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Abstract

Advances in sequencing technologies and bioinformatic analyses are accelerating the quantity and quality of data from all domains of
life. This rich resource has the potential to reveal a number of important incidences with respect to possible exchange of nucleic acids.
Ancient events have impacted species evolution and adaptation to new ecological niches. However, we still lack a full picture of pro-
cesses ongoing within and between somatic cells, gametes, and different organisms. We propose that events linked to acceptance
of alien nucleic acids grossly could be divided into 2 main routes in plants: one, when plants are exposed to extreme challenges and,
the second level, a more everyday or season-related stress incited by biotic or abiotic factors. Here, many events seem to comprise som-
atic cells. Are the transport and acceptance processes of alien sequences random or are there specific regulatory systems not yet fully
understood? Following entrance into a new cell, a number of intracellular processes leading to chromosomal integration and function are
required. Modification of nucleic acids and possibly exchange of sequences within a cell may also occur. Such fine-tune events are most
likely very common. There are multiple questions that we will discuss concerning different types of vesicles and their roles in nucleic acid

transport and possible intracellular sequence exchange between species.
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Introduction

The question of a continuous flow of genes between prokaryotes
and between  prokaryotes and eukaryotes  beyond
endosymbiotic-related events involving mitochondria and plas-
tids has received much attention (Keeling and Palmer 2008; Ku
etal. 2015). Prokaryote to prokaryote exchange is common, result-
ing in dynamic genomic features through gains and losses of
genes (Ochman et al. 2000; Lapierre and Gogarten 2009;
Lobkovsky et al. 2013; Vernikos et al. 2015). In an extensive search
for recent horizontal gene transfer (HGT) events from prokaryotes
to eukaryotes, it was concluded that eukaryotes do not acquire
genes continuously from distantly related organisms, as seen be-
tween prokaryotes (Ku and Martin 2016). Is that true? What hap-
pens when eukaryotic cells and organisms are exposed to
challenges from external cues? How could posttranscriptional
gene regulation and posttranslational modifications possibly alter
the genetic legacy in a long-term perspective? These are to large
degrees open fundamental questions but are important to under-
stand to leverage solutions to emergent problems, not least in a
climate change context.

Land plants (embryophytes) have evolved from freshwater
communities, particularly from streptophytes (de Vries and
Archibald 2018). Numerous events have impacted the rich diver-
sity of plant species known today, including the acquisition of
gene families from other taxa such as fungi and bacteria (Ma
etal. 2022). These gene transfers have mainly occurred during dra-
matic and challenging time periods of plant evolution: the early
evolution of streptophytes and the origin of land plants. Various

stress factors seem to be of outstanding importance in situations
where we today have started to identify genetic traces from alien
taxa. This observation could be biased; it may just be easier to de-
tectnew geneticinflux or exchanges in such cases. Further, the se-
quence information available in the databases are not unbiased.
So far, there is a preponderance of species of human interests, ag-
gravating detection of influx or exchange as a result of daily envir-
onmental exposures. Numerous questions remain to be
elucidated such as the following: what are the specific conditions,
if any, that promote transfer of nucleic acid between organisms?
And if so, are there specific thresholds? Is tight physical contact
required between the donor and the recipient partner to allow
any type of genetic exchange? There is great many of such exam-
ples involving pathogens or parasitic organisms that form specific
infection structures in plants. However, nonpathogenic endo-
phytes have over time delivered genes to both prokaryotes and eu-
karyotes including plants (Tiwari and Bae 2020). One important
example from the latter category is the acquired glutathione
S-transferase gene by wheatgrass used as a resistance resource
in wheat breeding to Fusarium head blight (Wang et al. 2020).
Whether the cell walls had been degraded or somehow damaged
to facilitate this gene transfer is not known. Why is the alien nu-
cleic acid not recognized and degraded by nucleases in the new
host cell? If entering the nucleus, what about sequence-
dependent recognition signatures, choice of integration site, and
proper gene function? Is it a constant external flow of nucleic
acid and only that the rare successful events are noticed? Last
but not least, isolated events progressing to population levels
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require gene transmission to offspring and evolutionary advan-
tages of new traits. In the following sections, we will discuss orga-
nelles and cellular structures that could possibly aid or support
influx and efflux of nucleic acids in plant cells particularly under
abiotic or biotic stress situations.

Transport of nucleic acids in
membrane-enclosed vesicles

Eukaryotic cells contain many different compartments in the
cytosol and nucleus. They can grossly be divided into
membrane-enclosed and membrane-less organelles. First, we
will discuss the membrane-enclosed vesicles. The vesicle mem-
brane composition varies between species as well as the vesicle
content and cargo target (Gould et al. 2016; Tashiro et al. 2019).
Vesicles are produced continuously in all organisms but are
most abundantly produced under stressful conditions.
Extracellular vesicles (EVs) are of importance for both gram-
negative and gram-positive pathogenic bacteria in their animal
host cell interactions, a research field where most observations
have been generated to date (Gill et al. 2019; Toyofuku et al. 2019;
Briaud and Carroll 2020). In gram-negative bacteria, EVs are
pinched off from the outer membrane and are therefore known
as outer membrane vesicles or OMVs (Jan 2017; Caruana and
Walper 2020). Peptidoglucan is a structural component in the
cell wall of most bacteria. In gram-negative bacteria, lipopolysac-
charides form an external membrane layer outside the peptido-
glucan layer. These features combined with the unicellular
nature and lack of a nuclear membrane make bacteria amenable
to accepting foreign DNA, via processes such as transformation,
transduction, and conjugation (Alberts et al. 2019). Eukaryotes
have a much more complex cell design with membrane-bound
nuclei, different types of membrane-enclosed organelles, cyto-
skeleton, and many other features compared to bacteria. Still,
the exchange of nucleic acids occurs between prokaryotic and eu-
karyotic cells (Bitto et al. 2017).

The endomembrane system is a fundamental cellular organ-
ization composed of 2 main routes, 1 for outgoing traffic (exocyt-
osis) and the other for incoming traffic (endocytosis) (Fig. 1a). It
is believed that small RNAs connect to the endomembrane system
in the endoplasmic reticulum (ER) for further vesicle transport in
the cell, potentially leading to translocation to other species
(Bonifacino and Glick 2004; Kim et al. 2014; Lefebvre and Lécuyer
2017; Basyuk et al. 2021). Vesicles with DNA- or RNA-containing
cargo have contributed to gene transfer between several prokary-
otic species (Tashiro et al. 2019). Compared to plants, vesicles,
their biogenesis, and cargo selection in animal cells are well stud-
ied (Maasetal. 2017; van Niel et al. 2018; Ghanam et al. 2022; Dixson
et al. 2023). Based on today’s technologies, vesicles can only be-
come isolated from plants that are exposed to stress (Rutter and
Innes 2017; Caiet al. 2018; Chalupowicz et al. 2023), demonstrating
a link between stress and vesicle biogenesis.

There are increasing numbers of reports on parasite or patho-
gen-host interactions involving different strategies to inject or
otherwise transfer molecules for their own benefit and at the
same time avoid recognition and triggering of the host immune
system (Hua et al. 2018; Ruf et al. 2022). EVs are proposed to have
a key role in these events including reverse small RNA trans-
kingdom transfer from the plant host to specifically target
RNA-silencing suppressors in the pathogen (Hou et al. 2019).
Outer membrane vesicle (OMV)-mediated cargo secretion in
Pseudomonas species has been shown to generate broad-spectrum
immune responses to bacterial species and oomycetes in

Arabidopsis and tomato (McMillan et al. 2021). Based on these
data, OMVs seem to mediate previously unknown pathways for
plants, ensuring differentiation between different types of micro-
organisms and initiating selective protection pathways not previ-
ously known.

The ER: a dynamic organellar structure

The ER was discovered for more than 100 years ago, yet we do not
have a full understanding of all its functions beyond being the pri-
mary site of ribosomes, the mRNA translation machinery, and
protein modifications in the cell (Schwarz and Blower 2016). The
ERis an interconnected cellular network composed by flat struc-
tures (sheets), reticular networks (tubules), and a matrix of the tu-
bules. A number of contact sites between ER and other organelles
have been shown or suggested such as with the peroxisomes,
chloroplasts, mitochondria, Golgi, and the plasma membrane
(Wenzel et al. 2022; Wang et al. 2023). The ER membrane stack
and network links the nuclear envelope with other organelles in
the cytoplasm and needs to respond in a proper, timely, and pre-
cise way to changes related to alterations in cell cycles, develop-
mental stages, and various stress situations. Such changes
require rapid remodeling of the ER structure, includingits nuclear
positions that impact the cytoskeleton connections (Pain and
Kriechbaumer 2020; Janota et al. 2022). The secretion pathway
starts at the ER with vesicles embraced with coat protein com-
plexes. Plants also form specialized ER-derived vesicles that can
exit in a Golgi-independent manner (Chrispeels and Herman
2000; Cheung et al. 2022). The ER is considered as a contiguous or-
ganelle thatis undergoing constant changes, controlled by the ac-
tin-myosin complex within the cytoskeleton. This dynamic
feature of ER facilitates the flow of heterogenous populations of
stress granules (SGs) and vesicles within the cell. How invading or-
ganisms exploit this transport system is yet not demonstrated.

Are minicircles and m_embrane-less .
orga_{pelle shuttles for intracellular nucleic
acid?

The Beet curly top Iran virus (BCTIV) is an example of a single-
stranded DNA virus that mediates the transfer of sugar beet
DNA to other plant hosts (Catoni et al. 2018). BCTIV is transmitted
by several insect species including whitefly, a notorious virus vec-
tor (Fiallo-Olivé et al. 2020). Interestingly, as many as 49 plant-like
genes have been discovered in its genome (Gilbert and Florian
Maumus 2022). Whether those acquired genes explain the wide
host adaptation of whitefly resulting in its well-known efficiency
as a virus vector remains to be demonstrated.

In the BCTV system, host DNA is hijacked and packed into
minicircles that are cotransmitted during the virus infection of
the next plant (Catoni et al. 2018). In these cases, heterogenous
vesicle populations are present making it into a plausible site for
sequence exchanges of nucleic acids with different origins.

Many of the membrane-less compartments are large and di-
verse assemblies of RNA and protein, referred to as ribonucleopro-
tein (RNP) granules, including the so-called SGs (Fig. 1b). SGs are
built of mRNAs, translation factors, RNA-binding proteins
(RBPs), and other proteins that coalesce together (Becker and
Gitler 2015). SGs are implicated in the regulation of translation,
mRNA storage and stabilization, and cell signaling, particularly
during abiotic stress conditions in plants and humans (Jang et al.
2020; Curdy et al. 2023; Kearly et al. 2023). SGs are quickly as-
sembled upon stress and then rapidly dispersed when the
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Fig. 1. Simplified illustrations of possible DNA and RNA transport routes within and between plant cells and invading organisms. a) In several cases when
different organisms have established tight physical relationships with plants, the exchange of various molecules and even organelles in the case of
parasitic plants can occur. Several studies have reported on the exploitation of the endo-exocytotic system, which can transport nucleic acids
reciprocally across species boundaries (Zhang et al. 2019; Xing et al. 2021). MVB and TGN/EE are central hubs in vesicle trafficking. Arrows, endo/
exocytosis; dotted arrows, suggested translocation of effectors; EE, early endosome; ER, endoplasmic reticulum; MVB, multivesicular body; and TGN,
trans-Golgi network. b) Extracellular vesicles and particles comprise heterogenous cargo populations. Vesicles may contain small RNAs bound to AGOs
or other types of RBP or alternatively contain DNA (Baldrich et al. 2019). How DNA loading is taken place is not fully understood. As an alternative to
membrane-enclosed vesicles, RNA could assemble with proteins in membrane-less SGs. The ER forms an essential cellular network interacting through
various proteins with the cytoskeleton organization. Membrane-less SGs are suggested to be a faster way of communication than vesicles and be driven
by ER (van Leeuwen and Rabouille 2019). PM, plasma membrane; EPCS, ER-PM contact site; RISC, RNA-induced silencing complex; and argonaute, AGO.
lustrations by Cajsa Lithell.

aggravating state has terminated. SGs interact with processing SG formation (Lee et al. 2020; Child et al. 2021; Nicchitta 2022).
bodies (P or PB), which are involved in the RNA degradation. However, the ubiquitous RNP granules are diverse and proper
Recent data suggest that ER serves as a subcellular site for the RNA-RNA interactions are of importance to avoid or limit
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undesirable aggregates (Ripin and Parker 2022). The ER also plays
important roles in the RNA-induced silencing complex (RISC) for-
mation and small RNA processing (Stalder et al. 2013; Liet al. 2016;
Axtell 2017). The possibility that ER could act as a cross-road for
RNA or DNA molecules with different species affiliations to be
transferred to separate cellular destinations is tempting.

Most information on SGs in plants so far derives from virus in-
fections. One example is the cauliflower mosaic virus. This virus
manipulates the host cell and alleviates translational repression
by targeting the PBs, which are aggravated under uninfected con-
ditions (Hoffmann et al. 2022). Further insights into how viruses
manipulate cellular pathways are now coming from multiple
sources (Ravindran et al. 2016; Thaker et al. 2019; Irwin et al.
2022). We anticipate that they will pave the way for new under-
standings of intracellular events, intracellular mechanisms be-
hind cell-to-cell movements, and interorganismal
communications.

Final remarks

The flow of nucleic acids between plants and organisms in imme-
diate close proximity seems to occur with different intensities and
host acceptance levels. First, during extreme challenges, new
traits and even organelles have been accepted by taxa in
Viridiplantae, resulting in fitness advantages that eventually
lead to survival of individual species (Martin et al. 2015; Clark
and Donoghue 2018; Cheng et al. 2019; Su et al. 2021). An interest-
ingrather recent discovery is the promiscuous allele in the legume
Lotus burtii allowing nodulation by 5 Rhizobium species classified
into different taxonomic genera (Zarrabian et al. 2022).

Reports from a multitude of eukaryotic organisms including
plants point to the fact that nucleic acids are transported within
and between cells and organisms as a rapid response to changed
environments. Plants do acquire nucleic acid from invading or-
ganisms, but the expression can be suppressed by host-induced
gene silencing (Nunes and Dean 2012). There are many examples
of pathogens that hijack the host cell machinery or following en-
try can exploit or manipulate host cell organelles for their own
benefit (Figueroa et al. 2021; Kellermann et al. 2021). Pathogen at-
tacks and impact of abiotic factors such as temperature changes
require rapid adaptation of a plant cell. In the latter case, SGs
are reported to quickly impact translation or transcription levels
of selected sequences (Maruri-Lépez et al. 2021; Nicchitta 2022).

The picture is complex and many questions remain to be an-
swered about sequence selectivity, intracellular transmission,
and modification processes. The frequency of transient influences
in somatic cells is most likely much greater than an impact on ga-
metes. It is unclear if, when, and how the latter step is taken. To
advance our understanding of these dynamic events, we foresee
progress based on new microscopic advances (Colin et al. 2022)
and single molecule techniques in combination with new biologic-
al tools in order to monitor small quantities of fast-moving mole-
cules, sequence modifications, and organelle engagements.

Funding

This work was supported by the Knut and Alice Wallenberg
Foundation (KAW 2019.0062), the Swedish Research Council
Formas, and the Swedish University of Agricultural Sciences.

Conflicts of interest statement

The authors declare no conflict of interest.

Author contributions

S.S.,X.H.,and C.D. researched data for the article. All authors con-
tributed to the discussion of content, writing the article, and re-
viewing and editing the manuscript before submission.

Literature cited

Alberts B, Hopkin K, Johnson AD, Morgan D, Raff M, Walter P.
Essential Cell Biology. 5th ed. New York: WW Norton & Co;
2019. ISBN: 9780393680393.

Axtell MJ. Lost in translation? microRNAs at the rough ER. Trends
Plant Sci. 2017;22(4):273-274. doi:10.1016/j.tplants.2017.03.002.

Baldrich P, Rutter BD, Karimi HZ, Podicheti R, Meyers BC, Innes RW.
Plant extracellular vesicles contain diverse small RNA species
and are enriched in 10- to 17-nucleotide “tiny” RNAs. Plant Cell
2019;31(2):315-324. doi:10.1105/tpc.18.00872.

Basyuk E, Rage F, Bertrand E. RNA transport from transcription to lo-
calized translation: a single molecule perspective. RNA Biol. 2021,
18(9):1221-1237. doi:10.1080/15476286.2020.1842631.

Becker LA, Gitler AD. It’s all starting to come together. Elife 2015;4:
09853. doi:10.7554/eLife.09853.

Bitto NJ, Chapman R, Pidot S, Costin A, Lo C, Choi J, D'Cruze T,
Reynolds EC, Dashper SG, Turnbull L, et al. Bacterial membrane
vesicles transport their DNA cargo into host cells. Sci Rep. 2017,
7(1):7072. doi:10.1038/s41598-017-07288-4.

Bonifacino JS, Glick BS. The mechanisms of vesicle budding and fu-
sion. Cell 2004;116(2):153-166. d0i:10.1016/50092-8674(03)01079-1.

Briaud P, Carroll RK. Extracellular vesicle biogenesis and functions in
gram-positive bacteria. Infect Immun. 2020;88(12):e00433-e00520.
doi:10.1128/IA1.00433-20.

Cai Q, Qiao L, Wang M, He B, Lin F-M, Palmquist J, Huang S-S, Jin H.
Plant send small RNAs in extracellular vesicles to fungal patho-
gen to silence virulence genes. Science. 2018;360:1126-1129.

Caruana JC, Walper SA. Bacterial membrane vesicles as mediators of
microbe-microbe and microbe-host community interactions.
Front Microbiol. 2020;11:432. doi:10.3389/fmicb.2020.00432.

Catoni M, Noris E, Vaira AM, Jonesman T, Mati¢ S, Soleimani R,
Behjatnia SAA, Vinals N, Paszkowski J, Accotto GP.
Virus-mediated export of chromosomal DNA in plants. Nat
Commun. 2018;9(1):5308. doi:10.1038/s41467-018-07775-w.

Chalupowicz L, Mordukhovich G, Assoline N, Katsir L, Sela N, Bahar
O. Bacterial outer membrane vesicles induce a transcriptional
shift in arabidopsis towards immune system activation leading
to suppression of pathogen growth in planta. J Extracellular
Vesicles. 2023;12:12285.

Cheng S, Xian W, Fu Y, Marin B, Keller J, Wu T, Sun W, Li X, Xu Y,
Zhang'Y, et al. Genomes of subaerial Zygnematophyceae provide
insights into land plant evolution. Cell 2019;179(5):1057--
1067.e14. doi:10.1016/j.cell.2019.10.019.

Cheung AY, Cosgrove DJ, Hara-Nishimura I, Jurgens G, Lloyd C,
Robinson DG, Staehelin LA, Weijers D. A rich and bountiful har-
vest: key discoveries in plant cell biology. Plant Cell 2022;4(1):
53-71. doi:10.1093/plcell/koab234.

ChildJR, Chen Q, Reid DW, Jagannathan S, Nicchitta CV. Recruitment
of endoplasmic reticulum targeted and cytosolic mRNAs into
membrane-associated stress granules. RNA 2021;27(10):
1241-1256. doi:10.1261/rna.078858.121.

Chrispeels MJ, Herman EM. Endoplasmic reticulum-derived com-
partments function in storage and as mediators of vacuolar re-
modeling via a new type of organelle, precursor protease
vesicles. Plant Physiol. 2000;123(4):1227-1234. doi:10.1104/pp.
123.4.1227.

€202 1200100 g| U0 Jasn jalisieAlunsyniqiue] sebuang Aq ze L 1 £22/ZS L pekl/L/Gzz/eone/soneusb/woo dno-olwapeoe//:sdiy Woll papeojumoc]


https://doi.org/10.1016/j.tplants.2017.03.002
https://doi.org/10.1105/tpc.18.00872
https://doi.org/10.1080/15476286.2020.1842631
https://doi.org/10.7554/eLife.09853
https://doi.org/10.1038/s41598-017-07288-4
https://doi.org/10.1016/S0092-8674(03)01079-1
https://doi.org/10.1128/IAI.00433-20
https://doi.org/10.3389/fmicb.2020.00432
https://doi.org/10.1038/s41467-018-07775-w
https://doi.org/10.1016/j.cell.2019.10.019
https://doi.org/10.1093/plcell/koab234
https://doi.org/10.1261/rna.078858.121
https://doi.org/10.1104/pp.123.4.1227
https://doi.org/10.1104/pp.123.4.1227

S.Singhetal. | 5

Clark JW, Donoghue PCJ. Whole-genome duplication and plant
macroevolution. Trends Plant Sci. 2018;23(10):933-945. doi:10.
1016/j.tplants.2018.07.006.

Colin L, Martin-Arevalillo R, Bovio S, Bauer A, Vernoux T, Caillaud
M-C, Landrein B, Jaillais Y. Imaging the living plant cell: from
probes to quantification. Plant Cell 2022;34(1):247-272. doi:10.
1093/plcell/koab237.

Curdy N, Lanvin O, Cerapio J-P, Pont F, Tosolini M, Sarot E, Valle C,
Saint-Laurent N, Lhuillier E, Laurent C, et al. The proteome and
transcriptome of stress granules and P bodies during human T
lymphocyte activation. Cell Rep. 2023;42(3):112211. doi:10.1016/
j.celrep.2023.112211.

de Vries J, Archibald J. Plant evolution: landmarks on the path to ter-
restrial life. New Phytol. 2018;217(4):1428-1434. do0i:10.1111/nph.
14975.

Dixson AC, Dawson TR, Di Vizio D, Weaver AM. Context-specific
regulation of extracellular vesicle biogenesis and cargo selection.
Nat Rev Mol Cell Biol. 2023;24(7):454-476. doi:10.1038/s41580-
023-00576-0.

Fiallo-Olivé E, Pan LL, Liu SS, Navas-Castillo J. Transmission of
Begomoviruses and other whitefly-borne viruses: dependence
on the vector species. Phytopathol. 2020;110(1):10-17. doi:10.
1094/PHYTO-07-19-0273-F1L.

Figueroa M, Ortiz D, Henningsen EC. Tactics of host manipulation by
intracellular effectors from plant pathogenic fungi. Curr Opin
Plant Biol. 2021;62:102054. doi:10.1016/j.pbi.2021.102054.

Ghanam J, Chetty VK, Barthel L, Reinhardt D, Hoyer P-F, Thakur BK.
DNA in extracellular vesicles: from evolution to its current appli-
cation in health and disease. Cell Biosci. 2022;12(1):37. doi:10.
1186/513578-022-00771-0.

Gilbert C, Florian Maumus F. Multiple horizontal acquisitions of
plant genes in the whitefly Bemisia tabaci. Genome Biol Evol.
2022;14(10):evac141. doi:10.1093/gbe/evacl4l.

Gill S, Catchpole R, Forterre P. Extracellular membrane vesicles in
the three domains of life and beyond. FEMS Microbiol Rev. 2019;
43(3):273-303. doi:10.1093/femsre/fuy042.

Gould SB, Garg SG, Martin WF. Bacterial vesicle secretion and the
evolutionary origin of the eukaryotic endomembrane system.
Trends Microbiol. 2016;24(7):525-534. doi:10.1016/j.tim.2016.03.
005.

Hoffmann G, Mahboubi A, Bente H, Garcia D, Hanson J, Hafrén A.
Arabidopsis RNA processing body components LSM1 and DCP5
aid in the evasion of translational repression during Cauliflower
mosaic virus infection. Plant Cell 2022;34(8):3128-3147. doi:10.
1093/plcell/koac132.

Hou Y, Zhai Y, Feng L, Karimi HZ, Rutter BD, Zeng L, Choi DS,
Zhang B, Gu W, Chen X, et al. A Phytophthora effector suppresses
trans-kingdom RNAi to promote disease susceptibility. Cell
Host Microbe. 2019;25(1):153-165.e5. doi:10.1016/j.chom.2018.
11.007.

Hua C, Zhao J-H, Guo H-S. Trans-kingdom RNA silencing in plant—
fungal pathogen interactions. Mol Plant. 2018;11(2):235-244.
doi:10.1016/j.molp.2017.12.001.

Irwin NAT, Pittis AA, Richards TA, Keeling PJ. Systematic evaluation
of horizontal gene transfer between eukaryotes and viruses.
Nature Microbiol. 2022;7(2):327-336. doi:10.1038/s41564-021-
01026-3.

Jan AT. Outer membrane vesicles (OMVs) of gram-negative bacteria:
a perspective update. Front Microbiol. 2017;8:1053. doi:10.3389/
fmicb.2017.01053.

Jang G-J,JangJ-C, Wu S-H. Dynamics and functions of stress granules
and processing bodies in plants. Plants 2020;9(9):1122. doi:10.
3390/plants9091122.

Janota CS, Pinto A, Pezzarossa A, Machado P, Costa J, Campinho P,
Franco CA, Gomes ER. Shielding of actin by the endoplasmic re-
ticulum impacts nuclear positioning. Nat Commun. 2022;13(1):
2763. doi:10.1038/s41467-022-30388-3.

Kearly A, Nelson ADL, Skirycz A, Chodasiewicz M. Composition and
function of stress granules and P-bodies in plants. Sem Cell
Develop Biol. 2023:51084-9521(22)00350-0. doi:10.1016/j.semcdb.
2022.11.008.

Keeling P, Palmer]. Horizontal gene transfer in eukaryotic evolution.
Nat Rev Genet. 2008;9(8):605-618. doi:10.1038/nrg2386.

Kellermann M, Scharte F, Hensel M. Manipulation of host cell orga-
nelles by intracellular pathogens. Int ] Mol Sci. 2021;22(12):6484.
doi:10.3390/1jms22126484.

Kim YJ, Maizel A, Chen X. Traffic into silence: endomembranes and
post-transcriptional RNA silencing. EMBO J. 2014;33(9):968-980.
doi:10.1002/embj.201387262.

Ku C, Martin WF. A natural barrier to lateral gene transfer from pro-
karyotes to eukaryotes revealed from genomes: the 70% rule.
BMC Biol. 2016;14(1):89. doi:10.1186/512915-016-0315-9.

Ku C, Nelson-Sathi S, Roettger M, Sousa FL, Lockhart PJ, Bryant D,
Hazkani-Covo E, Mclnerney JO, Landan G, Martin WF.
Endosymbiotic origin and differential loss of eukaryotic genes.
Nature 2015;524(7566):427-432. doi:10.1038/nature14963.

Lapierre P, Gogarten JP. Estimating the size of the bacterial pan-
genome. Trends Genet. 2009;25(3):107-110. doi:10.1016/j.tig.
2008.12.004.

Lee JE, Cathey PI, Wu H, Parker R, Voeltz GK. Endoplasmic
reticulum contact sites regulate the dynamics of membraneless
organelles. Science 2020;367(6477):eaay/7108. doi:10.1126/
science.aay7108.

Lefebvre FA, Lécuyer E. Small luggage for a long journey: transfer of
vesicle-enclosed small RNA in interspecies communication.
Front Microbiol. 2017;8:377. doi:10.3389/fmicb.2017.00377.

LiS, LeB,MaX LiS YouC, YuY, Zhang B, Liu L, Gao L, Shi T, et al.
Biogenesis of phased siRNAs on membrane-bound polysomes in
Arabidopsis. Elife 2016;5:e22750. doi:10.7554/eLife.22750.

Lobkovsky AE, Wolf YI, Koonin EV. Gene frequency distributions re-
jectaneutral model of genome evolution. Gen Biol Evol. 2013;5(1):
233-242. doi:10.1093/gbe/evt002.

Ma J, Wang S, Zhu X, Sun G, Chang G, Li L, Hu X, Zhang S, Zhou Y,
Song C-P, et al. Major episodes of horizontal gene transfer drove
the evolution of land plants. Mol Plant. 2022;15(5):857-871. doi:
10.1016/j.molp.2022.02.001.

Maas SLN, Breakefield XO, Weaver AW. Extracellular vesicles: un-
ique intercellular delivery vehicles. Trends Cell Biol. 2017;27(3):
172-188. doi:10.1016/j.tcb.2016.11.003.

Maruri-Lépez 1, Figueroa NE, Herndndez-Sdnchez IE, Chodasiewicz
M. Plant stress granules: trends and beyond. Front Plant Sci.
2021;12:722643. doi:10.3389/fpls.2021.722643.

McMillan HM, Zebell SG, Ristaino JB, Dong X, Kuehn M. Protective
plant immune responses are elicited by bacterial outer mem-
brane vesicles. Cell Rep. 2021;34(3):108645. doi:10.1016/j.celrep.
2020.108645.

Nicchitta CV. An emerging role for the endoplasmic reticulum in
stress granule biogenesis. Sem Cell Develop Biol. 2022:
S1084-9521(22)00275-0. doi:10.1016/j.semcdb.2022.09.013.

Nunes CC, Dean RA. Host-induced gene silencing: a tool for under-
standing fungal host interaction and for developing novel disease
control strategies. Mol Plant Pathol. 2012;13(5):519-529. doi:10.
1111/j.1364-3703.2011.00766.%.

Ochman H, Lawrence J, Groisman E. Lateral gene transfer and the
nature of bacterial innovation. Nature 2000;405(6784):299-304.
doi:10.1038/35012500.

€202 1200100 g| U0 Jasn jalisieAlunsyniqiue] sebuang Aq ze L 1 £22/ZS L pekl/L/Gzz/eone/soneusb/woo dno-olwapeoe//:sdiy Woll papeojumoc]


https://doi.org/10.1016/j.tplants.2018.07.006
https://doi.org/10.1016/j.tplants.2018.07.006
https://doi.org/10.1093/plcell/koab237
https://doi.org/10.1093/plcell/koab237
https://doi.org/10.1016/j.celrep.2023.112211
https://doi.org/10.1016/j.celrep.2023.112211
https://doi.org/10.1111/nph.14975
https://doi.org/10.1111/nph.14975
https://doi.org/10.1038/s41580-023-00576-0
https://doi.org/10.1038/s41580-023-00576-0
https://doi.org/10.1094/PHYTO-07-19-0273-FI
https://doi.org/10.1094/PHYTO-07-19-0273-FI
https://doi.org/10.1016/j.pbi.2021.102054
https://doi.org/10.1186/s13578-022-00771-0
https://doi.org/10.1186/s13578-022-00771-0
https://doi.org/10.1093/gbe/evac141
https://doi.org/10.1093/femsre/fuy042
https://doi.org/10.1016/j.tim.2016.03.005
https://doi.org/10.1016/j.tim.2016.03.005
https://doi.org/10.1093/plcell/koac132
https://doi.org/10.1093/plcell/koac132
https://doi.org/10.1016/j.chom.2018.11.007
https://doi.org/10.1016/j.chom.2018.11.007
https://doi.org/10.1016/j.molp.2017.12.001
https://doi.org/10.1038/s41564-021-01026-3
https://doi.org/10.1038/s41564-021-01026-3
https://doi.org/10.3389/fmicb.2017.01053
https://doi.org/10.3389/fmicb.2017.01053
https://doi.org/10.3390/plants9091122
https://doi.org/10.3390/plants9091122
https://doi.org/10.1038/s41467-022-30388-3
https://doi.org/10.1016/j.semcdb.2022.11.008
https://doi.org/10.1016/j.semcdb.2022.11.008
https://doi.org/10.1038/nrg2386
https://doi.org/10.3390/ijms22126484
https://doi.org/10.1002/embj.201387262
https://doi.org/10.1186/s12915-016-0315-9
https://doi.org/10.1038/nature14963
https://doi.org/10.1016/j.tig.2008.12.004
https://doi.org/10.1016/j.tig.2008.12.004
https://doi.org/10.1126/science.aay7108
https://doi.org/10.1126/science.aay7108
https://doi.org/10.3389/fmicb.2017.00377
https://doi.org/10.7554/eLife.22750
https://doi.org/10.1093/gbe/evt002
https://doi.org/10.1016/j.molp.2022.02.001
https://doi.org/10.1016/j.tcb.2016.11.003
https://doi.org/10.3389/fpls.2021.722643
https://doi.org/10.1016/j.celrep.2020.108645
https://doi.org/10.1016/j.celrep.2020.108645
https://doi.org/10.1016/j.semcdb.2022.09.013
https://doi.org/10.1111/j.1364-3703.2011.00766.x
https://doi.org/10.1111/j.1364-3703.2011.00766.x
https://doi.org/10.1038/35012500

6 | GENETICS, 2023, Vol. 225, No. 1

Pain C, Kriechbaumer V. Defining the dance: quantification and clas-
sification of endoplasmic reticulum dynamics. J Exp Bot. 2020;
71(6):1757-1762. doi:10.1093/jxb/erz543.

Ravindran MS, Bagchi P, Cunningham CN, Tsai B. Opportunistic in-
truders: how viruses orchestrate ER functions to infect cells.
Nat Rev Microbiol. 2016;14(7):407-420. doi:10.1038/nrmicro.
2016.60.

Ripin N, Parker R. Are stress granules the RNA analogs of misfolded
protein aggregates? RNA. 2022;28(1):67-75. doi:10.1261/rna.
079000.121.

Ruf A, Oberkofler L, Robatzek S, Weiberg A. Spotlight on plant
RNA-containing extracellular vesicles. Curr Opin Plant Biol.
2022;69:102272. doi:10.1016/j.pbi.2022.102272.

Rutter BD, Innes RW. Extracellular vesicles isolated from the leaf
apoplast carry stress-response proteins. Plant Physiol. 2017;
173(1):728-741. doi:10.1104/pp.16.01253.

Schwarz DS, Blower MD. The endoplasmic reticulum: structure,
function and response to cellular signaling. Cell Mol Life Sci.
2016;73(1):79-94. d0i:10.1007/s00018-015-2052-6.

Stalder L, Heusermann W, Sokol L, Trojer D, Wirz J, Hean J, Fritzsche
A, Aeschimann F, Pfanzagi V, Basselet P, et al. The rough endo-
plasmatic reticulum is a central nucleation site for
siRNA-mediated RNA silencing. EMBO J. 2013;32(8):1115-1127.
doi:10.1038/emboj.2013.52.

Su D, Yang L, Shi X, Ma X, Zhou X, Blair Hedges S, Zhong B.
Large-scale phylogenomic analyses reveal the monophyly of
bryophytes and Neoproterozoic origin of land plants. Mol Biol
Evol. 2021;38(8):3332-3344. d0i:10.1093/molbev/msab106.

Tashiro Y, Takaki K, Futamata H. Targeted delivery using membrane
vesicles in prokaryotes. Biophys Physicobiol. 2019;16:114-120.
doi:10.2142/biophysico.16.0_114.

Thaker SK, Ch'ng]J, Christofk HR. Viral hijacking of cellular metabol-
ism. BMC Biol. 2019;17(1):59. doi:10.1186/s12915-019-0678-9.

Tiwari P, Bae H. Horizontal gene transfer and endophytes: an impli-
cation for the acquisition of novel traits. Plants (Basel). 2020;9(3):
305. doi:10.3390/plants9030305.

Toyofuku M, Nomura N, Eberl L. Types and origins of bacterial mem-
brane vesicles. Nat Rev Microbiol. 2019;17(1):13-24. doi:10.1038/
$41579-018-0112-2.

van Leeuwen W, Rabouille C. Cellular stress leads to the formation of
membraneless stress assemblies in eukaryotic cells. Traffic 2019;
20(9):623-638. d0i:10.1111/tra.12669.

van Niel G, D’Angelo G, Raposo G. Sheddinglight on the cell biology of
extracellular vesicles. Nat Rev Mol Cell Biol. 2018;19(4):213-228.
doi:10.1038/nrm.2017.125.

Vernikos G, Medini D, Riley DR, Tettelin H. Ten years of pan-genome
analyses. Curr Opin Microbiol. 2015;23:148-154. doi:10.1016/j.
mib.2014.11.016.

Wang P, Duckney P, Gao E, Hussey PJ, Kriechbaumer V, Li C, Zang ],
Zhang T. Keep in contact: multiple roles of endoplasmic reticulum-
membrane contact sites and the organelle interaction network in
plants. New Phytol. 2023;238(2):482-499. doi:10.1111/nph.18745.

Wang H, Sun S, Ge W, Zhao L, Hou B, Wang K, Lyu Z, Chen L, Xu S,
GuoJ, et al. Horizontal gene transfer of Fhb7 from fungus under-
lies Fusarium head blight resistance in wheat. Science 2020;
368(6493):eaba5435. doi:10.1126/science.aba’5435.

Wenzel EM, Elfmark LA, Stenmark H, Raiborg C. ER as master regu-
lator of membrane trafficking and organelle function. J Cell
Biol. 2022;221(10):€202205135. doi:10.1083/jcb.202205135.

Xing J, Zhang L, Duan Z, Lin J. Coordination of phospholipid-based
signaling and membrane trafficking in plant immunity. Trends
Plant Sci. 2021;6(4):407-420. doi:10.1016/j.tplants.2020.11.010.

Zarrabian M, Montiel J, Sandal N, Ferguson S, Jin H, Lin Y-Y, Klinfl C,
Marin M, James EX, Parniske M, et al. A promiscuity locus confers
Lotus burttii nodulation with rhizobia from five different genera.
Mol Plant Microbe Interact. 2022;35(11):1006-1017. doi:10.1094/
MPMI-06-22-0124-R.

ZhangL, Xing], Lin]. At the intersection of exocytosis and endocyto-
sis in plants. New Phytol. 2019;224(4):1479-1489. doi:10.1111/
nph.16018.

Editor: J. Birchler

€202 1200100 g| U0 Jasn jalisieAlunsyniqiue] sebuang Aq ze L 1 £22/ZS L pekl/L/Gzz/eone/soneusb/woo dno-olwapeoe//:sdiy Woll papeojumoc]


https://doi.org/10.1093/jxb/erz543
https://doi.org/10.1038/nrmicro.2016.60
https://doi.org/10.1038/nrmicro.2016.60
https://doi.org/10.1261/rna.079000.121
https://doi.org/10.1261/rna.079000.121
https://doi.org/10.1016/j.pbi.2022.102272
https://doi.org/10.1104/pp.16.01253
https://doi.org/10.1007/s00018-015-2052-6
https://doi.org/10.1038/emboj.2013.52
https://doi.org/10.1093/molbev/msab106
https://doi.org/10.2142/biophysico.16.0_114
https://doi.org/10.1186/s12915-019-0678-9
https://doi.org/10.3390/plants9030305
https://doi.org/10.1038/s41579-018-0112-2
https://doi.org/10.1038/s41579-018-0112-2
https://doi.org/10.1111/tra.12669
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1016/j.mib.2014.11.016
https://doi.org/10.1016/j.mib.2014.11.016
https://doi.org/10.1111/nph.18745
https://doi.org/10.1126/science.aba5435
https://doi.org/10.1083/jcb.202205135
https://doi.org/10.1016/j.tplants.2020.11.010
https://doi.org/10.1094/MPMI-06-22-0124-R
https://doi.org/10.1094/MPMI-06-22-0124-R
https://doi.org/10.1111/nph.16018
https://doi.org/10.1111/nph.16018

	Dynamics of nucleic acid mobility
	Introduction
	Transport of nucleic acids in membrane-enclosed vesicles
	The ER: a dynamic organellar structure
	Are minicircles and membrane-less organelle shuttles for intracellular nucleic acid?
	Final remarks
	Funding
	Conflicts of interest statement
	Author contributions
	Literature cited




