

the amount of added synthetic nitrogen to what 
crops actually need. Currently, however, traditional 
breeding and organic or similar sustainable meth-
ods receive only meager amounts of public research 
support and incentives. 

What the United States Should Do
Given the current state of affairs, the Union of 
Concerned Scientists offers the following recom-
mendations:

• Public crop breeding programs that include improved 
NUE as a goal should receive increased support. 
This research should include evaluation of the 
genetic diversity available for improving NUE 
in the gene pools of crops and their compatible 
wild relatives.

• Public breeding programs should be encouraged to 
develop crop varieties ready for commercial use, in 
part so that alternatives to the GE NUE vari-
eties emphasized by large seed companies are 
made available. 

• Organic and similar farming methods—especially 
the use of cover crops—should receive additional 
research support. For example, the establishment 
and growth of legume cover crops should be 
improved, and new varieties and crops should 
be developed for various environments (such as 
colder climates). Research is also needed on the 
integration of cover crops into cash crop rota-
tions, the use of mixtures of cover crops, and 
the efficacy of cover crops. 

• Crops should be developed for compatibility with 
organic and other sustainable methods that can, for 
example, make the best use of indigenous nitro-
gen (and other nutrients) and organic nitrogen 
sources.

• Developing countries and their farmers should be com-
pensated for genetic resources used by breeders in 
other countries through a meaningful consulta-
tion process.

• Better methods are needed to identify, and new rules 
are needed to regulate, unintended side effects of GE. 
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As noted previously (Gurian-Sherman 2009), 
the current regulations are inadequate. 

• Better data are needed on the measurement, efficacy, 
costs, and benefits or drawbacks of the various meth-
ods for improving NUE. Organic and similar meth-
ods that are subsequently found to work well 
and provide multiple benefits should be sup-
ported with incentives. 

As we have shown, the opportunities to address 
the problems caused by the overuse of synthetic 
nitrogen in agriculture are considerable. But 
achieving the degree of improvement in NUE 

needed over the coming years will require increased 
public investment and a commitment to move 
beyond our current fixation on industrial agricul-
ture methods such as precision farming and GE. 
We must begin providing more support for meth-
ods that have the greatest promise for the greatest 
good—that is, expanding our food supply while 
reducing the damage caused by nitrogen pollution.
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A gricultural operations currently apply massive 
amounts of synthetic nitrogen fertilizer to crops—

more than what the plants can actually use. Much of 
the excess nitrogen escapes from the farm and becomes 
a major component of global pollution, contributing to 
global warming, acid rain, and “dead zones” in the ocean.

Genetic engineering (GE) that would enable crops 
to use nitrogen more efficiently has been proposed as 
a way of reducing nitrogen pollution while maintain-
ing or increasing the productivity needed to feed an 
increasing global population. However, in No Sure Fix, 
the Union of Concerned Scientists finds that GE has 
yet to produce any crops capable of achieving this goal, 

despite increasing research efforts over the past decade. 
Preliminary results for several genes show some promise, 
but the prospects for their commercial use are uncer-
tain due to the complexity of nitrogen metabolism and 
genetics in crops. 

Meanwhile, traditional plant breeding and other 
methods have shown success in increasing crops’ nitro-
gen use efficiency, but are currently neglected compared 
with GE. Reducing nitrogen pollution from agricul-
ture while increasing crop yields is a challenge that will 
require increased support for multiple, complementary 
approaches, including traditional breeding, cover crops, 
and precision farming.
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