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COMMENT

Hypothesis: the subcellular senescence 
sequence of a mesophyll cell mirrors the cell 
origin and evolution
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The outstanding question
The origin and evolution of modern cells have been not 
only a long sought scientific question but also an inter-
esting topic to general public. Significant progress has 
been made towards the reconstruction of the hatcheries 
of the first cells by integrative analyses of geochemistry 
and phylogenomics of the inorganic ion environments 
of universal components of modern cells (Mulkidjanian 
et  al. 2012). The mitochondria and chloroplasts are 
likely evolved from engulfed aerobic and photosynthetic 
prokaryotes that once lived as independent organisms 
and then formed respective endosymbiotic organelles 
(https://​www.​nature.​com/​scita​ble/​ebooks/​cell-​biolo​gy-​
for-​semin​ars-​14760​004/​11824​2821/; (Lee and Hwang 
2021). However, the origin and evolution of modern 
cells, especially the origin and evolution order of subcel-
lular organelles remain elusive, mainly due to the lack 
of appropriate “fossil” record; evidence from fossils has 
been in strong support for organismal evolution.

The hypothesis
The active degenerative processes (generally referred to 
as senescence) of mesophyll cells may provide clues to the 
origin and evolution of the mesophyll cells. Here I pre-
sent a hypothesis that the order of subcellular organelles 
senescence of a mesophyll cell mirrors the origin and evo-
lution of the cell (Fig.  1). The first subcellular organelle 

to be dismantled (e.g., chloroplast) during senescence is 
the last subcellular organelle to be evolved, while the last 
subcellular organelle to be dissolved during senescence 
is likely the first subcellular organelle to be evolved. The 
“soup” of the completely senescent cells resembles the 
“hatcheries” of the very first cells (Fig. 1).

Rationale/justification
Leaf mesophyll senescence is a genetically well pro-
grammed self-attrition process (Gan and Amasino 1997; 
Guo et  al. 2021). Ecophysiologically, leaf senescence is 
not simply a degenerative process, but is also a recycling 
process in which nutrients released from senescing cells 
are translocated  to actively growing organs or storage 
tissues. In many species, the pattern of leaf senescence 
illustrates this point: cells around the vascular system, 
which are required for nutrient export, are the last to 
senesce. In a natural setting, limited nutrients and water 
are major factors that threaten the plant life; senescence 
of old leaves (thus eliminating water consumption) and 
associated nutrient recycling are believed to contribute 
to the evolutionary fitness of plants (Gan and Amasino 
1997). The subcellular and molecular biological events of 
a leaf cell senescence may well infer the above hypothesis 
regarding the origin and evolution of the mesophyll cells.

At the subcellular level there is a distinct pattern of 
mesophyll senescence. Several studies have shown 
that leaf mesophyll cells undergo defined subcellular 
changes during senescence. For example, the loss of 
chloroplast integrity occurs first, whereas the break-
down of nucleus is a relatively late event, and the break-
down of mitochondria takes place between the events 
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(Inada et  al. 1998; Cao et  al. 2013; Zhou et  al. 2019). 
Because a large portion of the nitrogen in a mesophyll 
cell is in the chloroplast, it is expected that during leaf 
senescence chloroplasts are broken down, while other 
cellular constituents such as the nucleus remain intact 
to accomplish cell attrition and the nutrient recycling 
process. The order of these subcellular senescence 
events mirrors the sequential events of chloroplast and 
mitochondria evolution. It has been proposed and gen-
erally accepted that the mitochondria and chloroplasts 
are likely evolved, respectively, from engulfed aerobic 
and photosynthetic bacteria that once lived as inde-
pendent organisms, and that the chloroplasts evolved 
relatively lately and the formation of the mitochondria 
occurred prior to the chloroplast evolution event (e.g., 
https://​www.​nature.​com/​scita​ble/​ebooks/​cell-​biolo​gy-​
for-​semin​ars-​14760​004/​11824​2821/).

At the molecular level, the senescence process is 
driven by a subset of senescence-associated genes 
(SAGs) that are expressed at the onset of and during 
senescence (Gan and Amasino 1997; Yuan et  al. 2020; 
Guo et al. 2021; Cao et al. 2022; Wang et al. 2022). Some 
of the products of these SAGs are utilized to disassem-
ble the subcellular organelles. It is thus reasonable to 
assume that those subcellular organelles that evolved 
the latest (such as chloroplasts) will be degraded first, 
and those machineries necessary for transcription and 
translation of SAGs will be dismantled last (relatively). 
The sequential events are consistent with the above 
hypothesis. It should be noted that the hypothesis does 
not imply that SAGs are among the first genes to be 
evolved during the origin and evolution of the cell.

Approaches
Although there are some microscopic studies on the 
sequential processes of subcellular organelle senescence, 
many details are not known as shown in Fig.  1 with 
question markers. To address these questions, I pro-
pose to utilize, for example, different transgenic tobacco 
lines, in which individual subcellular organelles will be 
“tagged” with green fluorescence protein (GFP) or red 
fluorescence protein (RFP) (organelle specific protein-
GFP or RFP fusion). Plants with different combination of 
the GFP-labeled and RFP-labeled subcellular components 
will be generated by various genetic crosses (for example, 
GFP-chloroplast x RFP-mitochondria, RFP-chloroplast x 
GFP-nucleus, GFP-chloroplast x RFP-tonoplast, or RFP-
mitochondria x GFP-Golgi, etc.). The sequential disap-
pearance of the GFP and RFP in each combination will be 
observed in senescing mesophyll cells of the tobacco leaf 
blade under confocal microscope. Senescence progresses 
from leaf tips to petiole. Thus, one leaf blade will have 
mesophyll cells at different senescence stages (from com-
pletely senescent cells at the blade tips to non-senescing 
cells close to the blade petiole). By doing so, we should be 
able to fine map the senescence order of the subcellular 
components in mesophyll cells.

Conclusion
The origin and evolution of the plant cell is an intriguing 
yet important biological question that has been very diffi-
cult to tackle due to lack of “fossil” evidence. The hypoth-
esis here represents a unique model for addressing the 
question. It also represents a novel aspect of leaf senes-
cence in terms of evolution of leaf senescence.

Fig. 1  Schematic illustration of mirroring relationship between senescence progression and evolution of a plant mesophyll cell. The chloroplasts 
(c) are the first subcellular organelle to senesce and likely the last organelle to be evolved from endosymbiotic photosynthetic bacteria. The 
dismantlement of mitochondria (m) occurs at some time point after the chloroplast senescence, and the mitochondria is believed to be evolved by 
engulfing an aerobic bacterium prior to the formation of the chloroplasts. In contrast, the disintegration of the nucleus (n) is a relatively late event 
during senescence while the formation of the nucleus likely takes place early during cell evolution. The “soup” of the completely senescent cell 
resembles the ‘hatcheries” for the origin of the first protocell. Question marker (?) represents unknown event by which a subcellular organelle such 
as Golgi apparatus (g) or vacuole (v) is senescent or evolved. The arrowed yellow line indicates the order of subcellular senescence while the 
arrowed blue line represents the sequential processes of the cell origin and evolution

https://www.nature.com/scitable/ebooks/cell-biology-for-seminars-14760004/118242821/
https://www.nature.com/scitable/ebooks/cell-biology-for-seminars-14760004/118242821/


Page 3 of 3Gan ﻿Molecular Horticulture            (2022) 2:27 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

Author’s contributions
The author read and approved the final manuscript.

Authors’ information
Su-Sheng Gan is Editor in Chief of Molecular Horticulture.

Funding
Research on plant senescence in the Gan Laboratory has been supported by 
NSF, DOE, USDA, and Cornell University. Open access funding provided by 
Shanghai Jiao Tong University.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The author declares that he has no competing interests.

References
Cao J, Song Y, Wu H, Qin L, Hu L, Hao R. Ultrastructural studies on the natural 

leaf senescence of Cinnamomum camphora. Scanning. 2013;35:336-
43. https://​doi.​org/​10.​1002/​sca.​21065

Cao J, Zhang Y, Tan S, Yang Q, Wang H-L, Xia X, et al. LSD 4.0: an improved 
database for comparative studies of leaf senescence. Mol Hortic. 
2022;2:24. https://​doi.​org/​10.​1186/​s43897-​022-​00045-w

Gan S, Amasino RM. Making sense of senescence. Molecular genetic regula‑
tion and manipulation of leaf senescence. Plant Physiol. 1997;113:313–
9. https://​doi.​org/​10.​1104/​pp.​113.2.​313

Guo Y, Ren G, Zhang K, Li Z, Miao Y, Guo H. Leaf senescence: progression, 
regulation, and application. Mol Hortic. 2021;1:5. https://​doi.​org/​10.​1186/​
s43897-​021-​00006-9

Inada N, Sakai A, Kuroiwa H, Kuroiwa T. Three-dimensional analysis of the 
senescence program in rice (Oryza sativa L.) coleoptiles. Investigations of 
tissues and cells by fluorescence microscopy. Planta. 1998;205:153–64. 
https://​doi.​org/​10.​1007/​s0042​50050​307

Lee DW, Hwang I. Understanding the evolution of endosymbiotic organelles 
based on the targeting sequences of organellar proteins. New Phytol. 
2021;230:924–30. https://​doi.​org/​10.​1111/​nph.​17167

Mulkidjanian AY, Bychkov AY, Dibrova DV, Galperin MY, Koonin EV. Origin of 
first cells at terrestrial, anoxic geothermal fields. Proc Natl Acad Sci U S A. 
2012;109:E821–30. https://​doi.​org/​10.​1073/​pnas.​11177​74109

Wang Y, Liu B, Hu Y, Gan S-S. A positive feedback regulatory loop, SA-AtNAP-
SAG202/SARD1-ICS1-SA, in SA biosynthesis involved in leaf senescence 
but not defense response. Mol Hortic. 2022;2:15. https://​doi.​org/​10.​1186/​
s43897-​022-​00036-x

Yuan L, Wang D, Cao L, Yu N, Liu K, Guo Y, et al. Regulation of leaf longevity 
by DML3-mediated DNA Demethylation. Mol Plant. 2020;13:1149–61. 
https://​doi.​org/​10.​1016/j.​molp.​2020.​06.​006

Zhou Q, Jiang Z, Zhang X, Zhang T, Zhu H, Cui B, et al. Leaf anatomy and ultras‑
tructure in senescing ancient tree, Platycladus orientalis L (Cupressaceae). 
PeerJ. 2019;7:e6766. https://​doi.​org/​10.​7717/​peerj.​6766

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1002/sca.21065
https://doi.org/10.1186/s43897-022-00045-w
https://doi.org/10.1104/pp.113.2.313
https://doi.org/10.1186/s43897-021-00006-9
https://doi.org/10.1186/s43897-021-00006-9
https://doi.org/10.1007/s004250050307
https://doi.org/10.1111/nph.17167
https://doi.org/10.1073/pnas.1117774109
https://doi.org/10.1186/s43897-022-00036-x
https://doi.org/10.1186/s43897-022-00036-x
https://doi.org/10.1016/j.molp.2020.06.006
https://doi.org/10.7717/peerj.6766

	Hypothesis: the subcellular senescence sequence of a mesophyll cell mirrors the cell origin and evolution
	The outstanding question
	The hypothesis
	Rationalejustification
	Approaches
	Conclusion
	References


