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Abstract
Synthetic biology is transforming the field of crop improvement by allowing the precise control of 
genetic circuits, metabolic pathways, and regulatory networks. Unlike the conventional transgenic 
approaches, which involve the alteration of single genes, synthetic biology involves the incorporation 
of multi-gene constructs, synthetic promoters, and programmable regulatory networks to control 
the physiological processes in crops. For instance, the engineering of photosynthetic genes such 
as SBPase and Rubisco activase resulted in the enhancement of carbon assimilation by 15 to 30 
percent. Moreover, the rewiring of the nitrogen metabolic pathway and the incorporation of the 
microbial nitrogen fixation pathway resulted in the partial substitution of 10 to 25 percent. However, 
the performance is compromised to 5 to 15 percent in the field conditions. This is because the 
regulatory instability and environmental sensitivity reduce the performance. Synthetic gene circuits 
involving the regulation of stress regulators such as DREB and AREB resulted in the improvement 
of drought tolerance. However, the growth penalty is associated with the expression of these genes. 
Furthermore, the engineering of the microbiome using synthetic biology constructs is also facing 
challenges in terms of colonization stability.
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Introduction: From Gene Addition to Regulatory
Traditional crop biotechnologies have traditionally focused on overexpression or suppression 

of single genes, which have had only limited successes in enhancing complex traits like crop yield 
stability and abiotic stress tolerance [1]. Although single-gene biotechnologies have been successful 
in enhancing monogenic traits, they have, nonetheless, underperformed in enhancing crop traits 
controlled by multiple genes and complex regulatory systems [2]. For example, constitutive 
overexpression of transcription factors like DREB1A, which play important roles in regulating plant 
responses to drought and other abiotic stresses, has been shown to enhance drought tolerance in 
transgenic plants, often resulting in improved survival and water-use efficiency under controlled 
experimental conditions [3]. However, these beneficial effects often come with costs, like growth 
penalties of 10 to 20 percent, which have been observed in many cases, especially because of the 
constant expression of these genes, which often results in constant expression of stress-response 
genes and, consequently, reduced plant growth and reproduction. This illustrates one of the major 
limitations of single-gene biotechnologies, which often fail to account for the complex trade-offs 
between plant growth and responses to abiotic stresses [4].

At the molecular and genetic levels, crop traits like drought tolerance, nutrient use efficiency, 
and crop yields are controlled by complex genetic networks involving multiple transcription 
factors and signaling pathways. Synthetic biology offers a promising approach to addressing this 
limitation of single-gene biotechnologies, which often fail to accurately mimic endogenous genetic 
and molecular pathways [5]. Synthetic biology, which often involves multiple genes, offers the 
opportunity to design more complex genetic and molecular systems that can accurately mimic 
endogenous genetic and molecular pathways. For example, synthetic promoters can be used to 
restrict expression of genes like DREB1A to specific environments, thus reducing negative impacts 
on plant growth under non-stress conditions [6].

However, the application of these systems is also accompanied by challenges. For instance, 
the incorporation of these constructs into the native regulatory networks is extremely complex. 
Endogenous networks of genes are highly interconnected and subject to complex control mechanisms 
[7]. They can be controlled at the epigenetic level, the level of post-transcriptional modification, and 
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the protein level. Another major bottleneck is the context dependency 
of the regulation of plant genes. It is extremely challenging to design 
stable constructs because the expression of genes is highly variable 
[8]. As such, the constructs show less stability and efficiency when 
transferred to the field. This is because the environmental variables 
affect the precision of the regulation.

Engineering Photosynthesis: Gene Targets 
and Regulatory Constraints

Photosynthesis is one of the main targets for the application 
of synthetic biology. It is the main process responsible for the 
production of biomass [9]. Genes such as the RuBP regeneration 
enzymes, which include sedoheptulose-1,7-bisphosphatase (SBPase), 
RuBP Carboxylase Activase (RCA), and RuBP carboxylase, have been 
the main targets for the improvement of the efficiency of this process 
[10, 11]. Overexpression of SBPase has resulted in the improvement 
of the rates of photosynthesis by 20 to 30 percent. Moreover, the 
biomass produced is improved by 25 percent [12]. Engineering the 
RCA gene has improved the stability of the process under heat stress. 
However, the improvement is less pronounced in the field to the tune 
of 10 to 15 percent [13].

One major bottleneck is the complex control mechanisms. Carbon 
fixation is subject to control. It is controlled by the processes to which 
it is directly linked. Increasing the efficiency of one process can affect 
the efficiency of the other processes. For instance, the activity of RuBP 
can lead to the production of intermediates [14]. Synthetic bypasses 
of photorespiration have shown promise in reducing losses and 
increasing productivity; however, these bypasses involve coordinated 
regulation of several genes and may lead to problems of accumulation 
of toxic substances and/or metabolic inefficiency.

Synthetic Gene Circuits: Precision vs 
Instability

Synthetic gene circuits offer a highly versatile tool set for 
dynamically regulating gene expression by engineering promoters, 
transcription factors, and regulatory elements. These systems offer 
a significant advantage over constitutive gene expression systems 
in that they can offer spatiotemporal regulation of gene expression 
by allowing gene expression in response to specific environmental 
stimuli [15]. For example, stress-inducible promoters like RD29A 
and ABA response elements regulating transcription factors like 
DREB and AREB/ABF have been used to limit stress response gene 
activation in plants grown under drought stress and salinity stress 
conditions. These systems have shown 10-25% improvement in yields 

under moderate stress conditions, compared to minimal or negative 
effects observed in constitutive systems [16]. However, these systems 
are highly dependent on the accuracy of signal perception and 
transduction systems. Environmental signals can vary significantly 
in plants grown in different conditions; for example, Abscisic Acid 
(ABA) content can vary significantly in response to temperature 
fluctuations and soil moisture content. These fluctuations can result 
in delayed or insufficient gene expression in response to stress stimuli 
[17].

One such limitation is the long-term stability of synthetic 
constructs. Transgenes often undergo Transcriptional Gene Silencing 
(TGS) or Post-Transcriptional Gene Silencing (PTGS). This is often 
mediated through DNA methylation, histone modification, and small 
RNA pathways [18]. This can lead to the gradual silencing of the 
transgene over time. In addition, the structural instability of synthetic 
circuits, such as mutations occurring within repetitive promoter 
elements, also pose an important limitation. Another important 
limitation is the cross-talk between synthetic circuits and endogenous 
networks. Synthetic transcription factors and synthetic promoters do 
not act in isolation. Synthetic transcription factors often cross-talk 
with endogenous networks, especially those regulated by hormones 
such as ABA, jasmonic acid, and ethylene [19].

Synthetic circuits also place an important metabolic burden on 
the host system. The continuous expression of regulatory proteins, 
transcriptional machinery, and signal molecules requires the host 
system to divert resources from growth, survival, and reproduction 
[20]. This often results in an important trade-off, where the biomass 
yield is reduced by 5-15%. This is particularly important because such 
yield is often observed in the absence of stress. In order to overcome 
the aforementioned limitations, synthetic circuits must be designed 
as cost-effective, self-regulating circuits that minimize the metabolic 
burden on the host system while ensuring the reliability of the circuit 
(Table 1).

Reprogramming Nitrogen and Nutrient 
Pathways

Nitrogen metabolism has been identified as a major target for 
synthetic biology due to its central role in crop productivity and the 
inefficiency associated with nitrogen fertilizer use. Current approaches 
have primarily focused on engineering key genes involved in nitrogen 
uptake and assimilation [29], particularly Nitrate Transporters (NRT1 
and NRT2 families) and enzymes such as Glutamine Synthetase (GS) 
and glutamate synthase (GOGAT), which regulate the incorporation 

Target Process Key Genes / 
Elements Engineering Strategy Observed Outcome Major Limitation Representative 

References
Photosynthesis 
enhancement

SBPase, Rubisco 
activase (RCA)

Overexpression, pathway 
optimization

15-30% ↑ photosynthesis; 
~10-20% field yield gain

Metabolic bottlenecks, 
feedback regulation (Kromdijk et al., 2016) [21]

Photorespiration bypass Glycolate pathway 
enzymes Synthetic bypass pathways 20-40% biomass increase 

(controlled)
Intermediate toxicity, 

incomplete flux control (South et al., 2019) [22]

Nitrogen assimilation NRT1, NRT2, GS, 
GOGAT

Overexpression, transporter 
engineering 10-20% ↑ NUE Carbon–nitrogen 

imbalance (Xu et al., 2012a) [23]

Nitrogen fixation (non-
legumes) nifH, nifD, nifK Heterologous expression Partial expression, low 

activity
Oxygen sensitivity, ATP 

demand (Allen et al., 2017) [24]

Stress response regulation DREB, AREB/ABF, 
RD29A Inducible promoter systems 10-25% yield increase 

under stress
Growth penalty if 

misregulated
(Nakashima et al., 2014) 

[25]

Hormonal regulation IPT, auxin-related 
genes

Controlled expression 
systems

Improved growth under 
stress Hormonal imbalance (Rivero et al., 2007) [26]

Synthetic gene circuits Synthetic TFs, 
promoters

Feedback-regulated 
systems

Improved regulation 
precision

Gene silencing, 
instability (Liu & Stewart, 2015) [27]

Microbiome engineering Engineered microbial 
genes Synthetic consortia 10-20% growth 

improvement Poor field persistence (Niu et al., 2017) [28]

Table 1: Synthetic biology targets in crop production: genes, pathways, and quantitative outcomes.

http://www.weblogoa.com


Adeel Asghar WebLog Journal of Biotechnology and Biomedical Engineering

WebLog Open Access Publications wjbtbe.2026.i12073

of nitrogen into amino acids [30]. Overexpression of GS and high-
affinity nitrate transporters has been shown to improve Nitrogen 
Use Efficiency (NUE) by approximately 10-20%, largely through 
enhanced nitrogen uptake and assimilation [31]. However, these 
improvements are often limited by feedback inhibition mechanisms, 
whereby the accumulation of downstream metabolites suppresses 
further nitrogen uptake, resulting in diminishing returns.

A key constraint is the close integration between nitrogen and 
carbon metabolism. Enhanced nitrogen assimilation requires a 
corresponding supply of carbon skeletons and energy in the form of 
ATP and reducing equivalents. Disruption of this balance can lead to 
metabolic bottlenecks, resulting in inefficient nitrogen utilization or 
unintended penalties on plant growth. This underscores the difficulty 
of modifying individual components of nitrogen pathways without 
considering system-level coordination [32].

Efforts to introduce biological nitrogen fixation into non-
leguminous crops represent one of the most ambitious objectives 
in synthetic biology. These strategies have focused on expressing 
essential nitrogenase genes such as nifH, nifD, and nifK. Although 
partial expression has been achieved, functional nitrogen fixation 
remains limited due to several constraints [33]. Nitrogenase is highly 
sensitive to oxygen and requires a tightly controlled microaerobic 
environment, which is difficult to maintain within plant cells. In 
addition, nitrogen fixation is energetically demanding, requiring 
approximately 16 ATP per molecule of N₂ reduced, thereby imposing 
a substantial metabolic burden on host plants [34].

Similarly, engineering phosphorus uptake and utilization 
pathways has yielded limited success. While manipulation of 
Phosphate Transporters (PHT1 family) can enhance phosphorus 
acquisition, the effectiveness of these modifications is often 
constrained by soil chemistry, particularly phosphorus fixation in 
calcareous and alkaline soils [35]. This highlights a broader limitation: 
genetic improvements in nutrient acquisition are frequently 
restricted by external environmental factors, emphasizing the need 
for integrated strategies that combine genetic engineering with soil 
and agronomic management practices [36].

Microbiome Engineering: Synthetic Control 
vs Ecological Reality

Synthetic biology has also been applied to the engineering 
of plant-associated microbiomes, including the development of 
microbial strains with enhanced nutrient cycling capabilities. 
Engineered microbes expressing genes for nitrogen fixation or 
phosphorus solubilization have demonstrated 10-20% improvements 
in plant growth under controlled conditions [37].

However, their performance in field environments remains 

inconsistent due to ecological competition. Introduced microbial 
populations often decline by 50-90% within a few weeks, limiting 
their long-term effectiveness. Furthermore, engineered traits may 
not be stably maintained within microbial communities, particularly 
under competitive environmental conditions. An additional concern 
is the potential disruption of native microbial communities, which 
may lead to unintended consequences for soil health and overall 
ecosystem function [38]. These challenges illustrate the difficulty of 
translating synthetic biological designs into complex and dynamic 
ecological systems.

Trade-Offs, Risks, and System Limitations
A recurring challenge in synthetic biology is the presence of trade-

offs between different traits. Enhancing stress tolerance frequently 
occurs at the expense of reduced growth, while increased metabolic 
activity can lead to depletion of cellular resources.  For example, 
constitutive activation of stress-response pathways can reduce 
yield by 10-20% under non-stress conditions, whereas increased 
metabolic flux may create imbalances that lower overall efficiency 
[39]. These trade-offs reflect the highly interconnected nature of 
plant physiological systems. Regulatory and biosafety considerations 
also present significant challenges, particularly with respect to gene 
flow and ecological impacts. The complexity of synthetic constructs 
complicates risk assessment processes and underscores the need for 
the development of updated and robust regulatory frameworks [40] 
(Table 2).

Conclusion: Toward Dynamic and Context-
Aware Systems

Synthetic biology has provided crops with a set of powerful tools 
that can control genetic and metabolic processes in a precise manner. 
However, the impact of synthetic biology is limited by regulatory 
uncertainty, environmental variability, and system-level complexity. 
To achieve significant progress in synthetic biology in the future, 
there is a need to develop systems that can dynamically adapt and 
adjust gene expression in real-time while minimizing trade-offs and 
improving robustness. Instead of achieving optimal performance 
in controlled environments, there is a need to focus on achieving 
consistent performance in real environments, where significant 
improvements may not exceed 5-15%.
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