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Abstract

Rice (Oryza sativa L)) is a staple crop that feeds over half the world's population. High temperature stress is a

great threaten to sustainable agriculture and leads to yield loss and impaired grain quality in major crops. Rice is
sensitive to heat stress at almost all the growth stages and the molecular mechanisms underlying responses to heat
stress in rice is emerging. Through quantitative trait locus (QTL) mapping, a recent study conducted by Zhang et al.
shows that one genetic locus Thermo-tolerance 3 (TT3) contains two genes that are required for thermotolerance

in rice. The TT3.1-TT3.2 genetic module in rice links the plasma membrane to chloroplasts to protect chloroplasts
from heat stress damage and increases grain yield under heat stress conditions. This breakthrough provides a promis-
ing strategy for future breeding of high temperature resilient crops.
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Global warming threatens harvests and has negative
impacts on agricultural production worldwide. Chloro-
plasts are essential for photosynthesis, and their biogen-
esis and function are tightly regulated by environmental
temperatures (Li et al. 2022). Although much has been
learned on understanding heat stress response in plants
(Ding et al. 2020), the interactions and communications
between different subcellular organelles, especially chlo-
roplasts under heat stress conditions are still less under-
stood. A recent study reports a novel quantitative trait
locus (QTL) named Thermo-tolerance 3 (TT3) which
encodes an E3 ubiquitin ligase TT3.1 and a chloroplast-
localized membrane protein TT3.2 to enhance thermo-
tolerance in rice (Zhang et al. 2022). These exciting find-
ings reveal a novel communication mechanism between
plasma membrane (PM) and chloroplasts upon heat
stress, and provide an efficient strategy for breeding ther-
motolerant crops.

QTL mapping with chromosome segment substitu-
tion lines developed with the African rice variety CG14
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as the donor parent and the Asian rice variety Wuyunjing
(WY]J) as the recurrent parent leads to the identification
of TT3 (Zhang et al. 2022) and TT1, encoding an a2 sub-
unit of the 26S proteasome (Li et al. 2015), both of which
are responsible for thermotolerance in rice. The nearly
isogenic line (NIL) NIL-TT3““/* shows more tolerant
than the NIL-TT3%Y plants under heat stress conditions,
and the loss-of-function mutant of 773.1 is more sensi-
tive to heat stress while mutation of 773.2 confers ther-
motolerance comparing to the wild-type control WY]J.
Overexpression of both TT3"Y and TT3°“!* in WY]
background increase thermotolerance. In greenhouse
and field trials, either T73.1°“/* overexpression plants or
£t3.2 mutant plants exhibit a significant increase in seed
setting rate, 1000-grain weight and ultimate grain yield
per plant, indicating that 773 also enhances thermo-
tolerance at reproductive stages. Together, these results
indicate that TT3 locus contain two casual genes that
acts in an opposite way for thermotolerance in rice.
TT3.1 is a RING-type E3 ligase with predicted trans-
membrane domains and it translocates from PM to
endosomes in response to heat stress. Coincidentally,
TT3.2 shows more endosome localization and less
chloroplast localization under heat stress conditions

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-0791-1301
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44154-022-00051-4&domain=pdf

Li and Liu Stress Biology (2022) 2:27

Page 2 of 3

Plasma membrane

Endosome

A A

Chloroplast

ER @

,-------~

Nucleus |
; !
: FP DA UPR genes I

T <,/

Normal growth conditions

Plasma membrane

5%

<

— Degradation

Endosome

-.._
-y,
Nucleus || Chloroplast

—-——

i o WD UPR genes : J

Heat stress conditions

Fig. 1 Translocating of thermosensors from plasma membrane (PM) to other organelles for thermotolerance in rice. Both TT3.1 and NTL3 are
PM-localized proteins under normal growth temperature conditions. Upon heat stress, TT3.1 relocalizes from PM to endosomes to interact with
and ubiquitylate TT3.2, leading to protein degradation of TT3.2 and relieve the damage effects of TT3.2 in chloroplasts. Meanwhile, NTL3 relocates
to nucleus after proteolytic activation and regulates downstream genes to ensure proper protein folding in endoplasmic reticulum (ER). These
PM-localized proteins might serve as thermosensors and confer thermotolerance in rice

comparing to that under normal temperature conditions.
Intriguingly, Zhang et al. (2022) demonstrate that TT3.1
and TT3.2 interacts in yeast two-hybrid and split-lucif-
erase assays. They later found that TT3.1 is a functional
E3 ligase that polyubiquitinates TT3.2%Y and TT3.2¢61
in vitro. They also found that TT3.1°6™ has a stronger
activity than TT3.1%Y in vivo in terms of TT3.2 degra-
dation, and this degradation process is mediated by the
endosome-to-vacuole pathway.

Since the degradation of TT3.2 upon heat stress
is essential for heat tolerance in rice, it prompted the
authors to study the molecular function of TT3.2.
The results showed that the thylakoid organization of
chloroplasts in NIL-T73%" and #3.1 mutant plants
is impaired. They also found the abundance of pho-
tosynthetic protein complexes and the core subunits
of photosystem II (PSII), D1 and D2, are decreased in
NIL-TT3%Y and #3.1 mutant plants under heat stress
conditions. These results suggest that the accumula-
tion of chloroplast-localized TT3.2 plays a negative role
in the maintenance of thylakoid organization, photo-
synthetic protein complexes and core subunits of PSII
under heat stress conditions. How TT3.2 damages thy-
lakoids and the PSII complex under heat stress condi-
tions is not known. Nevertheless, the current report
uncovers a novel mechanism in which TT3.1 travels
from PM to endosomes to degrade TT3.2 for protecting

chloroplasts upon heat stress, which is essential for
thermotolerance in rice.

Heat stress denatures proteins and disrupts protein
homeostasis in the cytosol, endoplasmic reticulum (ER),
chloroplasts, mitochondria, and even nucleus (Sun et al.
2021). Previously, we reported that a membrane-associ-
ated NAC transcription factor NTL3 relocates from PM
to nucleus under heat stress conditions to regulated the
expression of genes involved in reactive oxidative species
(ROS) detoxification and protein folding in ER (Liu et al.
2020). These PM-associated proteins TT3.1 and NTL3
might serve as thermosensors in rice plants (Fig. 1).

In summary, Zhang et al. (2022) reported a novel QLT
consists of T73.1 and T73.2 in rice. TT3.1 and TT3.2
forms a regulatory module to communicate among PM,
endosomes and chloroplasts under heat stress condi-
tions. In future studies, it would be exciting to find out
how TT3.1 receives high temperature signals. 773.1 and
TT3.2 are conserved in other major crops such as maize
and wheat, it would be interesting to know whether these
orthologous genes could be used for breeding heat toler-
ant crops.
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