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Conveying biological nitrogen fixa-
tion (BNF) to photosynthetic species
may be the next agricultural revolu-
tion, yet poses major engineering
challenges. Liu et al. created a
diazotrophic strain of a previously
non-nitrogen-fixing species, the
cyanobacterium Synechocystis sp.
P C C  6803, and uncovered critical
aspects of nitrogen fixation in an
oxygenic species.

With the increasing world population, the
demand for cereal grains and other plant-
based foods is increasing proportionally.
Thus, efficient strategies are required to
improve the yield of cereal grains and
other plant-based foods. A potential
method to improve crop yield is to in-
crease the nitrogen usage efficiency
(NUE) of cereal grains, because plants
cannot fix their own nitrogen and rely
heavily on low-availability nitrates in the
soil, as well as synthetic fertilizers, such
as urea, for their nitrogen requirements
[1]. During the early 20th century, the
advent and subsequent improvement of
the Haber–Bosch process for converting
atmospheric nitrogen (N2) into synthetic
fertilizer (urea) allowed production to meet
the demand for synthetic fertilizer and
thereby facilitated drastic improvements in
crop yield [2]. However, the excessive use
of synthetic fertilizers can lead to several
environment concerns [3]. This predica-
ment has opened a new avenue of re-
search, focused on harnessing BNF,
whereby different nitrogenases fix atmo-
spheric nitrogen to produce ammonia,

thereby fulfilling the nitrogen demand of
plants [4].

To date, a vast amount of research has
been dedicated to exploring, engineer-
ing, and improving crop symbiosis with
nitrogen-fixing bacteria [4]; however, en-
gineering diazotrophic plants has not
been equally developed as an avenue of
research. Plants with the ability to fix
their own nitrogen could spark the next
agricultural revolution by dramatically im-
proving crop yield without the need for
synthetic fertilizers [5]. Theoretically, en-
gineering diazotrophic plants could be
achieved through the introduction of a
nitrogen fixation (nif) gene cluster, and
subsequent transfer of nitrogenase ex-
pression and activity. However, there
are several challenges that need to be
overcome to achieve this feat. Many ni-
trogenases are highly sensitive to oxygen
and this, along with the complex nature
of its transcriptional regulation and high
energy requirements, makes engineering
BNF in plants challenging [6]. Interestingly,
there are certain non-model species of
cyanobacteria with nitrogen-fixation capa-
bilities, which could illuminate strategies to
overcome the difficulty of achieving BNF
within cereal crops. ‘Borrowing’ machinery
from cyanobacteria could allow for the
transfer of nitrogen-fixation capabilities to
plants. Ultimately, such a strategy is partic-
ularly of interest because cyanobacteria
are the progenitors of chloroplasts within
plants, and this evolutionary relationship
also could increase genetic compatibility.
Within this context, seminal work by Liu
et al. demonstrated efficient transfer, opti-
mization, and expression of the nif cluster
from the photosynthetic and diazotrophic
Cyanothece sp. ATCC 51142 (hereafter
Cyanothece 51142) to the closely related
but natively nondiazotrophic cyanobacte-
rium Synechocystis sp. PC C  6803 (hereafter
Synechocystis 6803) [7].

The nif cluster from Cyanothece 51142
contains 35 genes, which encode structural

proteins of the nitrogenase, cofactors nec-
essary for electron transfer, various acces-
sory proteins, ferredoxins, and hypothetical
proteins [8]. The cluster shows high tran-
scription levels in the dark and low levels
in light, which has been attributed to the
circadian separation of photosynthesis
during the day and nitrogen fixation at
night [9]. While such genes are missing in
Synechocystis 6803, in their first set of ex-
periments, the authors showed that it was
possible to express this entire gene cluster
in this cyanobacterium. Interestingly, the
entire cluster was maintained over a period
of 4 years, demonstrating a stable system.
More importantly, all genes were shown to
be transcribed and nitrogenase activity
was found to reach 2% of Cyanothece
51142 grown under the same condi-
tions. These results show the ability of
Synechocystis 6803 to utilize the genes
and regulatory mechanisms conveyed
by the nif cluster of Cyanothece 51142.

Liu et al. then sought to improve the nitro-
gen fixation activity by determining a mini-
mal set of genes required for BNF in
Synechocystis 6803. To determine the
minimal set, a top-down approach was
used, in which genes were selectively
removed from the original gene cluster,
and nitrogenase activity was compared.
Through this approach, the authors dem-
onstrated a set of 24 genes, which showed
improved nitrogenase activity over the orig-
inal nif cluster. This reduced cluster of
24 genes was then expressed on a native
plasmid: pCA2.4. This resulted in an
impressive increase to 31% of the nitro-
genase activity of Cyanothece 51142.
However, the authors showed that this
nitrogenase activity was still extremely
sensitive to oxygen and dropped drasti-
cally even in microoxic conditions as
low as 0.5% oxygen. To overcome this
hurdle, structural and regulatory genes
encoding the uptake of hydrogenase
from Cyanothece 51142 were inserted
into Synechocystis 6803 alongside the
minimal nif cluster. The presence of the
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uptake hydrogenase (believed to supply
ATP, remove oxygen from nitrogenases,
and provide reducing power) resulted in
twofold and sixfold increases in nitroge-
nase activity under 0.5% and 1% oxygen
conditions, respectively. While these levels
did not reach the same as in anaerobic
conditions, the increase did reveal the
importance of uptake hydrogenase in en-
gineering less oxygen-sensitive nitrogen-
fixing capabilities.

This work represents a highly success-
ful transfer of nitrogenase activity to
a nondiazotrophic cyanobacterium, the
implications of which are demonstrated
in Figure 1. The ability to do so was
made possible by elegant choices on
the authors’ part to utilize a non-model
system to engineer a closely related
species. The regulatory mechanisms al-
ready in place in Cyanothece 51142
allowed for expression of the nif cluster
in Synechocystis 6803 at the proper
timing to cooperate with oxygenic photo-
synthesis and bypassed the need to con-
struct such regulation from scratch. After

Plasmid with
35 nif genes

transferring BNF, the new diazotrophic
strain of Synechocystis 6803 served as a
platform to explore optimization of nitroge-
nase activity, and revealed the critical gene
set as well as a regulatory mechanism that
aids oxygen tolerance. While transfer into
a plant species has yet to be achieved,
theoretical future applications can be
foreseen. For example, transferring the
reduced nif cluster to a model plant, such
as arabidopsis (Arabidopsis thaliana), and
investigating its potential BNF ability could
lead to further expansion in cereal grains,
such as Zea mays. This could lead to the
engineering of diazotrophic plants, thereby
dramatically improving food security.

While the potential of this work is exciting,
challenges to genetically engineering plants
have limited the experimental work done
to date. Two major hurdles include the
bottleneck imposed by slow and difficult
transformation and regeneration of edited
plants, which commonly leads to random
placement of inserted genes, and also a
lack of understanding surrounding the
gene pathways, networks, and regulatory
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mechanisms of many plant species. In
recent years, targeted gene insertion into
plants has improved, thanks to CRISPR-
based technologies, as has been demon-
strated in the model organism arabidopsis
[10]. Additionally, advances in computa-
tional modeling have aided understanding
of biological processes by allowing in silico
experimentation. Computational tools, such
as OptCircuit [11] and EuGeneCiD [12], can
be applied to whole-plant models [13]
or specific tissue models [14,15] to design
the minimum genetic intervention required
to achieve the desired genetic functionality
and predict outcomes of planned inter-
ventions. The combined advances both
experimentally and computationally set
the stage for the findings of Liu et al. to
be applied in plants in the near future.
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Figure 1. Diagram illustrating the experimental flow developed by Liu et al. [7] to engineer nitrogen
fixation in the cyanobacterium Synechocystis 6803, and implications for future research using their
protocol.
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