Project Genetic
Engineering and
the Environment

Background:
Environmental risk scenarios linked to NGT rice with modified
flavone biosynthesis

Franziska Koller
March 2025

Abstract

Rice is globally one of the most important staple foods and also an important model plant for
applications of new genomic techniques (NGTSs). In the recent study of Yan et al.,
researchers generated an NGT rice variant, which is unlikely to be achieved by conventional
breeding methods, including non-targeted mutagenesis. They knocked two genes involved in
flavone biosynthesis to produce an NGT rice with increased apigenin content. The elevated
content of this flavone was shown to increase the biofilm formation of nitrogen-fixing bacteria
in soil and, therefore, to increase the nitrogen availability for the rice plant. However, the
altered composition of associated microbiota could also have negative consequences, i.e. to
affect the plants’ susceptibility to biotic or abiotic stressors, yield and greenhouse gas
emissions. The ability of the NGT rice to hybridize with wild and weedy rice could also lead to
the uncontrolled spread of the newly introduced genotypes into the environment, with
unpredictable consequences, e.g. weedy rice could potentially become an increasingly
serious threat to rice farming.

Introduction

Rice is a major food source especially in Asia, Africa and South America. In recent decades,
breeding approaches have successfully increased rice productivity. However, weedy rice,
climate change, pathogens and other factors still regularly threaten rice harvests.

NGT applications are currently being used in many plant species to develop new varieties,
including rice. Its relatively small-sized diploid genome and the availability of genomic data
(Sasaki, 2005) has made rice a model plant for functional and structural genomics studies
(see e.g. Mishra et al., 2018; Zafar et al., 2020; Zegeye et al., 2022). At present, there are
more than two hundred published studies on NGT rice variants (EU-SAGE), some of which
have already been tested in field trials. The first EU field trial with NGT rice is currently being
conducted in ltaly (B/IT/24/01, 2024).

This factsheet presents a real case of an NGT rice variant for which an international patent
application has been filed (WO 2022/015762). It seems to be questionable, if this rice could
be obtained from conventional breeding, including non-targeted mutagenesis. We include an
overview of related hazards and environmental risk scenarios for this NGT rice to
demonstrate the need for in-depth risk assessment.

Biology and ecology of rice

Rice belongs to the grass family of Poaceae. Two domesticated rice species are cultivated
as a cereal: Oryza sativa (Asian rice) and Oryza glaberrima (African rice). There are many
related subspecies and varieties that have been described. The cultivation of African rice is



currently in decline and has been partially replaced by higher-yielding Asian rice subspecies,
e.g. Oryza sativa japonica and Oryza sativa indica.

Apart from domesticated rice, more than 20 species of wild rice have been described.
Amongst them, O. rufipogon and O. barthii are thought to be the wild progenitors of O. sativa
and O. glaberrima, respectively. Continuous hybridization and de-domestication between
cultivated varieties and wild progenitors have resulted in various weedy rice types (Roma-
Burgos et al., 2021). Weedy rice produces fewer grains but shares characteristics and
appearance with cultivated rice species — it is therefore very difficult to identify and combat.
In addition, severe seed shattering and deep seed dormancy in wild rice means that it
remains viable for years in seed banks (Grimm et al., 2020). Populations of weedy rice are
found worldwide and substantially diminish rice yields.

Rice is a principally self-pollinating crop that produces large quantities of pollen grains.
However, cross-pollination can occur either by wind or insect pollination, e.g. honey bees can
carry a large amount of viable rice pollen over long distances (Pu et al., 2014), thus also
contributing to gene flow between cultivated, wild and weedy rice.

The interaction of rice plants with associated microbiota is also very important both
agriculturally and ecologically, as the plants and their associated microbiota act as a
functional entity, also known as a ‘holobiont’ (Sanchez-Canizares et al., 2017). Rice plants
form symbiotic associations, e.g. with mycorrhizal fungi or nitrogen-fixing bacteria, thus
providing benefits by improving nutrition and fitness (Campo et al., 2020; Masuda et al.,
2023). However, we still have only limited knowledge about these complex interactions.

Transgenic rice

Projects to genetically engineer rice using established genomic techniques started decades
ago and resulted in different transgenic rice events. However, very few events have been
granted market authorisation, with traits comprising mostly the production of insecticidal Bt
toxins or herbicide tolerance. Bt rice was authorised in China in 2007, but there appears to
be no commercial cultivation. Only very few herbicide (glufosinate) tolerant events have been
approved for the US market. In the Philippines, rice with enhanced provitamin A content
(Golden Rice) was introduced after decades of discussion.

So far, only one market application has been filed for import into the EU, for rice resistant to
the herbicide glufosinate (LL62). The application was withdrawn in 2007.

The relatively small number of transgenic rice authorisations worldwide may be associated
with several incidents of contamination, which affected the markets globally. Interestingly,
many cases appear to involve accidental releases of unapproved GMOs (Clapp, 2008). For
example, in 2006, glufosinate tolerant rice, LL601, was detected in parts of the US harvest,
and later found to have originated from a few small-scale field trials conducted by Aventis
(now Bayer). By the autumn of 2006, LL601 had been found in shipments of imported rice in
countries throughout the world. The costs incurred globally as a result of LL601 rice
contamination were estimated to range from 741 million to 1.285 billion US dollars (Blue,
2007).

In the EU, from 2002 to 2023, rice was found to be responsible for more than half of all cases
of food imports containing unlabelled GMOs (Eissa et al., 2024), many of which were imports
from China. Bt rice from China was first detected in 2005, even though there is no
commercial cultivation of transgenic rice in China until today. The rice events appear to have
originated from field trials — from where they permanently introgressed Chinese rice seed
systems.



NGT rice with increased apigenin content (Yan et al., 2022)

NGTs have been increasingly applied in rice in recent years, and rice plants have become a
model organism for many genome editing studies. As a result, there are now a large number
of NGT rice variants, one of which is analyzed in more detail below.

The cultivation of crops like rice is heavily dependent on the application of nitrogen fertilizers,
as most plants are not able to directly use molecular nitrogen in the atmosphere (N2) (Pittol et
al., 2016). They rely on other sources, such as nitrogen fertilizer, decomposed biomass or
certain, diazotrophic bacteria, which convert atmospheric nitrogen into ammonium nitrogen
(NH4%), and thus make it available for plants.

The study published by Yan et al. pursued an indirect approach to increasing nitrogen
availability in rice plants, i.e. the plants were genetically modified with NGTs to attract more
nitrogen-fixing bacteria.

Interactions between plant roots and bacteria in the soil are, i. a. supported by the formation
of biofilms (Flemming and Wingender, 2010; Meneses et al., 2011). Therefore, Yan et al.
screened for plant compounds that stimulated biofilm formation of nitrogen-fixing bacteria
promoting the colonization around the plant roots and subsequent biological nitrogen fixation.
They identified, amongst others, the flavone apigenin which induces the biofilm formation of
nitrogen-fixing bacteria.

Figure 1: The role of the enzymes the flavonoid
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In order to increase the amount of apigenin in rice plants (O. sativa japonica cv Kitaake), the
researchers used CRISPR/Cas9 to switch off enzymes that degrade apigenin or convert it
into other substances. The authors simultaneously targeted two genes encoding flavonoid
hydroxylases (CYP75B3 and CYP75B4) that convert apigenin to luteolin and chrysoeriol to
selgin (CYP75B4) (Figure 1). The resulting NGT rice extruded more apigenin from the roots,
promoting the biofilm formation of nitrogen-fixing bacteria around the roots. In addition, the
NGT rice plants assimilate more nitrogen than the control rice. Under limited soil nitrogen
conditions, the NGT rice had more panicles and their yield increased by 20-30 %.



As a side effect of the genetic alteration, the NGT rice was smaller under all tested
conditions. In this context it may be interesting that tricin metabolites are incorporated into
the cell walls (cell wall lignification) and CYP75B4 disruption strongly affects tricin-lignins and
other cell wall components (Lam et al., 2019). The function of tricin in cell wall lignins remain
largely unknown (Lam et al., 2021). Furthermore, the analysis of soil samples showed that
the composition of the soil bacteria of the NGT rice differs compared to the control plants.
The NGT rice recruited a distinct microbiota in the rhizosphere, rhizoplane and endosphere
and, in particular, more nitrogen-fixing bacteria.

Difference to conventional breeding

Plant genome organization makes some genomic regions less accessible to conventional
breeding methods, including non-targeted mutagenesis. However, NGTs can partially
overcome these limitations (Kawall, 2019). In recent years, several research teams have
produced rice with genotypes unlikely to be achieved using conventional breeding methods,
including non-targeted mutagenesis, (see e.g. (Khanday et al., 2019; Zhang et al., 2020;
Wakasa et al., 2024)).

The genotype of the NGT rice with increased apigenin content is not yet known from
conventional breeding. There is reason to assume that this genotype would be hardly
achievable using conventional breeding methods, as the targeted genes (CYP75B3 and
CYP75B4) are probably genetically linked and lie in the genomic region in which
recombination is known to occur at a low rate (Figure 2):

The two genes are in close proximity to each other. It is less likely that a recombination event
will occur between them and therefore they are referred to as genetically linked. In addition,
both genes lie in pericentromeric regions close to the centromere of chromosome 10 with
very low-recombination rates (Chen et al., 2002; Sasaki, 2005; Yan et al., 2008; Flowers et
al., 2012; Fayos et al., 2019; Pefuela et al., 2023). Suppressed recombination leads to co-
segregation of genes in the respective domain (Yan et al., 2008). This means constrains for
conventional breeding, because it relies often on the combination of single mutations in one
of the respective genes. This is hardly achievable when genes are genetically linked and
further lie in regions with low recombination rates that are largely inaccessible to breeding
(Chen et al., 2002; Fayos et al., 2019; Song et al., 2021; Shang et al., 2023; Zou et al.,
2024). In addition, natural occurrence of large deletions or inversions, which could also lead
to the knockout of genes, seem to occur mainly in hotspots outside of (peri-) centromeric
regions (Zhou et al., 2023, 2024a, 2024b). Taken all together, it seems unlikely that the
knockout of the two flavonoid hydroxylases could be achieved with conventional breeding
methods, including non-targeted mutagenesis, at all or in manageable time periods. These
findings are also relevant for risk assessment: it should not be overlooked that the rice with
the new genotype and its complex interactions with soil bacteria might be introduced into the
environment at large scale and may also perform gene flow with wild relatives.
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Hazard identification and scenarios relevant to risk assessment
— Gene flow and outcrossing

Rice generally has a high potential for outcrossing/hybridization with wild or weedy rice
populations (see biology and ecology of rice). This enables the gene flow of new NGT rice
genotypes into the environment (Chen et al., 2004; Lu and Yang, 2009).

The NGT rice genotype developed by Yan et al. has higher ecological fithess due to
increased nitrogen assimilation and a higher number of panicles under nitrogen-limiting
conditions. In addition, it is smaller, which could also be a fithess advantage under certain
environmental conditions (see (Wakasa et al., 2024)). Escapes of this genotype could cause
ecological problems (Lu et al., 2003). Hybrids of NGT rice and weedy rice may have an even
greater potential to persist and spread in the environment. Consequently, hybrids with
enhanced ecological fithess could become much more invasive and difficult to manage (Lu
and Snow, 2005). In areas with wild rice populations (e.g. in Asia), outcrossing of NGT rice
genotypes may contaminate wild populations, and could possibly lead to displacement of
local species (Lu et al., 2003).

In general, outcrossing can result in new combinations of genes in the offspring, and may
display next-generation effects associated with unexpected risks resulting from genomic
interactions (Bauer-Panskus et al., 2020; Koller et al., 2023). In future, large-scale releases
of different NGT rice species into the environment at short intervals may further promote
combinatorial effects between NGT plants. The resulting effects may be dependent on the
specific gene combinations, the intended traits and exposure to stress conditions in the
receiving environment (Koller et al., 2023).

— Influence on microbiota

Switching off the downstream metabolic pathways resulted in an accumulation of the flavone
apigenin in the NGT rice discussed here, and thus the enrichment of the nitrogen-fixing
bacteria in the root environment of the plant. At the same time, other substances derived
from apigenin are either produced less, or not at all, in this rice variant. An earlier study



showed that other flavones, such as tricin, luteolin and chrysoeriol glycosides, were
completely absent in a different NGT rice variant when the CYP75B3 and CYP75B4 genes
were knocked out (Lam et al., 2019). These other flavones are also known to play essential
roles in cross-talk between plants and beneficial microbiota (in the phyllosphere, endosphere
and rhizosphere) and defense mechanisms against different pathogens and insects (Peters
et al., 1986; Adjei-Afriyie et al., 2000; Kong et al., 2004, 2010; Bing et al., 2007; Bag et al.,
2022; Kumar et al., 2024).

Due to the absence of other flavones, the apigenin-rich NGT rice could be more susceptible
to infections in the field. In addition, the composition of the microbiota in the root environment
is changed. This may be positive for the uptake of nitrogen, but could conceivably be
negative for other microbial plant interactions important for soil ecology, plant health and
yield.

The interaction of rice plants and their surrounding microbiota is finely-tuned, highly complex
and far from fully understood (Pittol et al., 2016; Pantigoso et al., 2022; Santos-Medellin et
al., 2022). Therefore, changes in metabolites in genetically modified plants and their impact
on the microbiota should be thoroughly investigated during development (Huang et al., 2024;
ISPRA, 2024). Moreover, their susceptibility to pathogens or the effects of different
environmental conditions are hardly predictable, and will therefore require empirical studies
in different environments.

— Increasing greenhouse gase emissions

Rice cultivation represents a significant fraction of agricultural greenhouse gas emissions, in
particular nitrous oxide (N2O) and methane (CH.). Microorganisms are responsible for a large
part of greenhouse gas emissions, as N2O and CH. are products or byproducts in, e.g.
nitrification/denitrification and methanogenesis, respectively. The amount of greenhouse
gases produced in the soil is strongly influenced by, e.g. climate, plant growth stage, root
exudates, crop management practices, microbial population, carbon, nitrogen and oxygen
contents (Hassan et al., 2022; Rajendran et al., 2024).

Altered flavone content in the NGT rice strongly influences the recruited microbiota in the
rhizosphere, rhizoplane and endosphere (Yan et al., 2022). The changed microbial
community could possibly influence greenhouse gas emissions. Since the emissions
correlate with microbial composition, a shift in the microbial community can also alter N.O
and CHs emissions (see e.g. (Wang et al., 2017; Yin et al., 2023)). Even if the cultivation of
the discussed NGT rice could potentially reduce the use of nitrogen fertilizer, changes in the
microbial population could negatively influence greenhouse gas emissions if, for example,
the population of (de)nitrifying or methanogenic microorganisms grows. In addition, the
increased occurrence of nitrogen-fixing bacteria in the rhizocompartments of the NGT rice
(Yan et al., 2022) will lead to higher amounts of available ammonium in the soil. Similarly to
nitrogen fertilizer, this could also influence N>O emissions, as ammonium serves as substrate
for N2O producing microorganism. The respective emissions underlie complex interactions
further influenced by, e.g. plant growth stage, amount of ammonium, climate and irrigation
(oxygen availability) (Hassan et al., 2022; Rajendran et al., 2024) and is very difficult to
predict. Therefore, the actual amount of greenhouse gas emissions under the described
approach need to be investigated empirically under various conditions.

— Possible interaction with genetically engineered microorganisms

In recent years, genetically engineered (GE) microorganisms have been developed both for
release into the environment and as biological agents for bioremediation, biocontrol or
biofertilization (Ballester et al., 2023; Miklau et al., 2024). After release into the soil, these GE
microorganisms are meant to, for example, produce and excrete bioavailable nitrogen, and



thus promote the growth of crop plants (Das, 2019; Ambrosio and Curatti, 2021; Wen et al.,
2021). NGTs and synthetic biology will in future enable the development of an even broader
range of GE microorganisms.

Environmental risk assessment and monitoring will be faced with new questions and
challenges due to the ability of GM microorganisms to spread, and factors such as dispersal,
horizontal gene transfer and rapid evolution (Miklau et al., 2024). Unintended interactions
between different GE microorganisms released into the same environment, or with other
organisms in the receiving environment, may also occur. Furthermore, it has been found that
microorganisms strongly influence the transcriptome of plants (Santos-Medellin et al., 2022).
These interactions are highly complex and our knowledge is still limited. The simultaneous
release of different GE microorganisms and NGT plants, e.g. NGT rice, will lead to further
new and difficult to predict interactions.

Conclusion

Yan et al. were able to generate an NGT rice variant that is unlikely to be achieved from
conventional breeding, including non-targeted mutagenesis. The NGT rice produces large
amounts of apigenin, but lacks several other flavones. The composition of the associated
microbiota is thus also changed.

Symbiotic interactions with microorganisms significantly impact the health and the ecosystem
services of plants. Changes in composition and the complex interactions with microbiota may
have a broad range of (unintended) effects. Even if the cultivation of this NGT rice variant
could potentially reduce the use of nitrogen fertilizer, other unintended effects, e.g. increased
greenhouse gases, susceptibility to pathogens or reduced resistance to abiotic stress, may
arise and make the beneficial claims of the approach questionable.

Once released, the new NGT genotype can spread into wild and weedy rice, as hybridization
often occurs between the rice variants. The intended NGT rice trait also increases its fitness,
which may further exacerbate the problems of outcrossing and hybridization. Spontaneous
crossings may certainly be relevant for the environment, regional populations of wild rice and
rice yields. Damage to biodiversity in and around the fields may possibly be irreversible.

The increasing speed and scale of the introduction of new genotypes, e.g. rice variants and
combinations thereof, could overwhelm the natural ecosystems. Furthermore, the
simultaneous release of GE microorganisms could lead to unintended and unpredictable
interactions.

The above-discussed example of the NGT rice variant shows that a detailed and
comprehensive risk assessment is required before any large-scale cultivation of this GMO is
allowed. Ultimately, risk assessment should explore unintended direct and indirect,
immediate and cumulative long-term effects associated with the environment and other
GMOs.



References

Adjei-Afriyie, F. et al. (2000). Probing Stimulants from the Rice Plant towards the Smaller
Brown Planthopper, Laodelphax striatellus (Fallen) (Homoptera: Delphacidae). Z. Fir
Naturforschung C 55, 1038-1044.

Ambrosio, R., and Curatti, L. (2021). Deferred control of ammonium cross-feeding in a N2-
fixing bacterium-microalga artificial consortium. Appl. Microbiol. Biotechnol. 105, 2937—-2950.

Bag, S. et al. (2022). Flavonoid mediated selective cross-talk between plants and beneficial
soil microbiome. Phytochem. Rev. 21, 1739-1760.

Ballester, A.-R. et al. (2023). Horizon scanning on microorganisms and their products
obtained by new developments in biotechnology. EFSA Support. Publ. 20, 8503E.

Bauer-Panskus, A. et al. (2020). Risk assessment of genetically engineered plants that can
persist and propagate in the environment. Environ. Sci. Eur. 32, 32.

Bing, L. et al. (2007). Potential resistance of tricin in rice against brown planthopper
Nilaparvata lugens (Stal). Acta Ecol. Sin. 27, 1300-1306.

B/IT/24/01 (2024). Universita degli Studi di Milano, Field trial of NGT1/TEA rice experimental
lines for resistance to rice blast.
https://webgate.ec.europa.eu/fip/GMO_Registers/GMO_Summary.php?NotificationNum=B/IT
124/01&Cat=gmp.

Blue, E.N. (2007). Risky Business: Economic and Regulatory Impacts from the Unintended
Release of Genetically Engineered Rice Varieties Into the Rice Merchandising System of the
US: Campaigning for Sustainable Agriculture. Greenpeace International.

Campo, S. et al. (2020). Effect of Root Colonization by Arbuscular Mycorrhizal Fungi on
Growth, Productivity and Blast Resistance in Rice. Rice 13, 42.

Chen, L.J. et al. (2004). Gene Flow from Cultivated Rice (Oryza sativa) to its Weedy and
Wild Relatives. Ann. Bot. 93, 67—73.

Chen, M. et al. (2002). An Integrated Physical and Genetic Map of the Rice Genome. Plant
Cell 14, 537-545.

Clapp, J. (2008). lllegal GMO releases and corporate responsibility: Questioning the
effectiveness of voluntary measures. Ecol. Econ. 66, 348—358.

Das, H.K. (2019). Azotobacters as biofertilizer. Adv. Appl. Microbiol. 708, 1-43.

Eissa, F. et al. (2024). Analysis of EU RASFF notifications on genetically modified food and
feed from 2002 to 2023. J. Food Compos. Anal. 136, 106801.

EU-SAGE European sustainable agriculture through genome editing. https://www.eu-
sage.eu/.

Fayos, I. et al. (2019). Engineering meiotic recombination pathways in rice. Plant Biotechnol.
J. 17, 2062—-2077.

Flemming, H.-C., and Wingender, J. (2010). The biofilm matrix. Nat. Rev. Microbiol. 8, 623—
633.



Flowers, J.M. et al. (2012). Natural Selection in Gene-Dense Regions Shapes the Genomic
Pattern of Polymorphism in Wild and Domesticated Rice. Mol. Biol. Evol. 29, 675-687.

Grimm, A. et al. (2020). Italian weedy rice—A case of de-domestication? Ecol. Evol. 10,
8449-8464.

Hassan, M.U. et al. (2022). Management Strategies to Mitigate N20O Emissions in
Agriculture. Life 712.

Huang, Q. et al. (2024). Bt-Modified Transgenic Rice May Shift the Composition and
Diversity of Rhizosphere Microbiota. Plants 73, 1300.

ISPRA (2024). Prove in pieno campo di piante NGT1 di riso varieta “Telemaco” editato per
valutare la riduzione nell'impiego di fungicidi e la tolleranza al fungo Pyricularia oryzae che
causa la malattia detta “brusone.”

Kawall, K. (2019). New Possibilities on the Horizon: Genome Editing Makes the Whole
Genome Accessible for Changes. Front. Plant Sci. 10, 525.

Khanday, I. et al. (2019). A male-expressed rice embryogenic trigger redirected for asexual
propagation through seeds. Nature 565, 91-95.

Koller, F. et al. (2023). The need for assessment of risks arising from interactions between
NGT organisms from an EU perspective. Environ. Sci. Eur. 35, 27.

Kong, C. et al. (2004). Two compounds from allelopathic rice accession and their inhibitory
activity on weeds and fungal pathogens. Phytochemistry 65, 1123—-1128.

Kong, C.-H. et al. (2010). Allelochemical tricin in rice hull and its aurone isomer against rice
seedling rot disease. Pest Manag. Sci. 66, 1018—1024.

Kumar, M. et al. (2024). Occupancy of Flavonoids in Plants, Pathogen, and Opportunistic
Fungi Interactions. In: Opportunistic Fungi, Nematode and Plant Interactions: Interplay and
Mechanisms, Mohd.S. Akhtar (ed). Singapore: Springer Nature, 125-145.

Lam, P.Y. et al. (2019). Recruitment of specific flavonoid B-ring hydroxylases for two
independent biosynthesis pathways of flavone-derived metabolites in grasses. New Phytol.
223, 204-219.

Lam, P.Y. et al. (2021). Tricin Biosynthesis and Bioengineering. Front. Plant Sci. 12, 733198.

Lu, B. et al. (2003). Can transgenic rice cause ecological risks through transgene escape?
Prog. Nat. Sci. 13, 17-24.

Lu, B.-R., and Snow, A.A. (2005). Gene flow from genetically mdified rice and its
environmental consequences. BioScience 55, 669.

Lu, B.-R., and Yang, C. (2009). Gene flow from genetically modified rice to its wild relatives:
Assessing potential ecological consequences. Biotechnol. Adv. 27, 1083-1091.

Masuda, Y. et al. (2023). Biological nitrogen fixation in the long-term nitrogen-fertilized and
unfertilized paddy fields, with special reference to diazotrophic iron-reducing bacteria. Arch.
Microbiol. 205, 291.

Meneses, C.H.S.G. et al. (2011). Exopolysaccharide production is required for biofilm
formation and plant colonization by the nitrogen-fixing endophyte Gluconacetobacter
diazotrophicus. Mol. Plant-Microbe Interact. MPMI 24, 1448-1458.



Miklau, M. et al. (2024). Horizon scanning of potential environmental applications of
terrestrial animals, fish, algae and microorganisms produced by genetic modification,
including the use of new genomic techniques. Front. Genome Ed. 6.

Mishra, R. et al. (2018). Genome Editing in Rice: Recent Advances, Challenges, and Future
Implications. Front. Plant Sci. 9, 1361.

Pantigoso, H.A. et al. (2022). The rhizosphere microbiome: Plant—-microbial interactions for
resource acquisition. J. Appl. Microbiol. 133, 2864—-2876.

Pefiuela, M. et al. (2023). Prediction of crossover recombination using parental genomes.
PLOS ONE 78, e0281804.

Peters, N.K. et al. (1986). A Plant Flavone, Luteolin, Induces Expression of Rhizobium
meliloti Nodulation Genes. Science 233, 977-980.

Pittol, M. et al. (2016). Agronomic and environmental aspects of diazotrophic bacteria in rice
fields. Ann. Microbiol. 2, 511-527.

Pu, D. et al. (2014). Flower-visiting insects and their potential impact on transgene flow in
rice. J. Appl. Ecol. 51, 1357-1365.

Rajendran, S. et al. (2024). Methane Emission from Rice Fields: Necessity for Molecular
Approach for Mitigation. Rice Sci. 31, 159-178.

Roma-Burgos, N. et al. (2021). Weedy rice (Oryza spp.): what’s in a name? Weed Sci. 69,
505-513.

Sanchez-Cafiizares, C. et al. (2017). Understanding the holobiont: the interdependence of
plants and their microbiome. Curr. Opin. Microbiol. 38, 188—196.

Santos-Medellin, C. et al. (2022). Acquisition of a complex root microbiome reshapes the
transcriptomes of rice plants. New Phytol. 235, 2008-2021.

Sasaki, T. (2005). The map-based sequence of the rice genome. Nature 436, 793-800.

Shang, L. et al. (2023). A complete assembly of the rice Nipponbare reference genome. Mol.
Plant 16, 1232—-1236.

Song, J.-M. et al. (2021). Two gap-free reference genomes and a global view of the
centromere architecture in rice. Mol. Plant 14, 1757-1767.

Wakasa, Y. et al. (2024). Generation of major glutelin-deficient (GIuA, GluB, and GIluC) semi-
dwarf Koshihikari rice line. Plant Cell Rep. 43, 51.

Wang, N. et al. (2017). Biochar decreases nitrogen oxide and enhances methane emissions
via altering microbial community composition of anaerobic paddy soil. Sci. Total Environ.
581-582, 689-696.

Wen, A. et al. (2021). Enabling Biological Nitrogen Fixation for Cereal Crops in Fertilized
Fields. ACS Synth. Biol. 10, 3264-3277.

Yan, D. et al. (2022). Genetic modification of flavone biosynthesis in rice enhances biofilm
formation of soil diazotrophic bacteria and biological nitrogen fixation. Plant Biotechnol. J.

Yan, H. et al. (2008). Intergenic Locations of Rice Centromeric Chromatin. PLOS Biol. 6,
e286.



Yin, J. et al. (2023). Soil microbial communities as potential regulators of N2O sources in
highly acidic soils. Soil Ecol. Lett. 5, 230178.

Zafar, K. et al. (2020). Genome Editing Technologies for Rice Improvement: Progress,
Prospects, and Safety Concerns. Front. Genome Ed. 2.

Zegeye, W.A. et al. (2022). CRISPR-Based Genome Editing: Advancements and
Opportunities for Rice Improvement. Int. J. Mol. Sci. 23, 4454.

Zhang, J. et al. (2020). Disruption of MIR396e and MIR396f improves rice yield under
nitrogen-deficient conditions. Natl. Sci. Rev. 7, 102-112.

Zhou, X. et al. (2024a). The genomic pattern of insertion/deletion variations during rice
improvement. BMC Genomics 25, 1263.

Zhou, X. et al. (2024b). The Landscape of Presence/Absence Variations during the
Improvement of Rice. Genes 15, 645.

Zhou, Y. et al. (2023). Pan-genome inversion index reveals evolutionary insights into the
subpopulation structure of Asian rice. Nat. Commun. 74, 1567.

Zou, M. et al. (2024). Molecular mechanisms and regulation of recombination frequency and
distribution in plants. Theor. Appl. Genet. 137, 86.



