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DA 5 45 45 B (I CBLL/ORI 22 S IR/ 75 2R 2R 1M CIPK 235 5@ B B IR AL % . RIS, 4 B Tidid
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WEMEHEHAT o T B R TR ARYE . Z0F AU F20224E9 H Kk F ENature Commun (Lu et al.,
2022).

Structural Basis for the Activity Regulation of a Potassium Channel AKT1 from

Arabidopsis
The voltage-gated potassium channel AKT1 is responsible for primary K* uptake in
Arabidopsis roots. AKT1 is functionally activated through phosphorylation and negatively

regulated by a potassium channel a-subunit KC1. However, the molecular basis for the modulation

.39.
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mechanism remains unclear. Here we report the structures of AKT1, phosphorylated-AKT1, a
constitutively-active variant, and AKT1-KC1 complex. AKT1 is assembled in 2-fold symmetry at
the cytoplasmic domain. Such organization appears to sterically hinder the reorientation of
C-linkers during ion permeation. Phosphorylated-AKT1 adopts an additional 4-fold symmetric
conformation at cytoplasmic domain, which indicates conformational changes associated with
symmetry switch during channel activation. To corroborate this finding, we performed
structure-guided mutagenesis to disrupt the dimeric interface and identified a constitutively-active
variant Asp379Ala mediates K* permeation independently of phosphorylation. This variant
predominantly adopts a 4-fold symmetric conformation. Furthermore, the AKT1-KC1 complex
assembles in 2-fold symmetry. Together, our work reveals structural insight into regulatory

mechanism for AKT1 (Lu et al., Nat Commun, 2022).
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Figure 1. Functional validation and structural determination of the potassium channel AKT1 from Arabidopsis.
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Receptor-like Protein Kinase BAK1l Promotes Potassium Uptake by

Phosphorylating H*-ATPase AHA2 under Low Potassium Stress

Potassium (K*) is one of the essential macronutrients for plant growth and development.
However, the available K* concentration in soil is relatively low. Plant roots can perceive low K*
(LK) stress, then enhance high-affinity K* uptake by activating H*-ATPases in root cells, but the
mechanisms are still unclear. Here, we identified the receptor-like protein kinase Brassinosteroid
Insensitive 1-Associated Receptor Kinase 1 (BAK1) that is involved in LK response by regulating
the Arabidopsis plasma membrane H*-ATPase isoform 2 (AHA2). The bakl mutant showed leaf
chlorosis phenotype and reduced K* content under LK conditions, which was due to the decline of
K* uptake capacity. BAK1 could directly interact with the AHA2 C terminus and phosphorylate
T858 and T881, by which the H* pump activity of AHA2 was enhanced. The constitutively
activated form AHA22% and phosphorylation-mimic form AHA2T8%D or AHA2TE1P could
complement the LK sensitive phenotypes of both aha2 and bakl mutants. Together, our data
demonstrate that BAK1 phosphorylates AHA2 and enhances its activity, which subsequently
promotes K* uptake under LK conditions (Wang et al., Plant Physiol, 2022).

Low K* stress

Extracellular
space

Cytoplasm ATP H*  ADP+Pi

2. BAKLIF] AR A bl 3 18 2 AH A9 P (2 HEAR A0 I AT ) T AR
Figure 2. Working model of AHA2 phosphorylation regulation by BAK1 in Arabidopsis response to LK stress.
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SRR R W ERE ZmICEL A 1 358 TR R W RO A M, K ZmICEL & oK
i 4 P4 TE 42 51 R RNA-seq &2 ChiIP-seq JL%55E 1 802 /> ZmICEL E. 4 1A% 74 i |37 # 5k
K. A2, Bk ZmMDREBLs. ZMERFs /A WIN LRSI AR N 2 5 5 ARSI 2 .
Hr—2k ZmASs (ASPARAGINE SYNTHETASES) JE[H%ifid Glu-Asn & o<, 7E&RI R
FEE S RGP ST I ZmICEL 31X SNP-465 25201 ZmICEL H: R ik () 5 4
37 55, 1%L S AR R ZmMYB39 B3R T 5 ZmICEL B3I 145 &, MR ZmICEL #3%/K-F.
FEM A B A5 A b, ZmMYB39 5 ZmICEL JH 31 X 145 & fie 7138 3%, ZmICEL #5%/K-F-3 in, ZmICE1
BAMR, —HHAEEAmNEER I DREBLs KA 5— il ZmAS AR/ Glu/Asn
A E i, MM Glu 5l MZER RIS PEE mROS 1774, MRk mtROS % DREB1s
FIE A o TR FTES SR ] B T K R 23T AL Rk SR, A TEM IR B R SR
(R R, o T T v 0 B PR AR 2 2 BORAE AT T oK Ut itk 75 T 482 7 75 (Jiang et al., Nat
Plants, 2022),

Natural Polymorphism of ZmICE1 Contributes to Amino Acid Metabolism That

Impacts Cold Tolerance in Maize

Cold stress negatively affects maize (Zea mays L.) growth, development, and yield. Metabolic
adjustments contribute to the adaption of maize under cold stress. We show here that the
transcription factor INDUCER OF CBF EXPRESSION 1 (ZmICE1) plays a prominent role in
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reprogramming metabolome and maintaining amino acid homeostasis during cold stress in maize.
Derivatives of amino acids glutamate/asparagine (Glu/Asn) induce a burst of mitochondrial
reactive oxygen species, which suppress the cold-mediated induction of DEHYDRATION
RESPONSE ELEMENT-BINDING PROTEIN 1 (ZmDREB1) genes and impair cold tolerance.
ZmICEL1 blocks this negative regulation of cold tolerance by directly repressing the expression of
Asn synthetase genes, which function in Glu biosynthesis. Natural variation at the ZmICE1
promoter determines the binding affinity of the transcriptional activator ZmMYB39, a positive
regulator of cold tolerance in maize, resulting in different degrees of ZmICEL1 transcription and cold
tolerance across inbred lines. Our study thus unravels a mechanism of cold tolerance in maize
and provides potential targets for engineering cold-tolerant varieties (Jiang et al., Nat Plants,
2022).

Cold stress
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Figure 1. Proposed model of ZmICE1-mediated amino acid metabolism and cold tolerance in maize.
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The Transcription Factor bZIP68 Negatively Regulates Cold Tolerance in Maize
Maize (Zea mays) originated in tropical areas and is thus susceptible to low temperatures,
which pose a major threat to maize production. Our understanding of the molecular basis of cold
tolerance in maize is limited. Here, we identified bZIP68, a basic leucine zipper (bZIP)
transcription factor, as a negative regulator of cold tolerance in maize. Transcriptome analysis
revealed that bZIP68 represses the cold-induced expression of DREBL1 transcription factor genes.
The stability and transcriptional activity of bZIP68 are controlled by its phosphorylation at the
conserved Ser250 residue under cold stress. Furthermore, we demonstrated that the bZIP68
locus was a target of selection during early domestication. A 358-bp insertion/deletion (Indel-972)
polymorphism in the bZIP68 promoter has a significant effect on the differential expression of
bZIP68 between maize and its wild ancestor teosinte. This study thus uncovers an evolutionary

cis-regulatory variant that could be used to improve cold tolerance in maize (Li et al., Plant Cell,

2022).
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Figure 2. Model of the role of bZIP68 in regulating the cold response in maize.
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NLP7 ik NLP7 M40 B4 7 B A A% b, 1 FE KM T Ca?t, CPK28 Xf NLP7 HIBEIR Ik 21K
I T NLP7 HERZ AN M IR R 2 B 7 - RNA-seq A Chip-seq 45 £ 8], NLP7 4% K& A
R L, LA v i N R R 1 A K T Ca?t. RIRZEIRE], NLP7 {EHIT CPK28 F
TR RIS 57 Ca2 (5 5 I AT A M N LR () 31k . NLP7 240 b U5 5 s S N 1. %
AR F4kiE, CPK10. CPK30 f CPK32 7EAM Az il ik NLP7 55 205 £z Ser, i Hifs B AE 410
b, BEMEBUE RN AR FE MR AT, (RIEBUER CPK28 ff2fk NLP7 {25 783, 793,
807. 808 fiz. Ser F1% 817 fir Thr, {EHE4HMTE AL NLP7 $:# 4ifuizh, AR K CPK B 7
BRI NLP7 F=A A F B IR AL B0, FEMMIN B ARG S PR EZEM . %0 AR T
TAEYIRFI AN BRI 5 Ca2 B S M FHLIE, R R TR IRAE 5 DRt 20t A% 326 2 2 PR A% 11
5yl (Ding et al., Sci Adv, 2022). KK J5, Nature Plants &K KN “Decoding
cold-induced Ca?* spikes” ff] research highlights &, 1% ik F1000 #EF .

CPK28-NLP7 Module Integrates Cold-Induced Ca?* Signal and Transcriptional

Reprogramming in Arabidopsis

Exposure to cold triggers a spike in cytosolic calcium (Ca?*) that often leads to transcriptional
reprogramming in plants. However, how this Ca?* signal is perceived and relayed to the
downstream cold signaling pathway remains unknown.Here, we show that the
CALCIUM-DEPENDENT PROTEIN KINASE 28 (CPK28) initiates a phosphorylation cascade to
specify transcriptional reprogramming downstream of cold-induced Ca?* signal.Plasma membrane
(PM)-localized CPK28 is activated rapidly upon cold shock within 10 seconds in a Ca?*-dependent
manner. CPK28 then phosphorylates and promotes the nuclear translocation of NIN-LIKE
PROTEIN 7 (NLP7), a transcription factor that specifies the transcriptional reprogramming of
cold-responsive gene sets in response to Ca?*, thereby positively regulating plant response to cold
stress. This study elucidates a previously unidentified mechanism by which the CPK28-NLP7
regulatory module integrates cold-evoked Ca?* signal and transcriptome and thus uncovers a key

strategy for the rapid perception and transduction of cold signals from the PM to the nucleus (Ding
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et al., Sci Adv, 2022).
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Figure 3. Working model for CPK28-NLP7 in cold-induced Ca?* signature sensing and transduction.
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FoK I EREE (Fuetal., Plant Cell, 2022).

Normal ; Salt Stress

Kl 1. BERREG PP2C D6/D7 15 HE 4 S 6 e ) 73R
Figure 1. A working model for PP2C D6/D7-mediated plant salt tolerance.

SALT OVERLY SENSITIVE 1 is Inhibited by Clade D Protein Phosphatase 2C D6

and D7 in Arabidopsis thaliana

The salt overly sensitive (SOS) pathway is essential for maintaining sodium ion homeostasis
in plants. This conserved pathway is activated by a calcium signaling-dependent phosphorylation
cascade. However, the identity of the phosphatases and their regulatory mechanisms that would
deactivate the SOS pathway remain unclear. In this study, we demonstrate that PP2C.D6 and
PP2C.D7, which belong to clade D of the protein phosphatase 2C (PP2C) subfamily in
Arabidopsis thaliana, directly interact with SOS1 and inhibit its Na*/H* antiporter activity under
non-salt-stress conditions. Upon salt stress, SOS3-LIKE CALCIUM-BINDING PROTEIN8
(SCaBP8), a member of the SOS pathway, interacts with the PP2Cs and suppresses their
phosphatase activity; simultaneously, SCaBP8 regulates the subcellular localization of PP2C.D6
by releasing it from the plasma membrane. Thus, we identified two negative regulators of the SOS
pathway that repress SOS1 activity under nonstress conditions. These processes set the stage for
the activation of SOS1 by the kinase SOS2 to achieve plant salt tolerance. Our results suggest
that reversible phosphorylation/dephosphorylation is crucial for the regulation of the SOS pathway,
and that calcium sensors play dual roles in activating/deactivating SOS2 and PP2C phosphatases

under salt stress (Fu et al., Plant Cell, 2022).
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Figure 2. PS-1 affects auxin-controlled seedlings growth in Arabidopsis.
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Testing the Polar Auxin Transport Model with a Selective Plasma Membrane
H*-Atpase Inhibitor

Auxin is unigue among plant hormones in that its function requires polarized transport across
plant cells. A chemiosmotic model was proposed to explain how polar auxin transport is derived by
the H* gradient across the plasma membrane established by plasma membrane H*-ATPases
(PM H*-ATPases). However, a classical genetic approach by mutations in PM H*-ATPase
members did not result in the ablation of polar auxin distribution, possibly due to functional
redundancy in this gene family. To confirm the crucial role of PM H*-ATPases in the polar auxin
transport model (PATM), we employed a chemical genetic approach. Through a chemical screen,
we identified protonstatin-1 (PS-1), a selective small-molecule inhibitor of PM H*-ATPase activity
that inhibits auxin transport. Assays with transgenic plants and yeast strains showed that the
activity of PM H*-ATPases affects auxin uptake as well as acropetal and basipetal polar auxin
transport. We propose that PS-1 can be used as a tool to interrogate the function of PM
H*-ATPases. Our results support the chemiosmotic model in which PM H*-ATPase itself plays a

fundamental role in polar auxin transport.
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1. ABA BERHSFLKAEE H-ATPase AHA2 #f BAK 1 BEER{L

FFIE T E AL T ATP B (PM H*-ATPase) fEAR KFEE FAEE TS FLAIIF. 7ETFMa
T, AR EEZ KR (ABA) 75, HETHATERE PM H-ATPse 2725 ABA i S H) 4L
KMo AR T R A B R AEE, LR Sk BB R oK R B A B AR e, % E
F| ABA S 1S LK IE % K7 PM Arabidopsis H* -ATPase isoform 2 (AHA2). 50K,
AHA2 575 147 BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAKLM E{EH], ABA #3% BAK1
X AHA2-C A iy Ser944 5 5L BT AT IE AT AHA2 1351, FE HA DU I . 4005 Bl fb A
WA (ROS) R, MTMiEZ) ABAE 55T, SIEAFLCH. HHFRRM, AHA2 TERAN T 55
TEL PR A 7 T R RO 2 S AT ABA 153 1AL TR BISCHEER] (Pei etal. , Plant Cell, 2022).

Phosphorylation of the Plasma Membrane H*-Atpase AHA2 by BAK1 is
Required for ABA-Induced Stomatal Closure in Arabidopsis

Stomatal opening is largely promoted by light-activated plasma membrane-localized proton
ATPases (PM H* -ATPases), while their closure is mainly modulated by abscisic acid (ABA)
signaling during drought stress. It is unknown whether PM H*- ATPases participate in
ABA-induced stomatal closure. We established that BRI1-ASSOCIATED RECEPTOR KINASE 1
(BAK1) interacts with, phosphorylates and activates the major PM Arabidopsis H* -ATPase
isoform 2 (AHA2). ABA-activated BAK1 phosphorylated AHA2 at Ser-944 in its C-terminus and
activated AHA2, leading to rapid H* efflux, cytoplasmic alkalinization, and reactive oxygen species
(ROS) accumulation, to initiate ABA signal transduction and stomatal closure. The
phosphorylation-mimicking mutation AHA2S%44D driven by its own promoter could largely
compensate for the defective phenotypes of water loss, cytoplasmic alkalinization, and ROS
accumulation in both aha2-6 and bak1-4 mutants. Our results uncover a crucial role of AHAZ2 in
cytoplasmic alkalinization and ABA-induced stomatal closure during the plant’'s response to
drought stress (Pei et al. , Plant Cell, 2022).
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Figure 1. Proposed model of BAK1-mediated AHA2 activation during ABA-induced stomatal closure.

2. #\EIF RAF22, ABI1 1 OST1 & mishas HAEM S ARAL YD A=A A0 5 i 3wy B

TRMHaFESEYBENER (ABA) MR, filk ABAE51&S, AW, MY EKMY;
B R 2 [R] D)4 (1 3 LRI AN 28 o 380 R A BT 5 B R BURR B UL R I R AR A, 45 B
M- F a1 R K F RAF (rapidly accelerated fibrosarcoma) - LIKE MITOGEN-ACTIVATED
PROTEIN KINASE KINASE KINASE 22 (RAF22). 5 k¥, RAF22 5 ABA 15 ‘5@ I (1) H 24
4> ABA INSENSITIVEL (ABI1) MIHAEM, RAF22 @21k ABIL [f) Serd16 7&3E, 155 7 ABIL 1)
SRR T o E— PRI, ABIL & v] UM 2Rk RAF22 K158 RAF22 13 iETE, M
FHHANE] ABA 15 545 T, (R HER L IR 260 T A K AE T 5B T, ABA W0 (1 2 s OPEN
STOMATAL (OST1) MR RAF22 (1) Ser81 FF: I 4l Hys et v, 4| ot ABIL B R Mg vk 4
(R, BF7TRY, RAF22, ABIL Al OSTL JERL T — Bl A#EM 4%, fEMRAH ) A KR EE B
T R IEERBEVER (Sun etal., Mol Plant, 2022).

RAF22, ABI1 and OST1 Form a Dynamic Interactive Network That Optimizes

Plant Growth and Responses to Drought Stress in Arabidopsis

Drought stress induces accumulation of the plant hormone abscisic acid (ABA), triggering
ABA signal transduction. However, the molecular mechanisms for switching between plant growth
promotion and stress response remain poorly understood. Here we report that RAF (rapidly
accelerated fibrosarcoma) -LIKE MITOGEN-ACTIVATED PROTEIN KINASE KINASE KINASE 22
(RAF22) in Arabidopsis thaliana physically interacts with ABA INSENSITIVE 1 (ABI1) and
phosphorylates ABI1 at Ser416 residue to enhance its phosphatase activity. Interestingly, ABI1
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can also enhance the activity of RAF22 through dephosphorylation, reciprocally inhibiting ABA
signaling and promoting the maintenance of plant growth under normal conditions. Under drought
stress, however, the ABA-activated OPEN STOMATAL (OST1) phosphorylates the Ser81 residue
of RAF22 and inhibits its kinase activity, restraining its enhancement of ABI1 activity. Taken
together, our study reveals that RAF22, ABI1, and OST1 form a dynamic regulatory network that
plays crucial roles in optimizing plant growth and environmental adaptation under drought stress
(Sun et al. , Mol Plant, 2022).

Normal Drought Growth-Stress
conditions stress homeostasis
PYR1/
PYLs
PYR1/ . PYR1
PYLs S\ PYLs
/_\0 ABA /\ ABA
— } ABNH ABNH RAF22 |__‘. ABI1
RAF22 . .-
" osT OST1 0ST1
RAF22 Kinase activity $ 6
Targets Targets Targets

OST1 Kinase activity |

Kl 2. RAF22, ABI1 1 OST1 TEAEY ¥ R B0 7S TLAE M2 AR B
Figure 2. A proposed model illustrating how the dynamic interactive network formed by RAF22, ABI1, and OST1

works in plants.
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1. #EIF SYP121 AEA ROP2 R R IR 5 Th I A K AL BIF 52

Titsi A2 KA S AR RS BRI — b b T 20, — S A RP R T R 14 A% 4 R F S P AR KA U
R AR, BIRE AR, M A, YR EIRES . RER MR K40
RHIERGER, FIT K FRA RN, SHEEY R EAE DL A B o AR I T A 75 22
K TV A e g 38 T o A KA, s R BRI B VR o R, AR T o 14 L e B e A 2 8 42 P A7
TR « AW 5T R Qa-SNARE (Soluble N-ethylmaleimide-sensitive factor attachment protein
receptor) SYP121 Z ¥/ G H A ROP2 I T, 5 ROP2 {5 542 b AR Tl 4 4 (1 14
. AIETER ROP2 {ieit SYP121 fEAR B Ilm i It 7041, JF H ROP2 55 SYP121 Hi%4i& -
BE— BRI ROP2 5 SYP121 K HAE R LAi#RR Sec1/Muncl8 $2H SEC11 X} SYP121 i
fmEIER, AT SYP121 5 R-SNARE VAMP722 2 [AlF HAE I SNARE & &1k, HEimifeit
TREBE R A ER . AL T ROP {55 @44 5 RIS M BHER R, 4R T ROP /)
G HE AT SNARE E &K% LN SNARE & IR PEE A, AT I35 40 A b b P e £
FE15> 4L (Cui et al., Mol Plant, 2022).

Arabidopsis SYP121 Acts as an ROP2 Effector in the Regulation of Root Hair
Tip Growth

Tip growth is an extreme form of polarized cell expansion occurring in all eukaryotic kingdoms
to generate highly elongated tubular cells with specialized functions, including fungal hyphae,
animal neurons, plant pollen tubes, and root hairs (RHs). RHs are tubular structures protruding
from the root epidermis to facilitate water and nutrient uptake, microbial interactions, and plant
anchorage. RH tip growth requires localized vesicle-targeting and active exocytosis at apical
growth sites. However, how apical exocytosis is spatially and temporally controlled during tip
growth remains elusive. Here, we report that the Qa-Soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) SYP121 acts as an effector of Rho of Plants 2 (ROP2),
mediating regulation of RH tip growth. We show that active ROP2 promotes SYP121 targeting to
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the apical plasma membrane. Moreover, ROP2 directly interacts with SYP121 and promotes the
interaction between SYP121 and the R-SNARE VAMP722 to form a SNARE complex, likely by
counteracting with the Sec1/Munc18 protein SEC11 which suppresses SYP121's function. Thus,
the ROP2-SYP121 pathway facilitates exocytic trafficking during RH tip growth. This study
uncovers a direct link between a ROP GTPase and vesicular trafficking and a new mechanism
controlling apical exocytosis, whereby ROP GTPase signaling spatially regulates SNARE complex
assembly and the polar distribution of a Q-SNARE (Cui et al., Mol Plant, 2022).

RH tip growthT

§Bdc6° -~ g

A |

o
o v

Upstream signal

open or close

form of SYP121 d GTP binding active ROP2 ~ ® GTP VAMP722 PM

\ SEC11 .‘ GDP binding inactive ROP2  ® GDP vesicle /

K 1. ROP2-SYP121 i HRE A KM TAERE A
Figure 1. A hypothetical model of the ROP2-SYP121 pathway in the regulation of root hair tip growth.

2. W HERZIEA ARK2 FaE E B (R BEME BRI 72 FHLEIBF 5

T BN LU T YA TR A i AR B 2. RS R —RUE MBI, 1
PP PAT A2 EE IR > T ik . ZRTRIBFALER I, SRahEE AR T B A s iR i 40 i
WS H5AMM RS FERS, B85 TXE AR R IMIEEY A0 - R 3) 8 E i
TR sh AR L5 A £33 7 . ARMADILLO REPEAT KINESIN (ARK) £ — MBI
HIBREN B A SR, fERm T E =4 (ARKL, ARK2, ARK3). ARK2 CHEMHZ 5 THR%E
FAMRIEAS KA. SR, ARK2 A2 D Re DL TS (VR -INLEIEANE 2 . AHIE FEE
T ARK2 5B e hn, EARSMIR B REAR BE R SR TR . 25 22 SIS RIS 30 117 70 it
KUY, ARK2 BERSE A BURE . SENZhAIBEEER I,  ARK2 "I LAY BUME AI4T, BEFEIRE IE
S AN EE SE A7 o WAL AR 7R ARK2 DUREERR T,  SRAZIAR T IR 40 0 PR Jo) BT 2 BE AR, R
MITCE B2 b, B2 ARK2 Z 511 1 R TUE IR ZRS . ARTSTIEY] T ARK2 18
ERIF R IEFE A K IS 1R, (2 7 PATIE SRR R JER2 il A2 (Lan et al., J
Integr Plant Biol, 2022).
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ARK2 Stabilizes the Plus-End of Microtubules and Promotes Microtubule
Bundling in Arabidopsis

Microtubule dynamics and organization are important for plant cell morphogenesis and
development. The microtubule-based motor proteins kinesins are mainly responsible for the
transport of some organelles and vesicles, although several have also been shown to regulate
microtubule organization. The ARMADILLO REPEAT KINESIN (ARK) family is a plant-specific
motor protein subfamily that consists of three members (ARK1, ARK2, and ARK3) in Arabidopsis
thaliana. ARK2 has been shown to participate in root epidermal cell morphogenesis. However,
whether and how ARK2 associates with microtubules needs further elucidation. Here, we
demonstrated that ARK2 co-localizes with microtubules and facilitates microtubule bundling in
vitro and in vivo. Pharmacological assays and microtubule dynamics analyses indicated that ARK2
stabilizes cortical microtubules. Live-cell imaging revealed that ARK2 moves along cortical
microtubules in a processive mode and localizes both at the plus-end and the sidewall of
microtubules. ARK2 therefore tracks and stabilizes the growing plus-ends of microtubules, which

facilitates the formation of parallel microtubule bundles (Lan et al., J Integr Plant Biol, 2022).

a,B-tubulin

K 2. ARK2 e e U 1E i FRAE A7 U R ) AR AR
Figure 2. The hypothetical model of ARK2 involved in stabilizing microtubules and parallel microtubule bundle

formation.

3. ARK2 2 5t 7+ T MR- LI BT 72

N IRENE IR R S AN T AR BITEAS KAE o 4 T A D' R T 4 R 1) DA
PRI A KRS . ABFFCIEN T B30 % 4 ARMADILLO REPEAT KINESIN2 (ARK2) fiiff#% 1
LRI T IR KA K . ark2 mBR RAZ AR ™ RSl 4 A L B AR R, I HLAT AR B8 2 g e
SRR . IeAh, ARK2 5L e i, ERRA4 FEORE, BE 7uE S E R
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EREFIMERER, 25 7 6x TR . E— BRI, ARK2 & A 7E F I b i
26S KB EMW M. SR RI ARK2 W5 E3 iz Ri&EHE CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1) #HAEM, COP1 /57T ARK2 7E BIEH I FEfR, MM
HHRTF AT IE#AK (Lan et al., J Exp Bot, 2022).

Stable ARMADILLO REPEAT KINESIN 2 in Light Inhibits Hypocotyl Elongation

and Facilitates Light-Induced Cortical Microtubule Reorientation in Arabidopsis

Hypocotyls undergo different morphogenesis according to light and dark conditions. Cortical
microtubules are reoriented in response to light to coordinate cell growth status. Kinesins are
microtubule-based motor proteins that are mostly responsible for transporting organelles and
vesicles, although some can also regulate microtubule organizations. However, whether kinesin
can be involved in microtubule reorientation and hypocotyl elongation remains to be studied. Here,
we demonstrated that ARMADILLO REPEAT KINESIN2 (ARK2) negatively regulated the
hypocotyl elongation of Arabidopsis thaliana. The hypocotyl cells of the ark2 null allele were longer
than those of the wild type and had relatively more transversely arranged cortical microtubules.
Moreover, ARK2 co-localized with cortical microtubules and facilitated the light-induced
reorientation of the cortical microtubule arrays. Interestingly, ARK2 protein is stable in the light and
degraded through 26S proteasome pathway in the dark. Furthermore, we proved that ARK2 could
interact with the E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), which
contributed to the down-regulation of ARK2 in darkness that may benefit hypocotyl growth in the
dark (Lan et al., J Exp Bot, 2022).
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Figure 3. Working model of ARK2 in the regulation of light-induced microtubule reorientation during hypocotyl cell

elongation.



K
) State Key Laboratory of Plant Physiology and Biochemistry
(»

4. ZmMYB69 TR FRFEFT AR R & R HIHLEIBT T

FARFERT 2L B AN AT DA P T BE U, R A SR, IR BEh R R 5 &
SRS B TR OR AT 4E R 2 MR K AR T, BE TR R AEAT R A A M R . Bk, @ 2EY)
BARITTEBRATTR & 8] ME e SR A TR I A — > B2 . H AT g T A —
ARAHDFHIFFCRIL T NAC-MYB I 3 [ 2 AN B AAEAR TR G P B Z AR, B
FORF ORI ZmMYB31 A1 ZmMYBA2 $fiIA i 3R 5 i R RIS, (HARRES R T E
AT ARSI IR o AR E K R2R3-MYB S8, 3% K1 ZmMYB69 11t & &k
SHEAKFEITHARTUR SR, B, PRt Z2H0H): 1 ZmMYB69 ThREHk Kk RAZ A
PRRB RS ER N, HpEEE, Ehe 5 ERAHEZESR. AEIT ZmMYB69 RE AR %
B RAINLE, 8 AL PCR AR B BE R GEEAT BT TR, ZmMYB69 - ZEAE 4 R4 il K ik,
Frémis i) ZmMYB69 & I HAT H GG e, kil e 051 SR L UTUE b B I AN S
SESLIGUEN] ZmMYB69 i i BRI TR SR A GRS AN SR AT ZmMYB31 Al ZmMYBA42
RIS NS H AR R A R ek, ZmMYB69 o 5 30 R R R A 24 o B 1) e 25 % (5
. AW FAMEER T ERARBR G BOHERELS], SO A AR T AR KR AT A
FRAREIE A PR T A & (Qiang et al., Plant Physiol, 2022).
The Transcription Factor ZmMYB69 Represses Lignin Biosynthesis by
Activating ZmMYB31/42 Expression in Maize

Lignin is a phenylpropanoid-derived polymer that is directly deposited on the secondary walls
of specialized cells, such as vessel elements and fibers, in plants. Lignification has vital roles in
mechanical support, long-distance water transport, and plant defense. However, lignin is
undesirable for biotechnological applications because its covalent interaction with cell wall
polysaccharides limits the enzymatic digestion of agricultural biomass feedstocks. A hierarchical
transcriptional network comprising various transcription factors (TFs), including NACs (NAM, ATAF
and CUC) and MYBs (myeloblastosis-related proteins), controls lignin biosynthesis in Arabidopsis
thaliana. In maize (Zea mays L.), ZmMYB31 and ZmMYB42 were repressors of lignin biosynthesis
genes. However, the upstream regulation mechanism is still unrevealed. Here, we report that
ZmMYBG69 is a regulatory factor at the upper level of ZmMYB31 and ZmMYB42 in the hierarchical
network that controls lignin biosynthesis in maize. We provide evidence that ZmMYBG69 is a
transcriptional activator and directly targets ZmMYB31 and ZmMYB42 promoters. Thereafter it
can repress lignin biosynthesis by activating ZmMYB31 and ZmMYB42 expression. Moreover, the
findings also implicate ZmMYBG69 as a good candidate for the manipulation of lignin biosynthesis
in biotechnological applications (Qiang et al., Plant Physiol, 2022).
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1. FUEEIT AtPLCA IE 240 R 9515 5 Wi RL L 38 BB 5T

T (Ca?) REZMMPEEENE EM, S 5182 0D R .
S PSSR RN 20 BAZ AT 5 A5 S P AR RS I F B B, B AR 0 A 9 A R 7 R B8 TS S AR
i, X T 20 A B S 1 T R A SRS D A D o AR R T AT 5T R I AL R T T UL A
R R R REPLCA U IE SR A R, HIFUES 52 St s . 2 —DaT 5 e 530
PLCATEANMIMZ T & 4, AN 35 2% Ca? W) BTt pled 8 AR A4l b e 175 5 i 4 A P9 45
B TIREE ([Ca?Tnue) 1Y ETF, i RIEPLCA T3 #1153 1[Ca2 |nuc I T 51 2 35 158, 175 RIEPLCAKL
(AN AR EL 5 S HI[Ca? Tnuc I TR X LS5 R HIPLCAYEAN JuiZ h IE 2 £ S 10
[CaTnucH) ETH (B ZATRFE T AZHEE S RGN TR, 9t — 20 8 W R0 108 358 1) o 132
LA e bl e e S R 4 5 AR FIATLAR SR 1 B8 22 f) B R R IR AR A
AtPLC4 Positively Regulates Nuclear Calcium Signaling in Response to Salt
Tolerance in Arabidopsis
As the signal molecule and the secondary messenger, the calcium ion is involved in many
biotic and abiotic stresses in plants. The cytoplasm and nucleus are the important locations for the
generation and decoding of intracellular calcium signal. Most of the current research focus on the
decoding of cytoplasmic calcium ion signaling, while the discovery of calcium signal system in
nucleus is also of great significance but little known. In this study, we found that PLC4 negatively
regulates the response to salt stress, in which cytoplasmic calcium is involved. In addition, salt
stress induced PLC4 expression in the nucleus and [Ca?'].c elevation; inhibition of
salt-stress-induced [Ca?*].uc elevation in plc4 mutant was identified using FRET calcium imaging;
overexpression of PLC4 resulted in a significant enhancement of the salt-induced increase in
[Ca?*]nuc; however no obvious changes in nuclear Ca?* induced by salt stress was observed in
PLC4X4¢7L (the non-nucleated PLC4) plants. These results indicates that PLC4 positively regulates

the salt-induced rise of [Ca?*]n. in the nucleus, which enhancing our understanding of calcium
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signals in the nucleus and providing more ideas and theoretical basis for future studies on plant

responses to stress.
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Figure 1. There is no obvious changes of salt-induced [Ca?*]nuc increase in PLC4K467L plants.

2. MAPK ZEXBERRAL GSAL FTHEHIFEIF IR H SR REE & EHIVLBIRT R

4 B B S TR AR (AR S K B DA SR G AR, IOP A I TE S T A B R S R R
B WOt JE B SR o S S R IR IR 10 i B A R xR = AR e Rk, Rk, TE ARG B A id
P, JR 2R KR IR ) B AR R DA D R A0 T4 v AR A7 O E . AR VR AL Hi IR A BN
RAF35-MKK5-MPK6 £ ki i 41 il J i 2% 3R IR TR 1 AR R 2 5B IO A i, (H2 X — R
TSR BN L R AN A o A TC IR G e 4R 35 6 BUs B T I, K DAL GSA [7] ALA #:14k
AL GSAL ER# BEh 5 MPK6 HAEJE HAERSME S 1 MPK6 B5R1L, BIFC SEEiEl] GSAL 5
MPK6 7EAR N IEAEAI HAE ], 7r GSAL flfEfe MPK6 [ FiFEY; raf35. mkk5. mpké Fll gsal
PR 2R AR R ) S A A rP R S R R IR ) S B Col-0 WA R TR, H. gsal WS IAFIE BE /11
. IXUELE KRB RAF35-MKK5-MPK6 44 it i1t GSAL 41 J5 i 4t = IR 1) & =,
7 T BRI R SR A BB D Re P EEAER], Xt — B S SR A s R
VR BAT .
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Phosphorylation of GSAl1 by MAPK Cascade Negatively Regulates
Protochlorophyllide Accumulation in Arabidopsis

The de-etiolation of seedlings is a process of greening and chlorophyll synthesis. This
transformation of seedlings is realized by the reduction of protochlorophyllide, which is
synthesized in the dark. Excessive accumulation of protochlorophyllide is phototoxic to plants, so
the accumulation and transformation of protochlorophyllide during the dark-to-light transition are
critical for seedling survival. Our Previous studies shown that RAF35-MKK5-MPK6 cascade
participates in the photomorphogenesis by inhibiting the accumulation of protochlorophyllide.
However, the downstream substrate of this cascade and the regulatory mechanism remain
unknown. In this study, we found that GSAL, an enzyme in the chlorophyll synthesis pathway
catalyzing the conversion of GSA to ALA, interacts with MPK6 in yeast. MPK6 phosphorylated
GSALl in vitro. The content of protochlorophyllide in raf35, mkk5, mpk6é and gsal etiolated
seedlings significantly increased in compare with that in Col-0. These data suggest
RAF35-MKK5-MPK®6 cascade negatively regulates the content of protochlorophyllide in seedlings
by phosphorylating GSA1, providing important evidences in understanding the regulatory

mechanism of chlorophyll synthesis.
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Figure 2. The content of protochlorophyllide in gsal etiolated seedlings significantly increased in compare with that
in Col-0.
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1. KNOX Il #FE T HOS59 2 5iRH/KRBIFR A/

Knotted1-like homeobox (KNOX) s&— A7 T B G T4 & [FRIUE 7 T8 & G538 ) i sk R 1
YA A R A DU EFIKNOXE AR, 435l B e S A8 /1 IIKNOX IR EAG e sl
BEJIIKNOX 1o /K a2 sy, et R R R EIZ —. 7E/KREH, KNOX I
WG B3 A N T SR EVEF R AR IR R D2 dE 2 Aoy vE e e B, AR, H T T
KNOX WK IEEF IR AA WL T, HEARE AR A S B 4 KT E I R URERR B R 2 b
bW il E R AR AYE B TFRIR RN, 24 2HR RN TR ATI 4L T IR i A
Vo2 Ewt S o

AW 7T E LUK FEKNOX 1% iiHOS59 (HOMEOBOX ORYZA SATIVAS9) AN %, 1%
K FHIChIP-seq 43 HT 4 HOSSO ) 4= JE R 41 45 45 7 s FH Al RE M FURSESE R kAT T %652« SN E R P
L9705/ i 4 3L K 48 F PlantGSAD  Chttp://systemsbiology.cpolar.cn/PlantGSEAv2/) % %,
BAT R AL (GO) FIRZEMERAE (TO) EHENHT, 45 RKIIHOSSIN] SRR #F
FLR/ANELE KR B D5 T AR MR — e A= P e RO A i S ity T AR 2Ptk . B P Sy
PR GIE AP-MS) KK, HOS595 £ Al AT RE KA HAE, AHFEBELLEKKE A Ak
KNI T (In0sSPL13. OsSPL16. OsSPL18. SRS5%) LI J —seR Wik AL BN 1 (4
OsAGO4af10sAGO4B). i — K HICRISPR/Cas9%i ki 2 Gt fliE 3t [K J7 17 315 1 hos597¢ 4%
TRFIHOSS595d Kk /KFEIE R . S AERMLL, hosSOTAKK KAB MK B N, FHRILARA
BOR AL DL R g AR, TTHOSB9Md Feiktk RAFRLA/N, M EAL, #hEf#k. qRT-PCREE R IR,
HOS593: K248 S 5{0sSPL13. OsSPL18. PGL2%5— ki K/ INHICEE R %5 i .

TR, HOSHOW e f 45 NI FEEER, i 67O 15 AR 4R R . KA RN B K
PRBSEE . SRR FF T % T KNOX Class WZKR AR D Re i BEAE, F HIFAM 71250 4% I 25 1 7
25 o IR, X R G0 AR 520 T 0 S DR (R IR 3 T RE AN 23 —F 1 B R At 18 B %

(Sheng et al., Plant J, 2022)
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KNOX Il Transcription Factor HOS59 Functions in Regulating Rice Grain Size
Plant Knotted1-like homeobox (KNOX) genes encode homeodomain-containing transcription
factors. In rice (Oryza sativa L.), little is known about the downstream target genes of KNOX Class
Il subfamily proteins. Here we generated chromatin immunoprecipitation(ChlP)-sequencing
datasets for HOS59, a member of the rice KNOX Class Il subfamily, and characterized the
genome-wide binding sites of HOS59. We conducted trait ontology (TO) analysis of 9705
identified downstream target genes, and found that multiple TO terms are related to plant structure
morphology and stress traits. ChIP—quantitative PCR (gPCR) was conducted to validate some key
target genes. Meanwhile, our IP-MS datasets showed that HOS59 was closely associated with
BELL family proteins, some grain size regulators (OsSPL13, OsSPL16, OsSPL18, SLG, etc.), and
some epigenetic modification factors such as OsAGO4a and OsAGOA4b, proteins involved in small
interfering RNA-mediated gene silencing. Furthermore, we employed CRISPR/Cas9 editing and
transgenic approaches to generate hos59 mutants and overexpression lines, respectively.
Compared with wild-type plants, the hos59 mutants have longer grains and increased glume cell
length, a loose plant architecture, and drooping leaves, while the overexpression lines showed
smaller grain size, erect leaves, and lower plant height. The gRT-PCR results showed that
mutation of the HOS59 gene led to upregulation of some grain size-related genes such as
OsSPL13, OsSPL18, and PGL2. In summary, our results indicate that HOS59 may be a repressor
of the downstream target genes, negatively regulating glume cell length, rice grain size, plant
architecture, etc. The identified downstream target genes and possible interaction proteins of
HOS59 improve our understanding of the KNOX regulatory networks (Sheng et al., Plant J, 2022).
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2. ERDEAPHIRES R EBHHTFE WheatCENet

H20174ELLR, IS/ S AR S P a ot B 25 L AR 4k kA, IR Skl (e
FRIFIVEIE Rl ThREFE AL . R R 2 i At LA S L 3RIE W 238 R N2 P D DRasie Ftn) 6t [R] T R -4 Kk (A
RGOy 4 L8 . REALTFEER R T AD/NE K HAEFIIRNA-seq#, (HILA
122 B e - AR P e N AN 2 A IR H DR R R . R BN AT AR S8 A
SR T N S AR /N 22 5 HARSE R Rl K LLEL AT & Feonl 2 B0 ©AT) 2 5 42 4 A gk AL B
FoNEW O PR H ATE BN = .

KPS T RENCBIA25 /N R A et (112NN [E 35, 153472 ki
%, 90/ HRIE/NE 7O 2EH N ) IRNA-sequ fl— L4 75 (544 /N 22 Hh [ 35 1 2 W0 3 ]
A, M 7 ESE AR DR FI S AN AE N 6N LIRS (442 Ry 28 020 %A A
260, IFEESL T AN T BN A R /N 2 B H AR S P 35K I 2% 1) 4H 27 B4 1 °F- 5 WheatCENet
(http://bioinformatics.cau.edu.cn/WheatCENet), [ [#] B 7S 544 /N2 T Rt R 9 I U8 2 540
Je 3 A% AN W38 4% J2 T PR AL AR AE . WheatCENetRE 3z 1761 W1 2% it B3 [K sl 2 35 (N &R (EI3A),
WCHFPILE (R LLER, AR SRR /N (142 R X 2% 5 2 AR 25 TR] R LR A CIEIBBD L AN /22 5 HAH
ST P 8] PR 10X 28 LU LA R = AN AN RIS VN 22 Wi B] FR) 9 2% L (BIBC) o o T BB IR (R 48 2%
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ML RIAREEREE R, WIS B AR N R AP RIA R R BAh, AT LIRS H brdk
PRI B R R AT 22, AT O R L RIA B R4 . T 4 b s BT Rh I BE TRIAR, 353
FEGSEAZIHT. GOt LA K motif 73 #7, DL B 7E 1) 3 R Th RE A% S i # X (EI3D) . k4t
WheatCENet & #2 fit [ 44 i 3 [ 45 () R ik 1 (5 2, MHEREE LM E o AiE R (F3E).
WheatCENetit #2 4t T AMEL GO T . GSEAZMT T H . motif /347 T K e FHE /N T A
(BLAST, A[FJEEFEH AR IDFA:, HEE AR 377 51 3R ECR R4, FRIA S SRR S )
WAL, FEBIH P 2 4 BERE 5T R B OCHESE R Th B8 (Li et al., Genom Proteom Bioinf, 2022).

Wheatcenet: A Database for Comparative Co-Expression Networks Analysis of
Allohexaploid Wheat and its Progenitors

Genetic and epigenetic changes after polyploidization events could result in variable gene
expression and modified regulatory networks. Here, using large-scale transcriptome data, we
constructed co-expression networks for diploid, tetraploid, and hexaploid wheat species, and built
a platform for comparing co-expression networks of allohexaploid wheat and its progenitors,
named WheatCENet. WheatCENet is a platform for searching and comparing specific functional
co-expression networks, as well as identifying the related functions of the genes clustered therein.
Functional annotations like pathway, gene family, protein-protein interactions, microRNA
(miRNA), and several lines of epigenome data are integrated into this platform, and gene ontology
(GO) annotation, gene set enrichment analysis (GSEA), motif identification, and other useful
tools are also included. Using WheatCENet, we found that the network of WHEAT ABERRANT
PANICLE ORGANIZATION 1 (WAPO1l) has more co-expressed genes related to spike
development in hexaploid wheat than its progenitors. We also found a novel motif of
CCWWWWWWGG (CArG) specifically in the promoter region of WAPO-A1, suggesting that
neofunctionalization of the WAPO-Al gene affects spikelet development in hexaploid wheat.
WheatCENet is useful for investigating co-expression networks and conducting other analyses,
and thus facilitates comparative and functional genomic studies in wheat. WheatCENet is freely
available at http://bioinformatics.cpolar.cn/ WheatCENet and

http://bioinformatics.cau.edu.cn/WheatCENet (Li et al., Genom Proteom Bioinf, 2022).
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ZmSRO1d A F KP4 A K 5T R BHERE F B fET

FoRRLEMEMMAE AR, = ERmlEY, BT HERER, FRKEZ, T TR 8%,
SRR E BoK F BRI X Z AT TR T RHIX, AR R R3S R K KIREE, R B K& B
Pk, MEBMERERE e S SRR, TR IR EAR T,
i, A2 TP R AR DS B D B R, AT IC DRSS LAR R A AR B B T E RIS R S
HARE R IR S AR BTN B AR, FRBEIE RIS 0 R R FE R B 2 ik B . (EAEAD B P R 22
POESRF= 5N H AR, NAER=EMREIMR R ERER S, B, ERREREMERS, FKM
PR KIESE R, AR T KPR B3 TR X IR STYEY = B R A HTI0 IR 2 [ P 2%
Fo FEIRRE FORPUFE S P 8 2 8] P8 AR 5C I8 A% A T il gt A 5 40 AR RS, R FEAED)
PR SR 2 MR R, A BT S Bt s = V4 & P T I R )

IS A B RGBT, RIUALT FOR BB AR I ZmSROLA A [H] 1 18t % 48 7 b5 K v it
SRR AR DG, 1R R 3N B3 B ER] LA (SNP131. SNP 134, FISNP488) i LL¥%ZmSRO1d
4y NZMSRO1d-S (FHHUHK) MZmSROL1d-R (FiF) WF AR ARL. b R A0 R 507 3 R Y B
ZmSRO1d-RAE5Zm14-3-3.1 HAF € 7 B 51 B ZmRBOHC 1T ADPIZ R ZEAL 12116, S EU0R B4
F A IROSF=A 38, IR ESFLII PG, 3 5R T RPN o S B DR AR 1 A7 3% 26
=S EAT 08T, K IRZMSROLd P Fil 4 B fr) i R 08 oK 3 ] LB i FoK T I b 2,
ZmSROL1d-RIFTFIETE AW, ATLARE S & T R ha T K&, H R 3K IEH K
DA TR R, TZmSROLd-SHE P BRI T K I K 70 2510 B P B 3b— 25 o 56 R R Ao
BEAT 4 BT, K I ZmSROLd-S 4 [H AU 7E KR YA M BLARE b A 7E B AL £, FTREER T
ZmSRO1d-RFE KB L0 1E 5 K 7 26 A N8, TAkE 7N TG kR . ZmSROLd A58 57 1)
IR DIRERRNT, 9 LUS TR | A&7 1T AR B B 3Rt TR R L L i TR 12022
f£10H7E (Molecular Plant) PIK Uk (Gao et al., Mol Plant, 2022).
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Genetic Dissection of Zmsrold Modulating the Trade-Off Between Drought
Resistance and Yield in Maize

Maize is a major crop with the largest planting area and the highest yield in China. Miaze plant
is very sensitive to drought due to its large plant size and high water requirement. However, most
of the main cultivation areas of maize are located in arid and semi-arid areas. With the global
climate change, drought occurs more frequently. To mine the gene resources related to drought
resistance in maize and dissect their functions to further breeding application are of great
important. Natural selection aims at the progeny of a species, therefore more favorable genotypes
are selected for environmental fithess. However, crop breeding mainly aims at yield and artificially
selects the genotypes with excellent yield traits. Thus, in the process of breeding, the yield of
maize is greatly increased, while the drought resistance of corn is significantly decreased. This
also reflects the trade-offs between yield traits and stress resistance traits. Exploring the genetic
loci related to regulating the balance between drought resistance and yield of maize, and revealing
the underlying genetic and molecular mechanisms will help to break through the bottleneck
scientific problem of high resistance and high yield crop breeding.

Through genome-wide association studies, we found that the genetic variation of ZmSRO1d
gene located on chromosome 9 of maize genome was significantly correlated with drought
resistance at seedling stage of maize. According to the three significant non-synonymous
mutations in this gene (SNP131, SNP134, and SNP488), different maize germplasms could be
classified into two haploid types: ZmSRO1d-S (drought sensitive) and ZmSRO1d-R (drought
resistant). The favorable drought resistance allele ZmSRO1d-R can interact with Zm14-3-3.1 and
locate to the plasma membrane for ADP riboylation modification of ZmRBOHC, resulting in
increased production of ROS in guard cells, thus promoting stomatal closure and enhancing
drought resistance of maize. By analyzing the survival rate and yields of transgenic materials, it
was found that both of these two haplotypes overexpression maize of ZmSRO1d could both
improve the drought resistance of maize at the seedling stage, and the drought resistance of
ZmSRO1d-R was more obvious, which could significantly improve the yield of maize under
drought stress, but reduce the vyield of maize under normal moisture conditions. While,
ZmSRO1d-S genotype did not affect the yield of maize under normal water condition. Further
analysis of genotype frequency showed that ZmSRO1d-S genotype had been selection in maize
domestication and modern breeding, which may be due to the effect of ZmSRO1d-R genotype on
the yield under normal water conditions, and the artificial selective clearance occurred. The
identification and molecular study of natural variations of ZmSRO1d provided new understanding

for maize breeding with high drought resistance and stable of high yield in the future.
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Figure 1. ZmSOR1d modulates the trade-off between drought resistance and yield in maize. A. The working model
for ZmSOR1d-mediated drought-induced stomatal clourse signaling to enhance drought resistance. B. The yield
phenotypes of overexpression and knockout materials of ZmSOR1d under well-watered and drought conditions.
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1. OST1-SPR1 jufi#% ABA MM EREMSIL AT E

ALY R ZER B B — X R DA BN L, SRAEA S A FEEAT SR AT IR K 43 25
Jits PO SEE, SXAEL A N A SRR A 00 EE . TR S BT R T, R VA R (abscisic acid, ABA)
PRI, BEGK IS 24k . TEABATE SIS R, B SR E iR R . (HRABA
155 2 WA 5 S0 1 SRR R 0 BAR B IR AN 2 . T 45 & 2 R I U B 6 A2 4k
FIOGsER T, HETCALE, ABAE SR S 456 & A 2 A BRI SRR AR . FATEL 20
FAEE . AR E RN Gy T 0 5 T BOR L 455 R FISPIRALL (SPR1) A LA ABA(S ‘5
HE %02 7 OPEN STOMATA 1 (OSTL) Rk, EHEZ5ABAE T MHUE il 58 LI ALK H
. BFRGEREY, FBARspri-67TEABALLIE A LI A 2 B AR LA - A i SR AR B 1 (B 2
T AR, B RFEL IR M B A MSPRLTT LA AMZ R, iRl A BRI U SPRLANRE,
Ui WISPR1IEABAR S IME il S ALK A IE R 7, HL DB T OST L4 SPRLFBERR AL -
BE— DA AT R B, BRI TE sUSPRLMIAI S 58 A R A B, M LRSS, JHIRHEUE iR
E(E L. Y TS 4 EASPRISABAS Sl o (o< MAFOSTLZ MM BB R,
7~ T SPRLAEABAS S LRI 4 T ThAE, it — 0 b 5 2% MRS 40 1) S FLIZ 2 18 42 9 45 4 it
T EBERMM MY (Wang et al., Plant Cell, 2022).

The OPEN STOMATA1-SPIRAL1 Module Regulates Microtubule Stability during

Abscisic Acid-induced Stomatal Closure in Arabidopsis

Drought stress triggers abscisic acid (ABA) signaling in guard cells and induces stomatal
closure to prevent water loss in land plants. Stomatal movement is accompanied by reorganization
of the cytoskeleton. Cortical microtubules disassemble in response to ABA, which is required for
stomatal closure. However, how ABA signaling regulates microtubule disassembly is unclear, and
the microtubule-associated proteins (MAPS) involved in this process remain to be identified. In this
study, we show that OPEN STOMATA 1 (OST1), a central component in ABA signaling, mediates
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microtubule disassembly during ABA-induced stomatal closure in Arabidopsis thaliana. We
identified the MAP SPIRAL1 (SPR1) as the substrate of OST1. OST1 interacts with and
phosphorylates SPR1 at Ser6, which promotes the disassociation of SPR1 from microtubules and
facilitates microtubule disassembly. Compared with the wild type, the sprl mutant exhibited
significantly greater water loss and reduced ABA responses, including stomatal closure and
microtubule disassembly in guard cells. These phenotypes were restored by introducing the
phosphorylated active form of SPR1. Our findings demonstrate that SPR1 positively regulates
microtubule disassembly during ABA-induced stomatal closure, which depends on
OST1-mediated phosphorylation. These findings reveal a specific connection between a core

component of ABA signaling and MAPs (Wang et al., Plant Cell, 2022).

—ABA

PYR/
PYL/

K1, OST1-SPR1VA#=ABAY: SIS RS LA SFLIK I 4 FHT.
Figure 1. Aworking model for OST1-SPR1 regulating microtubule disassembly and stomatal closure in response to
ABA.

2. HESEBRERET HYS BXME FRES 5IRENR K LRS- THLE]

AR X7 AR SR M B B R 7 A AR B H A T3 AR 2R S A i mT 28 1
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WO I R I, FRAZ A tpxISEE A Y O XA G X I A 1] 4 5K BT R 48 0, HAaL 2 X 35
WEHSRHS N ZEEL . PR TR, J6fE T IE S A E B THYS B A S TPXLS KA 3l

.78.



)
|) State Key Laboratory of Plant Physiology and Biochemistry
@

T XA TPXLS L o« SRAZ IRy SRR 23 0 I ELi B A2 B B T A AR SR e/l 2 pl 4 i
A XA R KR I BACE R 2 DU N BT AR HES . fEtpxIS hySXURAE A,
ShySTRARAFALL, MIAR % B pd /b I HLi B AE B BE T AR SR BE1E e 2t 78 9487 o SR S 40t

AR AL AR R ZEPE SR B B b a9 AEMIAR R AR AR T, HYB-TPXLEME T T
TWE EAMAPE BRI ALS (E2), A EEiR RE T By 4L 7B AR (Qian etal., Plant
Cell, 2022).

HY5 Inhibits Lateral Root Initiation in Arabidopsis through Negative Regulation
of the Microtubule-Stabilizing Protein TPXL5

Tight control of lateral root (LR) initiation is vital for root system architecture and function.
Regulation of cortical microtubule reorganization is involved in the asymmetric radial expansion of
founder cells during LR initiation in Arabidopsis (Arabidopsis thaliana). However, critical genetic
evidence on the role of microtubules in LR initiation is lacking and the mechanisms underlying this
regulation are poorly understood. Here, we found that the previously uncharacterized
microtubule-stabilizing protein TPXL5 participates in LR initiation, which is finely regulated by the
transcription factor ELONGATED HYPOCOTYL5 (HY5). In tpxI5 mutants, LR density was
decreased and more LR primordia (LRPs) remained in stage I, indicating delayed LR initiation. In
particular, the cell width in the peripheral domain of LR founder cells after the first asymmetric cell
division was larger in tpxI5 mutants than in the wild type. Consistently, ordered transverse cortical
microtubule arrays were not well generated in tpxI5 mutants. In addition, HY5 directly targeted the
promoter of TPXL5 and downregulated TPXL5 expression. The hy5 mutant exhibited higher LR
density and fewer stage | LRPs, indicating accelerated LR initiation. Such phenotypes were
partially suppressed by TPXL5 knockout. Taken together, our data provide genetic evidence
supporting the notion that cortical microtubules are essential for LR initiation and unravel a
molecular mechanism underlying HY5 regulation of TPXL5-mediated microtubule reorganization
and cell remodeling during LR initiation (Qian et al., Plant Cell, 2022).

HY5 Wild type HY5 tpxI5-1 hy5

l‘ TPXL5 ———aa tEfo-‘.f —eapn - [ TPXL5 | — =/,
S AR, ~— I""‘—W e I"‘"—A"Jx
(g ig 0 g
[IPxL5) )
Lateral roots Fewer lateral roots More lateral roots
Endodermis Microtubules
Stage | LRP TPXL5

K2, HYS5-TPXLSIE MR & A 14> AR

Figure 2. A working model for the function of TPXL5 during HY5-mediated LR initiation.
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1. ABA %3 NO A BN TEN & T 5 B E 2T DL

ABA %55 NO A & il LG, NO-ABA AR ICHET 2l H AT 54/~ . OSTL /& ABA {5

Frp A% O R B, R GhOSTL XF NO & IRV, ) e R X % 0 e 3545 HL A 2R

FI T GhNAGK, ZIHE 2 NO & BRI RN RS 2R & B FRIE R . BT A0 FE 45 SR B VIGS It
#R GhOST1 5 GhNAGK HIMEA i+ R e iUk . #— Bt 7 GhNAGK 5 GhOST1 7
MR A AR TP EAE . AR IR IG R ] GhOSTL WML &1 GhNAGK, Jit il % g B R b fir
M5 R GhOST1 I iz 1k GhNAGK [ Thr163 5 Thrl67 {7 &, H 55 B2 % T GhNAGK
PR V. I NO e R OB IRE AR 204, AT L VIGS UTER GhOST1 5 GhNAGK it 3%
] ABA 75 31 AALR P NO FR A AFLOGHT, AMEERIN L-KS R A1 NO fitf& SNP F k&
AALRE, FIR, SNEAAERE R NO ¥R ML 4 Wi Pt R0, SR E T REbE Tt
XK. RIRAF 45 TR W] GhOSTL wl il it i R LG GhNAGK 551518~ NO 7EfR T
A A, BRI S ALIT R T R

Molecular Mechanism of ABA Induces NO Biosynthesis Regulating Drought
Stress Response in Cotton

ABA-induced NO accumulation is necessary to trigger stomatal closure, However the key
nodes of NO-ABA interaction is still uncover. The protein kinase OST1 is the core member of ABA
signal pathway. In order to explore NO related components interacting with GhOST1, yeast
two-hybrid screening was performed and protein kinase GhNAGK, the rate-limiting enzyme of
arginine synthesis which is the precursor of NO synthesis, was identified. VIGS-GhOST1 or
VIGS-GhNAGK enhanced cotton seedling sensitivity to drought stress. We further confirmed that
GhOST1 and GhNAGK interactes in the cotton protoplast. In vitro phosphorylation assay showed
that GhOST1 could phosphorylate GhNAGK. Also, the phosphorylation key sites Thr163 and
Thr167 were identified by LC-MS. When mutate these two sites, The GhNAGK kinase activity was
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signaificantly conpromised. Furthermore, VIGS-GhOST1 or VIGS-GhNAGK could significantly
inhibit ABA-induced NO accumulation in stomatal by NO specific fluorescence probe imaging
analysis and also the stomata close; however, exogenous application of arginine and NO could
recover the stomata close phenotype and improve the drought resistance of cotton seedlings.
Thus, the results indicated that GhOST1 could regulate NO accumulation in stomata by
phosphorylation of GhNAGK, thus regulating stomatal closure in response to drought stress.
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by ABA; (F, G) Effects of arginine and NO donor SNP on stomatal closure induced by ABA; (H, I) Effects of arginine

and NO donor SNP on water loss and drought resistance in cotton seedlings.

2. MnsO+ GKEEHE T Ca?a SRR LR KA 2 L]

Mn3Oa KRR & — Fin K AR AU L4 oKk P (Nanozyme), K Mn2t5 Mn3*jLL
BIRZ N 1:2, BAEREES (ROS, reactive oxygen species) [IRE . FATTRT IR 58 & IR
Mn3Oa P KINBELAE 7+ 5B 10 W AR e AR A B/ E o 3k — 2B 78 A MnaOa A9 K0 7] {12
i PEG e T REFE BT KA T IRA AR R KA K, 1ERR PEG BHA/ERTER R15 T 11T & ROS.
PR (Ca?t) MENEE A5 EAER Y me A [R) 10 g i ae vh R B AR, i am e 52 3 B )80
f5E ) CaZ ik BE GG N, 51Kk Ca?*{5'5 . ROS 5 Ca?* jlif “ROS-Ca?.0»” MHMIE. &
R I MnaOa PUKANERSE N 1 FBE T HEIER IS GhCNGCs KA & o F) FH AR 17 85 11l 4
ARKIL MnzOq PUKAUBEHG 38 T BN PEG AR AF TARAEIR B Ca2 it R, Al K BE9
W R AE L) B 55 S B, KL PEG ALHE AT 455 5 PSR, 1T MnsOs
YRAUABERR A AL B IR 7 4545 5 (1 i B 18 PR 3858 1 45455 N o TS PESUE R R DMTU Ab3in]
A PEG BB R MnsOs 9K E T 1) Ca2 (55« LR 7045 12D 3 B MnsO, 4K 4L T
WIS CatE 5 smAR et 21k

Mechanisms of Mn30O4 Nanozymes Regulating Ca?* Signal to Improve Drought
Tolerance in Cotton

MnzO4 nanopatrticles are a newly developed environmentally friendly nanozyme. The ratio of
Mn?* to Mn3* on the surface of Mn3O4 nanoparticles is about 1:2, which has the ability to remove
reactive oxygen species (ROS). Our previous study found that the Mn3sO4 nanozymes alleviated
the inhibition of drought stress on the growth of cotton seedling. Further studies showed that the
MnzOs nanozymes could promote hypocotyl and root growth, and remove the excessive ROS
accumulated in the cotton root under drought stress. As a second messenger, calcium ion (Ca?*)
plays an important role in the response of plants to different stresses. When plant cells are
stimulated by stresses, the concentration of Ca?* in the cytoplasm increases rapidly, triggering
Ca?* signals. Also, ROS and Ca?* interacts with each other through the "ROS-Ca2+ center" under
stress condition. Mn3z04 nanozymes increased the expression of GhCNGCs in cotton root tips
under drought stress. Meanwhile, it was found that MnzO4 nanozymes increase Ca?* influx upon
transient PEG treatment in cotton roots by non-invasive Micro-test Technology (NMT). The
dynamic changes of calcium signals in Aequorin protein transgenic cotton seedlings upon stress
were detected, and the results showed that Mn3O4 nanozymes enhanced PEG induced Ca?
signal in cotton seedling, which can be partially inhibited by the ROS scavenger DMTU. Together,
the results preliminarily indicated that MnzO4 nanozymes could promote Ca?* signal to improve

drought tolerance in cotton.
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DX 35 T oK FH 338 AR PR AR DG D e L RN NI AR AE 22 5, e U R e ALY Chao)
FEREE RSN R E RN, Bl NS IR PR (Do BEHLIRMARE M b it — 25300, hao Al
hao 2 [X 1) Nitrosospira i J&5 NI FIRCR 2R FIIEMOC R, #— DUl hao J: K A5 AH G
BRI JERT T NI 0] NoO HEBR R B E BN (F). 28 b, NI 2 KK Fi
N2O HEAIA R, T SBEPREE R 7RI A P 1 A8 A 2 TR e NI RAREAR A 1 32 SR R 7

Regulation of Nitrogen Stabilizers on N20 Emission and Its Microbial Response
Mechanism in Maize Cultivation System Across Different Ecological Regions
Over-nitrogen (N) fertilization resulting in huge nitrous oxide (N2O) emission, and N,O as a
powerful greenhouse gas have led to substantial threats to climatic change, ecological
environment, and human health. N stabilizers (i.e., nitrification inhibitor, NI, urease inhibitor, Ul,
and urease inhibitor + nitrification inhibitor, UN) as the potential tool for green production of maize
system, while the efficiency of N stabilizers showed the huge variation across large scale
ecological region. Through two-year of consecutive in-situ multiple-field experiment, N stabilizers
reduced N>O emissions by 1.3-93.9% across the multiple-field experiment, and also significantly
decreased yield-scale N2O emissions (YSNES), wherein NI and UN exhibited higher efficiency on
N2O and YSNESs mitigation (A) Through continuous monitoring of whole maize growth period, the
duration of N stabilizers was the key factors for efficiency of N stabilizers. The random forest (RF)
and correlation analyses indicated that soil pH, water-filled pore space, available phosphorus, and
texture showed significantly correlated with efficiency of N stabilizers on N>O mitigation (B) Similar
variability in N2O emission and N stabilizers efficiency has been observed in inoculation
experiments, which may be due to change of soil types (C, D) Metagenomics of in-situ soil showed
that NI audition significantly changed the microbial community and functional diversity. There were
differences in the response of functional genes related to nitrogen cycling to NI addition in different
ecological regions, among which only the abundance of hydroxylamine oxidase gene (hao) was
significantly increased with nitrogen fertilizer, but significantly decreased with NI addition (E) The
RF and correlation analysis further verified that the hao and Nitrosospira carrying the hao gene
showed a significant positive correlation with the efficiency of NI, which indicated that the hao
gene and bacteria carrying the related genes played a significant role in the efficiency of NI on N.O
mitigation (F) In conclusion, Nl is an effective tool to inhibit N2O emission on a large regional scale,
and the changes of key environmental factors and microorganisms are the main predictors of NI

efficiency variation.
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Figure 3. The regulation of nitrogen stabilizers on maize field of N2O emissions across three ecological regions and

its microbial response. (A) The effects of N stabilizers on N2O emission, maize yield, and yield-scale N2O emission.

(B) Associations of soil physicochemical properties and climatic variables with the effects of N stabilizers on maize

yield and N2O mitigation based on correlation and random forest regression model. (C) Incubation experiment of

nitrification inhibitor affect N2O emission. (D) Principal coordinates analysis (PCoA) of microbial compositions and

functional compositions. (E) The relative abundance of key functional genes of nitrogen transforming process. (F)

Ecological relationships between relative abundance of key taxonomic taxa, functional genes and DMPP efficiency.
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ROS J5FRMEE M, JHRRIE AR R HoOp, FRARM IR ZF 8P Y Nat & &, 4855 & 111, Hl
55 Na' R FE M, sfaim 7 KRER 7o A ROm 2Rk (& 1) BT 7845 RAON /KA
Ehan R B F SR T AR R R, R K AR S VLB SRR A T 26K (Liu et al., J Genet
Genomics, 2022).

Polyamine Oxidase 3 is Involved in Salt Tolerance at the Germination Stage in
Rice

Soluble salts are present in widespread saline soils and accumulate in the subsoil of
agricultural areas owing to poor water management. They cause salt stress that inhibits growth
and reduces yield of crops. Rice, one of the most important food crops, is salt-sensitive in the early
seedling stages, but commonly suffers salt stress because of irrigation-dependent tillage patterns.
Identification of genes associated with salt tolerance at the germination stage in rice will benefit
efforts for enhancing tolerance to saline farmland and expanding utilization of saline soil.

Here, we identified a polyamine oxidase gene, OsPAO3, conferring salt tolerance at the
germination stage in rice (Oryza sativa L.), through map-based cloning approach. OsPAO3 is
up-regulated under salt stress at the germination stage and highly expressed in various organs.
Overexpression of OsPAO3 increased activity of polyamine oxidases, enhancing the polyamine
content in seed coleoptiles. Increased polyamine may lead to the enhance of the activity of
ROS-scavenging enzymes to eliminate over-accumulated H>O, and the reduction of Na* content
in seed coleoptiles to maintain ion homeostasis and weaken Na* damage. These changes
resulted in stronger salt tolerance at the germination stage in rice. Our findings not only provide a
novel gene for breeding new salt-tolerant rice cultivars but also help to elucidate the mechanism of

salt tolerance in rice (Liu et al., J Genet Genomics, 2022).
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involved in salt tolerance at the germination stage in rice. J Genet Genomics 49: 458-468.
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MicroRNA & id #2 [a mRNA)E b $EHE I B 2, fER A KR B Al d f v R 45 S 52
TEH o UTAERARAMLIZMIRNAKE R L RB TR A 7= kRS, DR an el $2 R miRNA)
hhids ik st H ANZ AR MR 2 — o ABEFUAE B AK AR IR TGN K B AR SPC 5 MIRNA 45 & g 7
K Higikds-MIRNABEA YL, S5 RR M. 1. 9K EASPc 5ds-MIRNARE 45 & T Bk
EMEEY, RAERREINLL, EEWEEN/NTF20 nmIEREYLR Bk . 2. 9KEAESPer] LA
R 3% ds-MIRNAZE AL I+ R A A ORI &R . @i 2O ARt 1E Efds-MIRNA/SPc N AL 1/
B, 55 E ETIE KA E A M PR L ds-MIRNA. 3. 9K ASPcifi%ds-MIRNAE A AH
Yivk i, RERS m DB ER R, AR IR R ORI TE A A, R 5 MIRNARE R IE M B L
R, AT E REATE R EAEY FOK SRR BRI EmIRNAT A NS XA, R /NRNA
AWK BE 2 (Yang et al., 3 Nanobiotechnol, 2022).

Construction and Application of Star Polycation Nanocarrier-Based Microrna
Delivery System in Arabidopsis and Maize
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Micro RNA (miRNA) plays vital roles in the regulation of both plant architecture and stress
resistance through cleavage or translation inhibition of the target messenger RNAs (mMRNAs). In
recent years, how to improve the efficiency of miRNA delivery in vitro is one of the current
challenges in this field. In this study, the binding ability of SPc to ds-MIRNA and its delivery
efficiency of delivering ds-MIRNA into plant cells were investigated. The following results were
obtained: 1.SPc could assemble with ds-MIRNA through electrostatic interaction to form

nano-sized ds-MIRNA/SPc complex. The best mass ratio was 1:1 through the electrostatic
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interaction. The complexes morphology is spherical nanoparticles with small particle size below 20
nm. 2.The formed nano-sized ds-MIRNA/SPc complex could penetrate the root cortex and be
systematically transported through the vascular tissue in seedlings of Arabidopsis and maize.
Internalization of ds-MIRNA/SPc was traced by fluorescent labeling, and the fluorescent signal
was significantly higher in both Arabidopsis and minimally invasive maize root systems. 3.
SPc-delivered ds-MIRNA could efficiently increase mature miRNA amount to suppress the target
gene expression in Arabidopsis and maize, and the similar phenotypes of Arabidopsis and maize
were observed compared to the transgenic plants overexpressing miRNA. To our knowledge, we
report the first construction and application of star polycation nanocarrier-based platfiorm for

miRNA delivery in plants, which explores a new enable approach of plant biotechnology with

efficient transformation for agricultural application (Yang et al., J Nanobiotechnol, 2022).

K1, T SPeA KA KIMIRNAILIE 2 GiAE Il B I A F K T N

Figure 1. Application of nanocarrier-based microRNA delivery system in Arabidopsis and maize.
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Dynamic Transcriptome Landscape of Early Different Axillary Female
Inflorescences Development in Maize

Ear development is an important factor related to maize (Zea mays L.) yield. At the early stage
of maize growth, all axillary meristems had the potential to develop into similar inflorescence
meristem (IM) and then to reproduce from IM. But in most cases, only one or two top ears can
generate silks at anthesis. To explore the changes and interactions between different panicles
during development, we sampled the top three ears of maize at eleven time points for high time
resolution transcriptomics studies. A total of 23,821 expressed genes including 1,876 transcription
factors (TFs) were detected in early stages of maize ear development. Of these genes, 5,855 were
significantly differentially expressed in the growth of the first, second and third ears, with more
differentially expressed genes concentrated in the stage of initiation of flower organ development
(56 DAS to 62 DAS). The high temporal-resolution transcriptome atlas reported here provides an
important functional resource for uncovering the genetic regulatory mechanisms of early different
axillary female inflorescences development. In general, the similarity of the morphology and gene
expression of the first, second and third ears during the stage of IM development to spikelet pair
meristems (SPM) indicated that each ear primordium had the basic conditions to develop into ear.
Normal ear development requires adequate nutrient supply and positive regulation of auxin,
gibberellin and other hormones. The decline of the third ear is a gradual aggravating process,

which is caused by nutrient deficiency, excessive accumulation of ethylene and jasmonic acid.

Mormally developing ear
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Figure 2. Changes in first (1), the second (1I) and third (III) top ears from 42 to 62 days after seeding (DAS) and

mechanisms regulating ear development at different positions.

3. WERFEEMMEESBRER ZmXHTL A5 F KT K VLR R

{EER 7™ B /1) 249 K P B AU IS B, £ M it e BT 3 7T DA 280 o S KR B S TR, Rk
MEVRIR A . W FEE I NS AR R B FOKBEAT 30 pmol-Lt jel i 3 A0 R B: ZmXTHL 7E7
[ X (b 3 1 2 40 . ZmXTHL mhd AR SRS L B2 DK Al (XET/XEH), 1E4HIfEE
PSS o AR R EEAER . ZmXTHL i Ak Rk s BRAL . DA AR (K FEAR T
HY A TR AR G N . ZmXTHL i R E Mk R Z2AT A A B 2 g . AR Al S Ie 45 AR W
ZmbHLH154 w] IS5 &7 ZmXTHL B3 145 & ot E-box b, Bk HFRIK, T4l K1
ZmIBHL A LIS & B3, R s A 5% 1 . A ZmbHLH154 5 ZmIBH1 Z [AJ B A7 7
WL EAESR R, XEF ZmbHIH154 HFE RIS 2R & 4. HATIE/EME ZmbHLH154 5
ZmIBHL ¥ EERIARL, R FUE B RN R RRAR(E Sl SN k BF Z R EHOC &R, B
SR e T 2R YA T KT TR ARG 1 23 1 B

Coronatine Regulates Maize Internode Elongation by Mediates Cell Wall
Development

Lodging seriously restricts maize production and mechanized harvesting. Spraying
Coronatine (COR) can effectively shorten the length of basal internodes of maize and reduce the
occurrence of lodging. 30 umol-L* COR treatment significantly decreased the expression of
ZmXTH1 in the elongation region of internodes at 10 different genotypes. ZmXTH1 encodes
xyloglucan endotransglucosylase/hydrolases (XET/XEH), which acts on primary cell wall and
plays an important role in cell wall relaxation and expansion. The plant height, ear height and
basal Internode length of ZmXTH1 overexpression lines were obviously higher than those of wild
type plants. By anatomical analysis the 8" Internode of maize during the V13 stage, it was found
that the cell length in the stem of the overexpressed lines increased significantly. The results of
biochemical experiments showed that ZmbHLH154 could bind to the cis-binding element E-box of
the ZmXTH1 promoter and activate its expression, while the transcriptional inhibitor ZmIBH1 could
also bind to the promoter and negatively regulate expression. In addition, ZmbHLH154 physically
interacted with ZmIBH1, which significantly interferes with the transcriptional activation activity of
ZmbHIH154. The current work is to construct transgenic maize of ZmbHLH154 and ZmIBH1 and
explore the direct relationship between COR and these two transcription factors to clarify the

molecular mechanism of COR regulating maize Internode elongation.
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Firgure 3. Aworking model for COR the regulation of internode elongation by influencing ZmXTH1 expression.
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AtVAMP726 5 AtSYP131 tHEAER, NS0k S TmZEH 4wk

FEH T F) 7 Wl B 5 SR 7 R AR A A SR B R ORI, H IR Aok 8 T 2 Ao
FEHSNARER SRR BAE IR 2 Hob o FEARBE S H, FATIEIE CRISPR-Cas9f & | — /ML
KA fkvamp725 vamp726. KM ICHR IS & B MBWE . POLRE LAMNRE . S I YTEE A
GST-pull down%5 /5 THT 5T FATKIL, R-SNARES AtVAMP726 I AtVAMP7 25 [ X0 4% ik 411
R AR B RO A A, I8 T AR T S A I E AR 23k . GFP-AtVAMPT726 £ 2H5E A 11k
B T ) 73 W B AT UL . BEAh, AtVAMPT7261 % L5 Qa-SNARE ACSYPL3LMH E/E . J6IRH
(FRAP) G IRE S2U6 %KW, mCherry-AtVAMPT72610 2676 168 4 THi i 5 i o 0 [X 45 5 AtSYP131
e T L RAR, BATAHAVAMPT726 FIAISYP131A] LUE Mt S SNARE S A 14 1) — ¥ 47,
A SACHYE T (K BRI /A, TR ST 43 Wl T il 0 R AR AR AL T R MR A o e X3

AtVAMP726 Interacts with AtSYP131 to Mediate the Vesicle Secretion in the
Pollen Tube Tip

Secretory vesicle fusion with the plasma membrane of the pollen tube tip is a key step in
pollen tube growth. However, little is known about the composition and function of the SNARE
complex during pollen tube tip growth. In this study, we constructed a Arabidopsis double mutant
vamp725 vamp726 via CRISPR-Cas9. Fluorescence labeling combined with microscopic
observation, luciferase complementation imaging, co-immunoprecipitation and GST pull-down
were applied in the study. We show that double mutation of the R-SNAREs AtVAMP726 and
AtVAMP725 significantly inhibits pollen tube growth in Arabidopsis and slows vesicle exocytosis at
the apex of the pollen tube. GFP-AtVAMP726 localized mainly to secretory vesicles and the
plasma membrane at the apex of the pollen tube. Furthermore, AtVAMP726 was found to interact
with the Qa-SNARE AtSYP131. In addition, fluorescence recovery after photobleaching (FRAP)
experiments showed that mCherry-AtVAMP726 was first colocalize with the AtSYP131 at the
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central region of the pollen tube apical plasma membrane. Based on these results, we suggest
that AtVAMP726 and AtSYP131 can form a part of a SNARE complex to mediate vesicle secretion
at the pollen tube apex, and the vesicle secretion may mainly occur at the central region of the

pollen tube apical plasma membrane.

(a) (b)
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K 1. AtVAMP726 7JLL5 AtSYP131 HAE,
Figure 1. AtVAMP726 can interact with AtSYP131.
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1. HY5 5 TZP WhRIEFEEME LGS 5448 5 2 F AL

TEREYIHE A h s B iR a0, I T 65 55 S0 7 T LS, Xl 20 A 4 e 1 = o
5> PR B BB . G R (phytochrome) & —RAEM)R A1 L0 6 AT 20 645 5 1%
ZEFIGE, MOCBERA (phyA) RAEY) ik — RS2 I ROZ LG(E S IE 244 FERTIA LAE,
AT I8 o OE s AR R O VR R R K E B 2 5 Y I 461 5 4% 3% 1 8 4 4 TANDEM
ZINC-FINGER/PLUS3 (TZP). WfR4E R EWH, TZPREW Sz Y2 hphyAfHEL/EH, AR/
PR A phy AR =28 TR AL B phy ART REZ VG PESE SRV TE 20, T L0655 158 vhOR ¥ H Z D) g
(Zhang et al., Plant Cell, 2018; Zhou et al., PNAS, 2018). #Rifii, TZPinf# & FlphyAfls 5%
W 2% i ANTE A . FE T AR, IRAT R B Y O TR A E A % 0 IE R 4% Rl 7 ELONGATED
HYPOCOTYL5 (HY5) e B4 A TZP A2 F LIfI—/~G-box, FHTEmL I NS TZPEEREER
i T RASXAG-boxMAETZP AN REEIR 1 RIE, JF 03 KT ZPLE A1 R IR Rk KT
I, WIRTZPEAEA RGBT T B 2IAFE MR RN, RUTZPEAEAR I KA T
FAEA R B . teAh, TZPREWS 5 Y0 B A i) 2% 4 E372 R EHHECONSTITUTIVE
PHOTOMORPHOGENIC1 (COP1) EiZAMHAH . COP1AEW H &z RALHY5, f#Hilid26SE
FI B AR AR T TZP5 COPLIIAH AR H e 55 F+COPL 5 HYS M BAE, MMIZER B G /K-t
HYSEL 4 N AR tE. #E— BRI, TZPH S 1E NCOPLRIEY), fELaJefl g R
W COPLPERA . AL 7 T 45 AR B, tzp hyS XU RARARLEAR IR ZL G T 5hy5 s SR AT R A — 5,
HJRTE BRI L0 T K & H Ebhy5 Fltzp B SR (AR A I N IR, 3R BATE m s iz 4006 N TZP A
HYSE AR ML R DI Re . 25 b, 2B IHYSAMITZPEEAH BLARE, XOBRSZRAEDIRE, WhIE
WIEHEMZAOE S S®E (KD ZER THYSHTZPIX AN 65 5@t E 2 IR
BERFAHTRR, NFENTE MM HIphyAS SN 4324 TR I (Li et al., Plant Cell,
2022).
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Mutual Upregulation of HY5 and TZP in Mediating Phytochrome a Signaling
Phytochrome A (phyA) is the far-red (FR) light photoreceptor in plants that is essential for
seedling de-etiolation under FR-rich environments, such as canopy shade. TANDEM
ZINC-FINGER/PLUS3 (TZP) was recently identified as a key component of phyA signal
transduction in Arabidopsis thaliana; however, how TZP is integrated into the phyA signaling
networks remains largely obscure. Here, we demonstrate that ELONGATED HYPOCOTYL5
(HY5), a well-characterized transcription factor promoting photomorphogenesis, mediates FR light
induction of TZP expression by directly binding to a G-box motif in the TZP promoter. Furthermore,
TZP physically interacts with CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), an E3 ubiquitin
ligase targeting HY5 for 26S proteasome-mediated degradation, and this interaction inhibits COP1
interaction with HY5. Consistent with those results, TZP post-translationally promotes HY5 protein
stability in FR light, and in turn, TZP protein itself is destabilized by COP1 in both dark and FR light
conditions. Moreover, tzp hy5 double mutants display an additive phenotype relative to their
respective single mutants under high FR light intensities, indicating that TZP and HY5 also
function in largely independent pathways. Together, our data demonstrate that HY5 and TZP
mutually upregulate each other in transmitting the FR light signal, thus providing insights into the
complicated but delicate control of phyA signaling networks (Li et al., Plant Cell, 2022).
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Figure 1. Working model depicting the mutual relationship of HY5 and TZP in phyA signaling.
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2. COP1 EEEE T/ R ABA 5 5% B FAHLE

CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) 3 A ME3Z RIEHMT . 309K
FEW, COPLI ZAF(ET HZAED S, A AEE RFHFIVRER AT BE, FER Y BEAA
AT A 15 BB E A, T H AL MICOPLIE 2 2 5EE A4 . BRI, RESWE
L. R, 2Rk NI & DL AN cop L AR AATE JAHG T FIAN I AE Ky BUER SR I H X ABA
ABUR R A GRS L], ABA(S Sl 1) 2R S T —ABISfEcopl RAL A 152
ABA FREE B FEAIC, Tt B ABISHEHS 78 42 [7] fhcopl-4 R AR KT ABAAN BUR I R AL, K]
COP1H feillid fE HEABAE SABISEH HM R, 1EEREE N IEREHEYWABAE Si&fit. #—PHRK
W, COPIANMME{EHEABA FABISH:F ¥, 5%, EHIHIABISEA H26SH HBFAEAT I B, M1
HEABISE AR E . AT 70 K W COPLYE JlE MMEHEPIFSI R AR R, 1 2= 4k I 2 fgt il
(It 7 R ILPIFS EL B BUS ABISIE R (1 85 5%, IR AMABISTH AT UL B 223005 B B SR R IE, Xk
H o> WERE T AT copl AL At ABISJE PR 3k 23 [, 2T 5085 T oRIR K 7 COPLE #ABIS
FRSSE PRI 20 T L o Je Al ioE 1 2 A RE 08 (2 R ABISIWESIZ 3 IEH: G, %0 7 KICOP1A
A —A~5CUL4-DDB1E HE3Z RIEHMEE SR ABDLEHAH HAEH . W7k, COPLifiid
2 FAABDLSE 1220 AR, (6 BHE FEtABD1A tH26SH AR AR MIBE MR, MiifEiEABIS
BAfEt. HEK2, ABATE BB T AW (23 COPLIEIAZ F AR, M #COPLXTABA
FSHARAER, (HZABATEE F XS COPLIMAZ T /A i A MR MRS E R . EARERKZ, pifg
RAFR (pifl/pif3/pifa/pifs5 U 548K ) Flcopl 78 A8 A 1F B s N 5 %F ABAN UK . ZHF 78 bedse 1
A KA T AIRE T A A2 B 0L R T XS [FIVR BEABAI R, & B E 6 T B St ABA T 53 11 i
S, 3K AT BE S A2 R R BGE JE T COP LRI PIFSIX 1 3 ) T 45 2 1 4 1 428 IR 7 fy 4 5
g b, ZHH AR T COPLIE I % S A B 16 J5 /K P 1 XU 42 ML, (i 1E ABAXTABIS: R ik
FE KRS, ML RE N IEHEABAR S S &% (K2). ZiF 7l /m i 2 iR 45 31
B b s 5 R IR ABATS 5848, MM PR S8R A& Bk, B AAE H SR TR AR B 4
(417 /1 (Peng et al., Plant Cell, 2022).

COP1 Positively Regulates ABA Signaling During Arabidopsis Seedling Growth

in Darkness by Mediating ABA-Induced ABI5 Accumulation

CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1), a well-characterized E3 ubiquitin
ligase, is a central repressor of seedling photomorphogenic development in darkness. However,
whether COPL1 is involved in modulating abscisic acid (ABA) signaling in darkness remains largely
obscure. Here, we report that COP1 is a positive regulator of ABA signaling during Arabidopsis
seedling growth in the dark. COP1 mediates ABA-induced accumulation of ABI5, a transcription
factor playing a key role in ABA signaling, through transcriptional and post-translational regulatory
mechanisms. We further show that COP1 physically interacts with ABA-hypersensitive DCAF1
(ABD1), a substrate receptor of the CUL4-DDB1 E3 ligase targeting ABI5 for degradation.
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Accordingly, COP1 directly ubiquitinates ABD1 in vitro, and negatively regulates ABD1 protein
abundance in vivo in the dark but not in the light. Therefore, COP1 promotes ABI5 protein stability
post-translationally in darkness by destabilizing ABD1 in response to ABA. Interestingly, we reveal
that ABA induces the nuclear accumulation of COP1 in darkness, thus enhancing its activity in
propagating the ABA signal. Together, our study uncovers that COP1 modulates ABA signaling
during seedling growth in darkness by mediating ABA-induced ABI5 accumulation, demonstrating
that plants adjust their ABA signaling mechanisms according to their light environment (Peng et al.,
Plant Cell, 2022).

Dark Cytosol ARG @ :\ :
— \‘\'/\\

[ABA response] /

K2, COPL/EMRIE T/ FABAME 5 H S /> TR
Figure 2. A working model depicting the role of COP1 in mediating ABA signaling during Arabidopsis seedling

growth in darkness.
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RERY IV 5 S 14-3-3N A MBERRL. HE— DI TR Y, 14-3-3Nk 54 PPKs BRI )5 1) PIF3 T
RS R, BRI gt MR, BFLO6)E 14-3-3Nk (23 PIF3 TEME N BRI A1 B AR, H.
LA DIREHIT PPKs X} PIF3 S344 {7 s (BRI . X8 7T18 K I 14-3-3Nk B 5 phyB H.1E,
H5 Pfr 2 phyB HEAEE G, JEHAEWIEHEROEL G phyB TE4IMZ AR . EHEELZ,
14-3-3NKk fiefig e it PIF3-PPK K PIF3-phyB (1 HAE, Mt f5 phyB-PIF3-PPK =475
GRS 25 L, AP 14-3-3Nk fef 5#RE PIF3 FUGHUER phyB HAE, feit
phyB-PIF3-PPK = 4> E &R R, Mt PIF3 1RO 2 e Pl B b A g (B 3). &
TR T 14-3-3s WISHYDOCTEA G T IR, Jidt— BT 2 2% BASAHIG(E 5 R M 25 41
7 HH AR (Song et al., New Phytol, 2022).

14-3-3 Proteins Regulate Photomorphogenesis by Facilitating Light-Induced
Degradation of PIF3

14-3-3s are highly conserved phosphopeptide-binding proteins that play important roles in
various developmental and signaling pathways in plants. However, although protein
phosphorylation has been proven to be a key mechanism for regulating many pivotal components
of the light signaling pathway, the role of 14-3-3 proteins in photomorphogenesis remains largely
obscure. PHYTOCHROME-INTERACTING FACTOR3 (PIF3) is an extensively-studied
transcription factor repressing photomorphogenesis, and it is well-established that upon red (R)
light exposure, photo-activated phytochrome B (phyB) interacts with PIF3 and induces its rapid
phosphorylation and degradation. PHOTOREGULATORY PROTEIN KINASES (PPKs), a family of
nuclear protein kinases, interact with phyB and PIF3 in R light and mediate multisite
phosphorylation of PIF3 in vivo. Here, we report that two members of the 14-3-3 protein family,
14-3-3A and K, bind to a serine residue in the bHLH domain of PIF3 that can be phosphorylated by
PPKs, and act as key positive regulators of R light-induced photomorphogenesis. Moreover,
14-3-3\ and k preferentially interact with photo-activated phyB and promote the phyB-PIF3-PPK
complex formation, thereby facilitating phyB-induced phosphorylation and degradation of PIF3
upon R light exposure. Together, our data demonstrate that 14-3-3A and k work in close concert
with the phyB-PIF3 module to regulate light signaling in Arabidopsis (Song et al., New Phytol,
2022).
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Figure 3. Aworking model depicting that 14-3-3A and k positively regulate R light-induced photomorphogenesis by

facilitating phosphorylation and degradation of PIF3.
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A Dirigent Family Protein Confers Variation of Casparian Strip Thickness and

Salt Tolerance in Maize

Plant salt-stress response involves complex physiological processes. Previous studies have
shown that some factors promote salt tolerance only under high transpiring condition, thus
mediating transpiration-dependent salt tolerance (TDST). However, the mechanism underlying
crop TDST remains largely unknown. Here, we report that ZmSTL1 (Salt-Tolerant Locus 1)
confers natural variation of TDST in maize. ZmSTL1 encodes a dirigent protein (termed ZmESBL)
localized to the Casparian strip (CS) domain. Mutants lacking ZmESBL display impaired lignin
deposition at endodermal CS domain which leads to a defective CS barrier. Under salt condition,
mutation of ZMESBL increases the apoplastic transport of Na* across the endodermis, and then
increases the root-to-shoot delivery of Na* via transpiration flow, thereby leading to a

transpiration-dependent salt hypersensitivity. Moreover, we show that the ortholog of ZmESBL
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also mediates CS development and TDST in Arabidopsis. Our study suggests that modification of

CS barrier may provide an approach for developing salt-tolerant crops.

2. EK SOS EA 7K TIRER 7 B 2 2R 7

Z i) SOS (55 R RS 5 MH 4 NatsME. NatKii B isiiss 6 Natfas it fe. 124
NIk, SOS 55 A A FBEAR AW b Thae KL NatFads i FHLRIEARE 4 . A FBARIRT 5
BT FOKH SOS (55184, 7R T SOS it 2 AN 4y hREAR J 10 4y TR 2k ftk . 1%t 7E il
e T K M ER U A R, 53] T —ANK ERBURE Y F 22 & LH65, B S KIS EUE AR LHE5 Ik
HURFRIHIAT 55 ZmSTL2 (Salt Tolerance Locus 2) &k Bk k4% . ZmSTL2 4ifid Nat/H* 2
M52 8 ZmSOS1. ZmSOS1 fJa — MM L 4-bp 525 T8 ZmSOS1 & AR BRI AT & k.
ZmMSOS1°Pr G745 i (1) Fh AU R L LA S ZmSOS 1 HISEAT BRI 45 T IE W] H 38 & LH65 (1) #h iUk A
e ZmSOS1 WDyReshA e, FEMELAL |, 5 1 oK SOS3 Hifrik4 /3y ZmCBL4A A
ZmCBL8 , SOS2 [ fi ik 41 4> N ZmCIPK24a , Jf iF ] £ Kk SOS {5 5 & #&

(ZMCBL4&ZmMCBL8/ZMCIPK24a/ZmSOS1) 7F NarfaA4E A £ N2 sp R EH EA/EH . —25
WAL ILES > EK HAZ &R ZmCBL8 %8 4 A T B —4> 3091-bp (] LTR/Gypsy S 55
TN, HiZHENBEK T ZmCBL8 M 3/KF, SEGhIME T Tk B3 Nar& & 258 n, £
ZAGAN S ZmCBL8 My AEAR 5 [ oK H AR BRI Eh 1A A5G . BRiF st 4 R 2022 4F 10 AR
#T New Phytol 17,

The Classical SOS Pathway Confers Natural Variation of Salt Tolerance in Maize

Sodium (Na*) is the major cation damaging crops in the salinised farmland. Previous studies
have shown that the Salt Overly Sensitive (SOS) pathway is important for salt tolerance in
Arabidopsis. Nevertheless, the SOS pathway remains poorly investigated in most crops. This
study addresses the function of the SOS pathway and its association with the natural variation of
salt tolerance in maize. First, we showed that a naturally occurring 4-bp frame-shifting deletion in
ZmSOS1 caused the salt hypersensitive phenotype of the maize inbred line LH65. Accordingly,
mutants lacking ZmSOS1 also displayed a salt hypersensitive phenotype, due to an impaired
root-to-rhizosphere Na* efflux and an increased shoot Na* concentration. We next showed that the
maize SOS3/SOS2 complex (ZmCBL4/ZmCIPK24a and ZmCBL8/ZmCIPK24a) phosphorylates
ZmSOS1 therefore activating its Na*-transporting activity, with their loss-of-function mutants
displaying salt hypersensitive phenotypes. Moreover, we observed that a LTR/Gypsy insertion
decreased the expression of ZmCBLS, thereby increasing shoot Na* concentration in natural
maize population. Taken together, this study demonstrated that the maize SOS pathway confers a
conservative salt-tolerant role, and the components of SOS pathway (ZmSOS1 and ZmCBLS8)
confer the natural variations of Na* regulation and salt tolerance in maize, therefore providing

important gene targets for breeding salt-tolerant maize.
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FE AR A AR A R A B PR AT AOGI FE 45 3 2022 48 10 A &K% T Plant Biotechnol J
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A Teosinte-Derived Allele of an HKT1 Family Sodium Transporter Improves Salt
Tolerance in Maize

The sodium cation (Na*) is the predominant cation with deleterious effects on crops in
salt-affected agricultural areas. Salt tolerance of crop can be improved by increasing shoot Na*
exclusion. Therefore, it is crucial to identify and use genetic variants of various crops that promote
shoot Na* exclusion. We show that a HKT1 family gene ZmNC3 (Zea mays L. Na* Content 3;
designated ZmHKT1;2) confers natural variability in shoot-Na* accumulation and salt tolerance in
maize. ZmHKT1;2 encodes a Na* -preferential transporter localized in the plasma membrane,
which mediates shoot Na* exclusion, likely by withdrawing Na* from the root xylem flow. A
naturally occurring nonsynonymous SNP (SNP947-G) increases the Na* transport activity of
ZmHKT1;2, promoting shoot Na* exclusion and salt tolerance in maize. SNP947-G first occurred
in the wild grass teosinte (at a allele frequency of 43%) and has become a minor allele in the
maize population (allele frequency 6.1%), suggesting that SNP947-G is derived from teosinte and
that the genomic region flanking SNP947 likely has undergone selection during domestication or
post-domestication dispersal of maize. Moreover, we demonstrate that introgression of the
SNP947-G ZmHKT1;2 allele into elite maize germplasms reduces shoot Na* content by up to 80%
and promotes salt tolerance. Taken together, ZmNC3/ZmHKT1;2 was identified as an important
QTL promoting shoot Na* exclusion, and its favourable allele provides an effective tool for

developing salt-tolerant maize varieties.
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RELHMEKKEEEPEERE R TR WREAMCGERAEEDRERRN EERL, @&
TENEERE SRR AR E MRS R . AT JE MY AR E N . SR, 1l
VIR Z X Mod NV R B T AE 7 TALRIA A Re it 5T I IR AL i 77, 3RS T 2 ERAEK
TR AR 25 ol 18 BRUBME BRI Y 2222 4Kk lonr Clow nitrate resistant mutant). 1, LONRLgwAS— Nk
KT NACO75. 7t — 0 R I, AR EL 78 2 B 261 T, NACO75 AR AEZm A 7] A B2 = 4T i #2 5)) «
EAM R #h B e m] DABOS CIPK LI VG, 35 InX NACO7S5 IR 1L, PR T NACO75 M H A i) P4
BEHIRE Bl o i B AE HP A TR BFINACO7 53 1 0 T IFWRKY 53 e i AR B T AR AT 2P AR
RO FAMN 8 E T HEYIREIR S5 SR iR 2, T HOAZE TR ol R I VEPiads & MhoFl & s
OB PP B e B IS IR . 2T AR T20224E12 H 7 (Developmental Cell) UK SO K
#* (Xiao et al., Dev Cell, 2022).

Nitrate Availability Controls Translocation of the Transcription Factor NACO75

for Cell-type-specific Reprogramming of Root Growth

Plant root architecture flexibly adapts to changing nitrate (NO3") availability in the sail,
however the underlying molecular mechanism of this adaptive development remains understudied.
To explore the regulation of NO3-mediated root growth, we screened for low nitrate resistant
mutant (lonr) and identified mutants defective in the NAC transcription factor NACO075 (lonrl) as
being less sensitive to low NO3" in terms of primary root growth. We show that NACO75 is a mobile
transcription factor relocating from the root stele tissues to the endodermis based on NO3"
availability. Under low-NO3~ availability, the kinase CBL-INTERACTING PROTEIN KINASE1
(CIPK1) is activated and phosphorylates NACO75, restricting its movement from the stele, which
leads to the transcriptional regulation of downstream target WRKY53, consequently leading to
adapted root architecture. Our work thus identifies an adaptive mechanism involving translocation
of transcription factor based on nutrient availability and leading to cell-specific reprogramming of

plant root growth (Xiao et al., Dev Cell, 2022).
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Figure 1. A working model for NACO75-mediated root adaption in response to NOs™ availability.
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Optimized Prime Editing Efficiently Generates Glyphosate-Resistant Rice Plants

Prime editing is a novel and universal CRISPR/Cas-derived precise genome-editing
technology, however, low efficiency has restrained the original prime editors (PEs) from being
used broadly in plants. Recently, optimized PEs have been reported to greatly improve prime
editing efficiency in mammalian cells by combining three optimization strategies: engineering
pegRNAs, optimizing PE protein, and manipulating cellular determinants of prime editing. In this
paper, we tested the optimized PEs in rice protoplasts and transgenic lines, demonstrating that the
optimized PEs greatly improved prime editing efficiency. We named the two optimized PEs
ePE3max and ePE5max: the former is comprised of the PEmax protein, an engineered pegRNA

with evopreQ1 appended to its 3' end, and a nicking sgRNA; the latter is comprised of the
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ePE3max system and a dominant negative OsMLH1 variant for inhibiting DNA mismatch repair.
Using the two optimized PEs, we efficiently generated homozygous and heterozygous TAP-IVS
mutation in EPSPS and demonstrated that the mutation conferred glyphosate-resistance in rice. In
addition, we demonstrate that using the rule of termination to re-design pegRNAs was able to
eliminate the pegRNA scaffold-derived byproducts, which increased along with enhanced prime
editing efficiency. Collectively, our results demonstrate that the optimized PEs are now able to
remove the main obstacle to broad applications of prime editing in rice and lay a solid foundation

for rice non-transgenic glyphosate-resistance breeding.
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Figure 1. Optimized prime editing efficiently generates glyphosate-resistant rice plants.
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Optimized Prime Editing Efficiently Generates Glyphosate-Resistant Rice Plants

Low efficiency is the main obstacle to using prime editing in maize (Zea mays). Recently,
prime-editing efficiency was greatly improved in mammalian cells and rice (Oryza sativa) plants by
engineering prime editing guide RNAs (pegRNAs), optimizing the prime editor (PE) protein, and
manipulating cellular determinants of prime editing. In this study, we tested PEs optimized via
these three strategies in maize. We demonstrated that the ePES5max system, composed of PEmax,
epegRNAs (pegRNA-evopreQ1), nicking single guide RNAs (sgRNAs), and MLH1dn, efficiently
generated heritable mutations that conferred resistance to herbicides that inhibit
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS), acetolactate synthase (ALS), or acetyl
CoA carboxylase (ACCase) activity. Collectively, we demonstrate that the ePE5max system has
sufficient efficiency to generate heritable (homozygous or heterozygous) mutations in maize target

genes and that the main obstacle to using PEs in maize has thus been removed.
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Figure 2. Editing efficiency of the ePESmax system targeting two sites for two genes and herbicide resistance

analysis of the resulting T1 mutants.
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FIFASLH = ERHE VDAL, GbLTP3 & GbAt1l BINEE 1 THEBHRR. 4R
BE PR I T DAGskD 43 57 A RO BBCRE, BRI R R M R T EH (BB o R IR . S A A S A
Ri S PESE IR B IR AL T RIS BRI €, ARl 5 vk T Bk DR 4 m () B 2 R A a5 o AR S
BT JUME S T 5w Bxbl HAARE/ TR S MAMEE M FR (Gossypium hirsutum cv.Coker
312). B BENUEANFLHGRIE, RG T HIskkR, B —MRAMEESHE RS2, lox F attP A 40
PREGEAA SERE DL, HURE N CUNSE R P Sk 2 i, 45 R BN IR N GFP A LIEH Rk,
AR 3 ANPLe itz (VDAL GbLTP3 & GbAtll, ASLREEMER, FRERE)
MR G4 3 MBIEE R (CTS1. CTS3 Al CTS4) k47 7RSI, M 95 Mpar i
WA B R 3RAT T 9 MR TR A S . IR Southern A1 DNA J7 41 43 HTIE 5K
TSRO SRR RS, JERIL CTS1i3 M MBIRIA RS LA &, B RGO skt
P8 D1, IXLSREAE H AR R AT VE N ARG SIS R B I BRI R, oA T DNA B4 s &
BE5E T HREAY (Li et al., Plant Physio., 2022).

Recombinase-Mediated Gene Stacking in Cotton

Site-specific gene stacking could reduce the number of segregating loci and expedite the
introgression of transgenes from experimental lines to field lines. Recombinase-mediated
site-specific gene stacking provides a flexible and efficient solution, but this approach requires a
recombinase recognition site in the genome. Here, we describe several cotton (Gossypium
hirsutum cv. Coker 312) target lines suitable for Mycobacteriophage Bxbl recombinase-mediated
gene stacking. Obtained through the empirical screening of random insertion events, each of
these target lines contains a single intact copy of the target construct with precise sequences of
RS2, lox, and attP sites that is not inserted within or close to a known gene or near a centromere
and shows good expression of the reporter gene gfp. Gene stacking was tested with insertion of

different combinations of three candidate genes for resistance to verticillium wilt into three cotton
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target lines: CTS1, CTS3, and CTS4. Nine site-specific integration events were recovered from 95
independently transformed embryogenic calluses. Southern and DNA sequence analyses of
regenerated plants confirmed precise site-specific integration, and resistance to verticillium wilt
was observed for plant CTS1i3, which has a single precise copy of site-specifically integrated DNA.
These cotton target lines can serve as foundation lines for recombinase-mediated gene stacking
to facilitate precise DNA integration and introgression to field cultivars (Li et al., Plant Physio.,
2022).
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Figure 1. CTS1 derived site-specific integrant plants. A, Recombination between the genomic attP site in CTS1
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with attB site in pGh6 (B) to produce (C) type | or (D) type Il integration structure, catalyzed by Bxb1 integrase from
co-transformed pYQ78. E, Representative PCR detection of site-specific recombination junctions, WT site,
genome attP, and plasmid attB. F, WT chromosome site of corresponding CTS1 insertion. Red lines represent PCR
products. G, Southern blots of plant CTS1 and integrant plants CTS1il and CTS1i2 cleaved with Ncol or Sacl and
hybridized with probe gfp, VdAL, or hpt. Restriction sites and expected fragments shown in (A) and (C). H,
Integrated plant CTS1i3 showed resistance to Verticillium dahlia 16 d after inoculation with the “vd991” conidial,
scale bar: 0.01 mm. I, Expression of site-specifically integrated trait genes in CTS1i1 and CTS1i2 compared to
CTSL1. Transcript level of each gene normalized to G. hirsutum histone 3 gene. Data presented as means + SD of
three sample repeats. Significant differences according to unpaired t test (**P 50.01, ****P50.0001, ns, not
significant). M: marker lane, fragment sizes in kb; P: positive control from pZH84 and pGh6 in vitro recombination;
WT: Coker 312 DNA.
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1. FHREFEZEE SUGCARL FEFKFFRIER TR+ /e H

IV OGE =PRI B3R5 ) MBS ) Foh 756 8% & S MR R R B A= MR A DG B R
Fo W AR TP A B W S I ) 7 3 K B 5 T i A AR B BN, SR 5 4 R IR A
GULIEHENKFRL. FERK. SRS BIEYh, X RLES BRI KB T SRR 4 28R
RS ##4 2 BETL (Basal Endosperm Transfer Layer). WFFt#RH, FRIEE 7 o fE b 40 e b
CRUBE) Sk AR R pE CRTATRERI SR, SR8 BETL () Sbfs s At AR L. 57 —Fh 3 0i0h
FERE 0] DUAS/K AT B @ I BETL EAMFL. SRIMIZ S ik, HRTE BETL HORILSCRRZ S U
FERERL IR . A ST TF [ 8% 2 10 D 0RO B — AN RN RIS R B M AR e, P 7 v
Fl CRISPR/Cas9 HARIGIE, i€ T K ZMNPF7.9/ZmSUGCARL JE[K 7845 & S BUFRLE J Bl [
FAMEF . ZMSUGCARL B:RRE AL F AR A K E (BETL) Rk, @ik Rguiliih
ST, RIL ZMSUGCARL 2R IF AINPF7.3 155 RFEHEA . DAERITFREY, AINPF7.3 H
A AT RIZEE, S 5R RIS F R RRAR S T 1t S . AR ZmSUGCARL
(¥ Th e B 2% S R KK RL h RERE AR 2508 & B B R, JET S BRI AR R, R RL o 4
B R R E R, R TS DR REA AN HEK293T 4 Fl iR RIE AR R, il A
MiEEbRIe . B AT B B s E SRR NS ZmSUGCARL & A 1a i AT A
W, KI ZMSUGCARL MU AT AFZ B 1, 4 NEAMIRZ ZmSUGCARL i4: ft 8 B 12 1 i AN
HEHE. ZMSUGCARL IIFEHS TG PEAO T Bs AU pH BAE, BEEIE R —A HYFERRI T [
) F g ik . (HARTE RS, ZmSUGCARL 7E & AN i) H & [\ U5 3 [ SbSUGCAR1L #
TaSUGCARL #RYEFRIESL M BRs 3k, JF HOX AN (1 IR B e RV &1 ik isva vk, &
B SUGCARL ZEAMEMF I Thae B R, BN eSS SRR SR (Yang et al., Plant
Cell, 2022).
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The Sugar Transporter ZmSUGCARL1 of the Nitrate Transporter 1/Peptide

Transporter Family is Critical for Maize Grain Filling

Maternal-to-filial nutrition transfer is central to grain development and yield. nitrate transporter
1/peptide transporter (NRT1-PTR) -type transporters typically transport nitrate, peptides, and ions.
Here, we report the identification of a maize (Zea mays) NRT1-PTR-type transporter that
transports sucrose and glucose. The activity of this sugar transporter, named Sucrose and
Glucose Carrier 1 (SUGCARL1), was systematically verified by tracer-labeled sugar uptake and
serial electrophysiological studies including two-electrode voltage-clamp, non-invasive
microelectrode ion flux estimation assays in Xenopus laevis oocytes and patch clamping in
HEK293T cells. ZmSUGCARL is specifically expressed in the basal endosperm transfer layer and
loss-of-function mutation of ZMSUGCAR1 caused significantly decreased sucrose and glucose
contents and subsequent shrinkage of maize kernels. Notably, the ZmSUGCARL1 orthologs
SbSUGCAR1 (from Sorghum bicolor) and TaSUGCARL1 (from Triticum aestivum) displayed similar
sugar transport activities in oocytes, supporting the functional conservation of SUGCARL1 in
closely related cereal species. Thus, the discovery of ZmSUGCARL1 uncovers a type of sugar
transporter essential for grain development and opens potential avenues for genetic improvement

of seed-filling and yield in maize and other grain crops (Yang et al., Plant Cell, 2022).
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Figure 1. A shematic model of ZmMSUGCARL1 in regulating grain filling in maize.
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FILT . REWFERY type I-E RGEAT LA SR DR A B8 () (K BB o SR, RS R PR 1 apeadt
—B Ak, fERL, FATFR T —AEER Dvu I-C R4, JFUESE T &4 Casllc (1 Dvu I-C A&
DAFH T M 47 2k DR 20 G 8 (] 2) o 8 A8 XL erRNA (130, 3 AT 3 Dvu 1-C 22 G FH ot () crRNA
AT DA O 5T T A B R BBy, s/ rlak 20 kb IF BAX AR AT T4 S type IFE &
SR HO MR AT 2 o S I X AN (] 8] B R BE AR IC R 52 B2 70 #r - JRATTHIESE T Dvu I-C RGEN RS ORI
BRI FRREGERRE T, s, BATBERI Dvu I-C RS0 LA ROAE B KR K ARG AR ifs e 1
FeREDIMR R, AR TTIE 86.7%. 1ZWFFIT A 1 AT LA 808 T3 R 20 K R B 2% 1) 26k [R] 9 8 T
H-Dwu I-C, #t—BF5 7 ERmE TR ZFEE.

Targeted Large Fragment Deletion in Plants using Paired crRNAs with Type |
CRISPR Systems

At present, CRISPR-Cas system has been widely used in genome editing of plants and
animals, CRISPR-Cas9 system from type Il can achieve genome knock-in, knockout, base editing.
However, the research on large fragment deletion tools is relatively few and inefficient. Although
some studies have shown that the type I-E system can induce large fragment deletion with
unidirectional segments deletion on human genome. The accuracy needs to be further optimized.
Here, we develop a compact Dvu I-C system and confirm that Dvu I-C system with Casllc can be
used for plant genome editing (Figure 2). By using a dual crRNA design, we found that the Dvu I-C
system using paired crRNAs effectively introduced controlled large fragment deletion at least up to
20 kb. It can also be used to improve the controllability of deletion in type I-E systems by using
paired crRNAs. By analyzing the tolerance of different spacer lengths and mismatches, we
confirmed that the Dvu I-C system is sensitive to mismatches. which is conducive to improving the
specificity of editing. In addition, we found that the Dvu I-C system can effectively generate stable
transgenic lines in maize and rice, with editing efficiency up to 86.7%. This research has enriched
the existing genome editing system and developed a genome editing tool, Dvu I-C, which can be

effectively applied to large fragment deletion.
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Mapping Genome-wide Structural Variations of 106 Maize Lines with Nanopore
Sequencing

Structural variations (SVs) contribute substantially to maize genome diversity and phenotype
variability during domestication and improvement. Due to the high complexity of maize genome, a
population-level SV catalog remains challenging. Here we utilized the long-read nanopore
sequencing, curated base calling and SV discovery algorithms, and identified 245,277 deletions
and 156,642 insertions in more than 100 maize and teosinte lines. The per-accession SV sets
reiterate major evolutionary context and reveal extensive identity-by-state (IBS) regions and gene
introgression. Around 80% of the SVs colocalize with transposon elements, among which Gypsy
drives most abundant SVs in both pericentromeric and telomeric regions. SVs driving by DNA/T
and MITEs are less prone to be retained than LTR elements. Most SVs are deleterious except for
the DNA/T and MITE-related deletions, which might be explained by their relatively old insertion
time. Thousands of SVs mediate significantly different expression of nearby genes. Our results
established a great resource for investigating SVs involving maize domestication and for guiding

maize agronomic improvement.
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Figure 3. per-accession SV discovery and its evaluation. (A) SVCollector curves of cumulative insertions and
deletions identified in 106 accessions. The order of added accessions was determined by “greedy” algorithm. (B)
The distribution of the number of per-accession deletions and insertions. Generally, less insertions were identified
than deletions. (C) The scatterplot shows the correlation between the number of per-accession SVs and the
SNP-based distance between each accession and Mol17. (D) The clustering of SV presence/absence matrix for

106 maize accessions. The colors for maize subpopulations match the colors in (B).

4. FKRFEATEH QTL K€

AW FAE T — I EK NAM BEA—HNAU-NAML, 3t 1617 MEAEL R, HLFEEANE
KB HR GEMSAL, 7E 4 FiEASE NXTHEAM R AT Rt 1T 5 %8 AR5, FIRHBCEESIUE (joint
linkage mapping, JLM) J7VAfEZ /D 3 FREAEE IR 3 A e 4 24t ik B 5 M RE 1) QTLs;
W BOEBIE (SLM) R4 BERZ G FE (GWAS) J7ikilk— B IniE 7iX 2 QTLs, X 5 4
QTL A 31~ QTL HIThREHEF LB %8 I T30 UF, 45 gKRN1.1. gKRN2.1 fl gKRN4.1. [F]Ef
R T HASHTAEATE QTLs, gKRN4.2 il gKRNO.1. ##E /At RNA-seq ALK 4T RAME, 5
ANTE A A 1 R 0A I B R A D T e RS AT R I 2L K] (Fei et al., BMC Genomics, 2022)

Identification of Two New QTLs of Maize (Zea Mays L.) Underlying Kernel Row
Number Using the HNAU-NAM1 Population

Here, we measured KRN in four environments using a nested association mapping (NAM)
population named HNAU-NAM1 with 1,617 recombinant inbred lines (RILs) that were derived from
12 maize inbred lines with a common parent, GEMS41. Then, five consensus quantitative trait loci
(QTLs) distributing on four chromosomes were identified in at least three environments along with
the best linear unbiased prediction (BLUP) values by the joint linkage mapping (JLM) method.
These QTLs were further validated by the separate linkage mapping (SLM) and genome-wide
association study (GWAS) methods. Three KRN genes cloned through the QTL assay were found
in three of the five consensus QTLs, including gKRN1.1, gKkRN2.1 and gKRN4.1. Two new QTLs
of KRN, gKRN4.2 and gKRN9.1, were also identified. On the basis of public RNA-seq and genome
annotation data, five genes highly expressed in ear tissue were considered candidate genes
contributing to KRN (Fei et al.,, BMC Genomics, 2022).
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Figure 4. QTLs associated with KRN under different environments in the HNAU-NAML1 population.
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KB, o TS HERKRAER. BiefE 5 3% — R/ R AERR R G REPA
[ I SAAS [R50 (B (1 Bk . Wt 045 SR B T3t — B T KPR R & 1K B ERE AN 43
VEEEHLE], A FARFRLEIR B R AR AT I B R 4H 5= 555 (L et al., Plant Mol Biol, 2022).

High Temporal-Resolution Transcriptome Landscapes of Maize Embryo sac and

Ovule during Early Seed Development

The early maize (Zea mays) seed development is initiated from double fertilization in the
embryo sac and needs to undergo a highly dynamic and complex development process to form
the differentiated embryo and endosperm. Despite the importance of maize seed for food, feed,
and biofuel, many regulators responsible for controlling its early development are not known yet.
Here, we reported a high temporal-resolution transcriptome atlas of embryo sac and ovule based
on 44 time point samples collected within the first four days of seed development. A total of 25,187

genes including 1,598 transcription factors (TFs) involved in early seed development were
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detected. Global comparisons of the expressions of these genes revealed five distinct
development stages of early seed, which are mainly related to double fertilization, asymmetric cell
division of the zygote, as well as coenocyte formation, cellularization and differentiation in
endosperm. We identified 3,327 seed-specific genes, which more than one thousand
seed-specific genes with main expressions during early seed development were newly identified
here, including 859 and 186 genes predominantly expressed in the embryo sac and ovule,
respectively. Combined with the published transcriptome data of seed, we uncovered the
dominant auxin biosynthesis, transport and signaling related genes at different development

stages and subregions of seed. These results are helpful for understanding the genetic control of

early seed development (Li et al., Plant Mol Biol, 2022).
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1. #ABEB HSP101 FIEFKTEN SR MU B 7 R Pt

IR BRI A T AR T R OCBRIATT , BRI AU R W T 2 R A A ek A 4 2L R 2 DL K S )
TE RERE, AR R SRR B R IE . A 7E A — A TR G L) A A & R
Ak Ms42 AFFATR . AHEMER I, Ms42 FEAARAEN; BEAN AIRE > 24001 1 1) 1R Y54 Cu R e
XS AR SSAFAEGRRE, JRE 7> 2210 DNA SUEEMT RIB A i . il FER B A e AL, Ms42 gt
HWEN HSP101, FEELEILR BEMhRIk . R H R H AR hsplOl TR, #%
RAWHEE TR RN E A BE R, HEEEmiRAE)S, hsplol 4Ek+ DSB BH
K RADS1 AEEMAFE IR HY ik b, R8RS Ml BRI EE R . 52N
Hy, FIXHSP101 B EM R/ METRERTRE. 28 BN, HSP101 % F oK/ MET R B It
P, A T R K PR DR R o 2R e U I S s A LB AR A ORI LR (LD et al., Plant Cell,
2022) .

Heat Shock Protein 101 Contributes to the Thermotolerance of Male Meiosis in

Maize

High temperatures interfere with meiotic recombination and the subsequent progression of
meiosis in plants, but few genes involved in meiotic thermotolerance have been characterized.
Here, we characterize a maize (Zea mays) classic dominant male-sterile mutant Ms42, which has
defects in pairing and synapsis of homologous chromosomes and DNA double strand break
(DSB) repair. Ms42 encodes a member of the heat shock protein family, HSP101, which
accumulates in pollen mother cells. Analysis of the dominant Ms42 mutant and hsp101 null
mutants reveals that HSP101 functions inRADIATION SENSITIVE 51 loading, DSB repair, and
subsequent meiosis. Consistent with these functions, overexpression of Hsp101 in anthers results
in robust microspores with enhanced heat tolerance. These results demonstrate that HSP101
mediates thermotolerance during microsporogenesis, shedding light on the genetic basis

underlying the adaptation of malemeiocytes to high temperatures (Li et al., Plant Cell, 2022).
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Figure 1. HSP101 mediates thermotolerance of pollen mother cells in maize.

2. SHHIREEILES INVANG R E KRS it

VA SRR A BT AR oy B, Tk 25 ORI S R A A PR IR o R R BRI N
U, A FHLRIANGETEMT . 2T LA — N K B & Bk Mei025 A FAT 4
Mei025 FAIA ALk B AR AR TE R 2RI 2 J5 R A D i o 25, AT EAE M GO E o J 1 5 R 1) 6 e
BB, Mei025 275 A mi 2 i i LB INVANG LR ER AT — AN E5AE, S5 INVANG
B 276 SR K R T R AW . INVANG Fr S PE K B RERE,  BE 10k B s 42 .
INVANG € H & F.AE, I fe A0 & D0 A 40 i 57 8% A0 BL & B4 14-3-3 HE HAE. R
INVANGMe025 25 [ B SR AT IEME K MRS 1, (RS MAFAE 2 SEOREU R %, n] ARl i 1 67 4k
BT ST T EFAEAY INVANG BRI 8 1 DL BAE SR A D) Re . il id B R gm R B R 3R A5 T
invan6 [MTCRRAR A, FAMHE TR AEREUN RS P REFA IS R K], INVANG X T
HEVEVRE > 2L S RS FIPU IS M AR . 28 LT, iSO R BL— AN T 5410 INVANG
Z 5 HRE T PR AR (S S A, AT ORESE 2 R IE W 3T (Huang et al.,, New Phytol,
2022) .

Maize Cytosolic Invertase INVANG6 Ensures Faithful Meiotic Progression Under
Heat Stress

Faithful meiotic progression ensures the generation of viable gametes. Studies suggested
the male meiosis of plants is sensitive to ambient temperature, but the underlying molecular

mechanisms remain elusive. Here we characterized a maize dominant male sterile mutant Mei025,
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in which the meiotic process of pollen mother cells (PMCs) was arrested after pachytene. An
Asp-to-Asn replacement at position 276 of INVERTASE ALKALINE NEUTRAL 6 (INVANG), a
cytosolic invertase (CIN) predominantly exists in PMCs and specifically hydrolyses sucrose, was
revealed to cause meiotic defects in Mei025. INVANG interacts with itself as well as with four other
CINs and seven 14-3-3 proteins. Although INVANGMe925 the variant of INVANG found in Mei025,
lacks hydrolytic activity entirely, its presence is deleterious to male meiosis, possibly in a dominant
negative repression manner through interacting with its partner proteins. Notably, heat stress
aggravated meiotic defects in invan6 null mutant. Further transcriptome data suggests INVANG
has a fundamental role for sugar homeostasis and stress tolerance of male meiocytes. In
summary, this work uncovered the function of maize CIN in male meiosis and revealed the role of

CIN-mediated sugar metabolism and signalling in meiotic progression under heat stress.
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Figure 2. INVAN6 mediates thermotolerance of maize male meiosis.
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1. EXRRBORTURE R KRB TOR LT

TP & — PR ERTER TR F, fAFWILE . ERE, TP C BNk KK,
NI 2 J5 X TR E R R 5-300%, KR EIN BERRAGAE, B R . TR TR AL
HIHIRGI 3] T AN 32 QTL, qRolsl F1 gRgls2, 437lfr T EKEE 8 F158 5 Setafk . Hid L 4E
PASAENL, ks eAIR E/E 60kb 1 80kb X [AIN . Ze4%FFEN D)RRERIE, 1ESE ZmWAKL Al
ZMCDPK AIX AL S HIHUR RN, XX A S R 1 BUm ML AT T W5 R 5T

ZMWAKL Zfid—AN A BEAR OC 1028 2 AR, Refie 5320k ZmWIK 454, SRk bR it
K. ZMWAKL/ZMWIK %% 526 7R REfE 5 40 i BT 52 Ak il ZmBLKL 256 IRz = .
ZmBLK1 fEf% H 45 & JE IR 1L ZmRBOH4, MM IF ) 1 4% K 6 2K B3 1) Btk 1F 55 % 1
ZMmWAKL BETS AR IR B R, FEiEIE ZmWIK fil ZmBLKL K5 (5 5L K %] ZmRBOH4. #
T ZMRBOH4 fish i 1 S (1 45 R V45 KB I H1k «

T AP ER ZmCDPK bt i85 i 2 e, IR AL TSR ZmDi19 5 117 {7 22%1R,
AT 55 R 7 ZmDi19 (P, HET fOEE TR AR BER OB . R ThRE LR IEHI A ZmDil9 IE
AR IKBELIE . S5 G R AR, I B BRI S R IA /3 A 458 31 ZmDil9 A1
HUbRIEN ZMPR10, HidEiE ZmPR10 2858 7 T KN 2K RO it .

Identification and Characterization of Two Major QTL to Gray Leaf Spot in Maize

Gray leaf spot (GLS) is a destructive foliar disease and poses a grave threat to maize
production worldwide. In China, GLS has become another serious foliar disease after Northern
corn leaf blight and Southern corn leaf blight, which causes 5-30% yield loss every year. When
severely infected, the disease causes plant death, resulting in complete yield loss. We previously
detected two major QTL, designated gRglsl and gRgls2, located on chromosomes 8 and 5,
respectively. Thereafter, we delimited gRglsl and qRgls2 into 60kb and 80kb intervals,
respectively, by a sequential fine-mapping strategy. Transgenic validation demonstrated that
ZmWAKL and ZmCDPK are the genes within gRgls1 and gRgls2 conferring resistance to GLS.

-134-



’) State Key Laboratory of Plant Physiology and Biochemistry
=4

ZmWAKL encodes a cell wall-associated receptor-like kinase, which can bind to its
co-receptor ZmWIK on the plasma membrane and enhance each other’'s phosphorylation level.
ZmWAKL/ZmWIK immune complex can bind to a receptor-like cytoplasmic kinase ZmBLK1 and
transmit phosphorylation signal. The activated ZmBLK1 directly binds to and phosphorylates
ZmRBOHA4, thus positively regulating the GLS resistance. Our studies have shown that ZmWAKL
could perceive the invasion of pathogen and converge immune signals to ZmRBOH4 via ZmWIK
and ZmBLK1. The activated ZmRBOH4 finally triggers a burst of reactive oxygen species to
execute GLS resistance.

Another resistance gene ZmCDPK encodes a calcium-dependent protein kinase, which
phosphorylates a downstream target ZmDi19 on its Ser-117 to negatively regulate the stability of
ZmDil9 protein, leading to susceptibility to maize gray leaf spot. Transgenic functional test
confirmed that ZmDil19 positively regulates GLS resistance. Combining transcriptome and
proteome data, yeast-to-hybridization and transient expression analysis, we identified ZmPR10, a
target gene regulated by ZmDi19 and overexpression of ZmPR10 significantly enhanced maize
resistance to gray spot.
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Identification and Utilization of Genes Against Stalk Rot Disease in Maize

Maize stalk rot is one of the most devastating and prevalent diseases worldwide. In the
gain-filling stage, the disease causes rhizome rot, leaves yellowing and grain-filling block. At the
harvest stage, stalk rot disease leads to large-scale plant lodging, which causes yield loss and
deterioration of grain quality. In recent years, stalk rot has widely spread in all maize producing
areas in China, with a yield reduction of 25-30%, or even complete yield loss.

Discovery of new resistance locus against maize Gibberella stalk rot: For the previously
identified QTL-qRfg3, we developed high-density molecular markers within the qRfg3 region for
further fine-mapping. We eventually mapped gRfg3 to a 10-kb interval flanked by the molecular
markers M30 and M13. The markers in the mapped region were used to screen two BAC libraries
constructed from the resistant and susceptible inbred lines, and build two BAC contigs covering
the final fine mapping region. Alignment of BAC sequences between two parental lines H127R and
chang7-2 allowed us to identify a 4-kb length copy-number variation that was highly associated
with stalk rot resistance. There is a functional gene near the mapped region, named ZmBAGA4.
Both resistant and susceptible ZmBAG4 alleles are conserved in their sequences except for three
SNPs. Inoculation on the null ZmBAG4 mutant caused by Mutator insertion preliminarily revealed
that ZmBAG4 may be involved in maize resistance to Gibberella stalk rot.

The modification and application of a stalk rot resistance gene ZmCCT: ZmCCT is the
gene underlying the major resistance QTL against stalk rot, which can also delay maize flowering
time under long-day conditions. The presence/absence of TE insertion and sequence variations at
the ZmCCT promoter region allow us to identify at least 15 ZmCCT haplotypes, in which the
resistance H6 haplotype showed photoperiod sensitivity under long-day conditions. To reduce
photoperiod sensitivity and keep the stalk-rot resistance, we used CRISPR/Cas9 to edit the
promoter sequence, especially those photoperiod-responsive cis-elements. Totally, we got 45
different editing types to assess both disease resistance and photoperiod sensitivity. Of them, two
exhibited desirable phenotypes in the field tests, with early flowering by 15-20 days and
unchangeable disease resistance. However, great variations of the same editing type in different
replicates indicate that genetic background may have a greater impact on phenotype. Thus far, the
pivotal regulatory motifs of ZmCCT affecting flowering time and disease resistance need further

investigation and analysis.
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Molecular Mechanisms of ZmGDla-hel in Regulating Maize Quantitative

Recessive Resistance to MRDD

Maize rough dwarf disease (MRDD) is a predominant viral disease worldwide, known as ‘the
cancer of maize’. Our previous study showed that a helitron-induced ZmGDIla variant ZmGDIa-hel
is the recessive resistance gene, leading to quantitative resistance to MRDD. We also detected
that the host ZmGA20x7.3 can interact with either ZmGDla or ZmGDla-hel or viral protein P7-1.
Here, we detect that ZmGA20x7.3 binds more tightly to ZmGDIa than ZmGDla-hel. The resulting
heteromultimer P7-1/ZmGDla/ZmGA20x7.3 shows higher dioxygenase activity than
P7-1/ZmGDla-hel/ZmGA20x7.3 in the conversion of biologically active gibberellins GA1/GA4 to
inactive GAs/GAsz4. High-active P7-1/ZmGDla-hel/ZmGA20x7.3 greatly interfered with

phytohormone homeostasis, thus causing the MRDD phenotype of internode shortening.
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4. FRGIBEABRAE BN QTL KIRFAIE AL

e RAHOREL B 55 2t e L R AR G T A R T, AMUE KB I, AR
LR 7 3R 0 N B A B O™ b . ITAEK, B URAIARAL,  EORBERLE R O & Oy oK
FREL X e 2 B (R T, A B FR RO O I I o FRATIRI KA 8 = ik BE CML304 Ak #4
B B73 ARCH RIL BEA, fEEK 2 SRR E R — MR 20 QTL, ¥4 h
QTL-qRIV2, fEEMARFERIIAL ¥ 18.66%. 2020 F4, 7EHERIFIA 17 AN EAL/MA 2300 A 1R
X HAAT RS B AL, R AL R EAE > TFRid 2E-5 A1 2D Z[a], 297 Mb X [E] A .

FERTIIE A Emt b, @ hn e & A X IR 73 - FRic b AT RS AE fr. A 10 AN 2028,
¥ QTL-gRIV2 JEALEIS T-hRic 2A-8 Fl 2-41 2 [H]Z) 2.4 Mb X [B] Y, 5 X TA] 4 A BE R0 2 [
BEAT TR B AR

Maize ear rot is one of the most devastating fungal diseases worldwide, which not only
reduces maize vyield, also the mycotoxins produced by Fusarium spp. can be fatal to health of
human and livestock. With the climate change in latest these years, maize ear rot has spread to all
maize-growing areas and become the most serious disease and the most concerned topic of
maize breeders. We used the RIL population constructed by the resistant parent CML304 and the
susceptible parent B73 to excavate resistance genes of Fusarium verticillioides ear rot in maize. A
major QTL was identified on chromosome 2 of maize and named it QTL-qRfv2, which could
explain 18.66%o0f phenotypic variation. We utilized 2300 maize plants, which were the offspring of
the selected 17 recombinant individuals, to fine mapping the Fusarium ear rot resistance loci
QTL-gRfv2. The results showed that the QTL-gRfv2 was located on the upstream of the flanking
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maker 2D, and the loci segment within about 7Mb.

In the previously identified QTL-gRfv2 region, more molecular markers have been developed
for further fine-mapping. Based on offspring derived from ten recombinants, QTL-qRfv2 was
further narrowed down to a 2.4 Mb interval flanked by markers 2A-8 and 2-41. The potential

candidate genes were identified and cloned into express vector for functional validation.
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Figure 5. Fine mapping of gRfv2.
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NI 49Kb AbAH — TN Dy L ] ZmNPRLI. FATHI A ZmNPR1LI 13 R B KT CRISPR R4
BHEAT I AE % 5, IFSE ZmNPR1L it AE qPss3 HIThREREA .

Mapping of Suppressing Photoperiod Sensitivity Qtl-Qpss3 in Maize

Photoperiod sensitivity is a key factor affecting the adaptation of maize (Zea mays L.) to
high-latitude growing areas. Inhibiting the photoperiod sensitivity of maize is not only conducive to
the promotion of some valuable varieties to high latitudes, but also helps to reduce the cost of
seed production. Although many genes associated with flowering time have been identified in
maize, no gene that inhibits photoperiod sensitivity has been reported. In our previous study, we
detected large differences in photoperiod sensitivity among maize inbred lines with the same

photoperiod-sensitive allele at the ZmCCT10 locus. Here, we used two segregating populations
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with the same genetic backgrounds but different ZmCCT10 alleles to perform quantitative trait

locus (QTL) analysis. We identified a major QTL on chromosome 3, qPss3, only in the population

carrying the sensitive ZmCCT10 allele. After sequential fine-mapping, we eventually delimited

gPss3 to an interval of ~17 kb. There is no annotation of functional gene in the 17kb physical

interval, which is located 49kb upstream of the regulatory region of ZmNPR1I gene. We used

overexpression and CRISPR materials of ZmNPRZ1lI for flowering test and confirm that ZmNPR1lI

is the functional gene of gPss3.
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Discovery of a Gene that Enhances Grain Yield in Maize and Rice

The major cereals, such as maize and rice, domesticated independently ~10,000 years ago
and represent a primary source of human calories. During the independent process of cereal
evolution, many trait shifts appear to have been under convergent selection to meet the specific
needs of humans. Given the close phylogenetic relationships among cereals, a key question is
whether convergent phenotypic selection in distinct lineages was driven by conserved molecular

changes. Identification of convergently selected genes across cereals could help to clarify the
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evolution of crop species and to accelerate breeding programs. In this study, we developed an
introgression line, MT-6, with six kernel rows from the wild ancestor of maize, and identified a
selected gene, KRN2 (kernel row number2), that differs between domesticated maize and its wild
ancestor, teosinte. This gene underlies a major quantitative trait locus for kernel row number in
maize. Selection in the noncoding upstream regions resulted in a reduction of KRN2 expression
and an increased grain number through an increase in kernel rows. The rice ortholog, OsKRN2,
also underwent selection and negatively regulates grain number via control of secondary panicle
branches. These orthologs encode WD40 proteins and function synergistically with a gene of
unknown function, DUF1644, which suggests that a conserved protein interaction controls grain
number in maize and rice. Field tests show that knockout of KRN2 in maize or OsKRN2 in rice
increased grain yield by ~10% and ~8%, respectively, with no apparent trade-off in other
agronomic traits. This suggests potential applications of KRN2 and its orthologs for crop
improvement. Furthermore, we identified a set of 490 orthologous genes that underwent
convergent selection during maize and rice evolution on a genome-wide scale, including
KRN2/OsKRN2. These findings show that common phenotypic shifts during maize and rice
evolution acting on conserved genes are driven at least in part by convergent selection, which in
maize and rice likely occurred both during and after domestication. The findings provided gene
resources for crop breeding, enriched the genetic theory of crop domestication, and provided an
important theoretical basis for knowledge-driven de novo domestication or re-domestication to

create new crops (Chen et al., Science, 2022).
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Figure 1. Shared selected orthologous genes in maize and rice for convergent phenotypic shifts during

domestication and improvement.
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Using Systems Metabolic Engineering Strategies for High-oil Maize Breeding

Maize oil, which is a blend of fatty acid esters generated from triacylglycerol (TAG), is an
important component of maizederived food, feed, and biofuel. The kernel oil content in commercial
high-oil maize hybrids averages ~8%, which is far lower than that in developed high-oil maize
lines (as high as 20%). Advances in high-oil maize genomics and genetics and the development of
systems metabolic engineering technologies provide new opportunities for high-oil maize breeding.
In this review, we discuss the possibility of using kernels and vegetative tissues as factories to
produce TAG, eicosapentaenoic acid, and docosahexaenoic acid. We further propose specific
implementation strategies based on the metabolic engineering of other species to develop
transgenic and gene-editing products, as well as traditional breeding strategies, for application in
high-oil maize breeding programs (Li et al., Curr Opin Biotechnol, 2021).
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Figure 2. Three proposed metabolic engineering strategies for breeding high-oil maize.
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AR BIR T R T AR ALVE R T . BEAREEA . R R R G R S ATt AR SR T KA
BB FORMHEAR R, JRdt— B 7R AR S WA R . AT RILE K S Zea mays
ssp. parviglumis il Zea mays ssp. mexicana 2 [H] 24 ML ELFI A Se 5 67 36K, KRB Zea mays
ssp. parviglumis fil Zea mays ssp. mexicana X} F KR EE P FE LA HE W TIwk. SRR IERE T
SE 1 394 MY PR XA 360 MGG FE X, & T — R ORI EEFIFIIE R, 5] 4
TB1 F1 ZmCCT9. B HT R IO R R I STEMA KA FE IR B P X B 5w A . R ALK
PRI T34 e B 125 My SAEI R 0CHK, L 10 AMikikdE RIVE TE M FE X I8 A i e
T EARYME G@ER 7T, R FERERT O M i AR T FE I (Xu et al., BMC
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Population Genomics of Zea Species ldentifies Selection Signatures During
Maize Domestication and Adaptation

Maize (Zea mays L. ssp. mays) was domesticated from teosinte (Zea mays ssp. parviglumis)
about 9000 years ago in southwestern Mexico and adapted to a range of environments worldwide.
Researchers have depicted the maize domestication and adaptation processes over the past two
decades, but efforts have been limited either in sample size or genetic diversity. To better
understand these processes, we conducted a genome-wide survey of 982 maize inbred lines and
190 teosinte accessions using over 40,000 single-nucleotide polymorphism markers. Population
structure, principal component analysis, and phylogenetic trees all confirmed the evolutionary
relationship between maize and teosinte, and determined the evolutionary lineage of all species
within teosinte. Shared haplotype analysis showed similar levels of ancestral alleles from Zea
mays ssp. parviglumis and Zea mays ssp. mexicana in maize. Scans for selection signatures
identified 394 domestication sweeps by comparing wild and cultivated maize and 360 adaptation
sweeps by comparing tropical and temperate maize. Permutation tests revealed that the public
association signals for flowering time were highly enriched in the domestication and adaptation
sweeps. Genome-wide association study identified 125 loci significantly associated with
flowering-time traits, ten of which identified candidate genes that have undergone selection during
maize adaptation. In this study, we characterized the history of maize domestication and
adaptation at the population genomic level and identified hundreds of domestication and
adaptation sweeps. This study extends the molecular mechanism of maize domestication and
adaptation, and provides resources for basic research and genetic improvement in maize (Xu et
al., BMC Plant Biology, 2022).
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4. EXREHE QTL RELEFKLE

REHR FOKREEMRZIR, SRR 2 D58 B EM K. ME AT R ZFE
., ZHEIFRFEN—MEFREE N EMEEZREW. F, FEEHR TR — DI EIR.
SRT, R BRI BULHE R AR IR IR EADANE R . FRATLAEZ A AR Mol7 Fl—/MR E Ly
AR Z AR LANAOA SR A T Fo Ml Fog BEAR, %@ B ANS2m ALY QTL-gEN7. %
QTL W LAER 10.7-11.9% IR MAT R, K EH LANAOA [FZ5EA1 JE R mT A In 1 SR, 7E 3t
fillz b, IS E A gENT FIXIAIZE/NE] 0.56 Mb, A8 8 MgEikdeH . BN FKAR
HAM BB W L EERMFH 2B TS RE, —A %% IDD # % HF 1)
Zm00001d020683 %K i A il & qENT 7 sk S K . Zm00001d020683 7£E Fr A K 73 A 4H.
Y1, R A B RIE, HEFORS R Z ] TR, qENT (5858 S AGGE FE R 1 Fil
NFARRFBEEIFAIRHE THIR R, JERNZ BB AR FIE F IR EE T H PR (Wang et al.,
Crop J, 2022).

Identifying QTL and Candidate Genes for Prolificacy in Maize

In maize, prolificacy, the number of ears per plant, is a trait of interest to maize breeders for
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breeding high grain-yielding cultivars or specialty corn, as well as being a model trait for decoding
the molecular mechanism of maize evolution. Its genetic basis remains largely unknown. We
identified a stable quantitative trait locus, gEN7, for ear number on chromosome 7 in both F, and
F2.3 populations derived from a single cross between the nonprolific inbred line Mol17 and the
prolific inbred line LAN404 derived from the landrace PI1217404. gEN7 explained 10.7-11.9% of
phenotypic variation, and the LAN404 allele at this locus was associated with an increase of
around one ear per plant. gEN7 was confined by fine-mapping to a 0.56-Mb region containing
eight annotated genes. Analysis of selection, gene expression patterns in various maize tissues,
and sequence polymorphisms between the two parental lines suggested that Zm00001d020683,
which encodes a putative INDETERMINATE DOMAIN (IDD) transcription factor, is the most likely
candidate gene underlying gEN7. Zm00001d020683 is expressed mainly in the vegetative
meristem, immature ears, and internodes and has undergone selection during maize improvement.
The identification of gEN7 and the prediction of its candidate gene sheds some light on the
evolution of maize ear number and provides a novel resource for breeding of multi-ear maize
cultivars (Wang et al., Crop J, 2022).
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Figure 4. Map-based cloning of gEN7 and prediction of candidate genes.
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PR T VR 2L T 1 FR) 23 5 HLAR AT AN 36 2 o B 50 % 5 B — AN I KM RL R A K endosperm
breakdownl (enbl), HJEFLIEM KA F LR KA RIZUKFEAE, TIEAE EH . enbl RAKRIK
FlUR BRSAT RF HAEF TR E . BN enbl SRS v, RIL ENBL 4ifg—4
TE R KAWL SR L A% 8 2 4 P R 3R AT 4 35 6 R 5. enbl TS S 35 130 J 2 200 i 1 B P 5%
SRR, T R BRAR T A1 E AR RERE B Th Rk . enb SRR (A Hh 52 451 (¥ 4% 38 25 41 i Th e Ak
TSR, EFLUER R AR R s B, RS IRRE . AN, ENBL i FRIAN AL L
UMPBE N IR E , ek REE IR I AR E AN R R TR, TSR R EE o T I S
T ENBL J& & SRR 7L AL 2 4 BE A SR SCBE DR 1, IF 7R T KRR PRLK ARSI UK 731
KL (Wang et al., Plant Cell, 2022).

Molecular Mechanism of Persistent Endosperm Formation in Maize Kernel
Development of the endosperm is strikingly different in monocots and dicots. Generally, in
monocots such as maize (Zea mays), the endosperm is a persistent tissue that synthesizes and
accumulates large amounts of nutrient reserves during seed development, and ultimately
occupies the largest portion of the mature seed. Whereas in dicots, such as Arabidopsis
(Arabidopsis thaliana), the endosperm is a transient tissue and is largely consumed during embryo
development, leaving one layer of cells at maturation. Although these developmental patterns are
well-known, little is known about the controlling mechanisms responsible for these different
endosperm fates. This study characterized a novel maize kernel mutant, endosperm breakdownl1
(enbl), in which the typically persistent endosperm was drastically degraded during kernel

development, while its embryo was normally developed. This developmental pattern of enbl
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endosperm was similar to that of dicots. Map-based cloning of enbl mutant revealed that ENB1
encodes a cellulose synthase 5 that is predominantly expressed in the basal endosperm transfer
layer (BETL) of endosperm cells. enbl mutation caused a drastic reduction in the formation of cell
wall ingrowths (CWIs) in BETL cells, impairing the sucrose uptake function of BETL cells. In enbl,
the defective function of BETL cells resulted in premature utilization of endosperm starch to
nourish the embryo. Overexpression of ENB1 enhanced the development of CWIs, facilitating
sucrose transport into endosperm via BETL cells and increasing kernel weight. This study
demonstrated that ENB1 is a key factor for synthesizing CWIs in BETL cells and revealed a
mechanism for the formation of persistent endosperm in the maize kernels (Wang et al., Plant Cell,
2022).
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Figure 1. Model illustrating that CWIs synthesized by ENB1 sustain development of a persistent endosperm.
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1. FFIE# QTL DTP3-3 T &

FEACHA R B R IE RPEVEIR,  FORAEIAIE B AN B2 o oK s R R AR . &R 2
A A BRI B R 3 T AR . WEZH AT IAR K- KA % BCoSs B N REFAN FFALIIEAT T
QTL EALorHT, TETKES 3 etttk BRI E] — MENAX K QTL, 4 qDTP3-3, KH K
AR A LR ARG . B qDTP3-3 MIILS5EN R, 4REY, AKHEAMH s
&, NIL (W22) Lt NIL (8759) W3 FIF{E 2.5 RActy, WMfEM HEFMA GEF) T, NIL (W22)
FINIL (8759) Z [AIMAEIARAY 2= R H AR (B 2A). %45 R Uil gDTP3-3 26 A ids . @
I qDTP3-3 FEATKEAHE AL, K A H2H A0 4 B bk AT A J5 AR B N3G 1 SFEmes , o ali5 S A AR At & 3k
AR ABEAT I E F LR, 25 A A H AR R R 2 RN, &% gDTP3-3 EfifE
373bp X8 (& 2B), ZEA XIS T ik F KRB 1. N 1 ik — B 5T qDTP3-3 fiik FE 2 5
HA W FORFFE R E Y DRe, A TOR g T %IE 5L Y CRISPR/Cas9 milk &, 45K Banmf
R R PR R RS A AR, BIREIRATZE, P FRY LI A AR B T AE 2-3 K (] 2C),
MR S e FE R A= 4 2 T e

Positional Cloning of Maize Flowering Time QTL- DTP3-3

As an important adaptive trait, the changes in flowering time can significantly help maize
overcome photoperiod sensitivity and adapt to a wider range of ecological and geographical
environments. We detected a maize flowering time QTL qDTP3-3 on chromosome 3 previously
and the teosinte allele at gDTA3-3 flowered later than the lines homozygous for the maize allele.
To further evaluate the phenotypic effects of gDTA3-3, we planted the two NILs for gDTA3-3 and
compared their phenotypic differences. NIL (W22) flowered 2.5 days earlier than NIL (8759)
under natural long days (Beijing), while the difference between NIL (W22) and NIL (8759) under
short day conditions (Hainan) was not significant (Figure 2A). These results indicated that
gDTAS3-3 was sensitive to differences in day length. We performed fine mapping by comparing the

phenotypic difference between homozygous recombinants (HRs) and homozygous
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nonrecombinants (HNRs) within each recombinant-derived Fs; family. By integrating the
phenotypic effects of recombinants over many years, gDTA3-3 was delimited to a 373 bp physical
region upstream an annotated gene (Figure 2B). To validate the function of the candidate gene,
CRISPR/ Cas9 technology was used to generate homozygous mutants. Two null mutants flowered
2-3 days later than wild-type plants (Figure 2C), thus verifying the biological function of the
candidate gene for gDTA3-3.
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Figure 1. Fine mapping and functional verification of maize flowering time QTL qDTP3-3.
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S ZE S SO R (e A BRI ZmRAVLL ) bk R R 2 Tl dE— P EMSA. ChiP-gPCRE 5L
IFSEZmRAVLL AT B 45 Ardpal B3 T, Bofdpal ik . A T iftidpal 78 4 2 i)
FI FHdpal Bk RAEE T P s0h, HEAT T AR 25 FE /N X P2 B0, 45 KW dpalfEs:
AR SN B B BRI N (ELD.

Cloning and Functional Analysis of Density-Tolerant Plant Architecture 1

Dense planting is a vital cultivation practice to achieve a continuous increase in maize yields.
Increasing planting density is a major strategy to enhance maize yields in China. An ideotype for
dense planting requires upright leaf angles in the upper canopy, less erect leaves in the middle
canopy and relatively flat leaves in the lower canopy. It reduces mutual shading and increases
solar irradiation penetration, thus improving population photosynthesis efficiency and ultimately
higher grain yield under dense planting. We identified a natural mutant possessing ideotype
feature and found that it was controlled by a single recessive gene. Further fine mapping identified
the mutant was regulated by dpal (density-tolerant plant architecture 1) containing a 273-bp
transposon insertion in the first exon. To validate the function of dpal, we overexpressed dpal and
knocked out dpal using CRISPR-Cas9. We found that overexpression of dpal led to larger leaf
angle, while dpal knockout lines exhibited smaller leaf angle, indicating that dpal functions as a
positive regulator of maize leaf angle. We found dpal was significantly downregulated in the
knockout plants of ZmRAVL1, a crucial regulator in controlling leaf angle we previously cloned.
Further Y1H, EMSA and ChIP-gPCR showed that ZmRAVL1 could directly bind dpal promoter in
vitro and in vivo to activate dpal expression. To evaluate the potential value of dpal, we
constructed improved and original F1 hybrids under three different planting densities in two
locations in 2022. The results showed the improved F1 hybrid showed higher grain yield than the
original F1 hybrid in high density planting.
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A Novel Kinase Subverts Aluminum Resistance by Boosting Ornithine
Decarboxylase-Dependent Putrescine Biosynthesis

Rice, as one of the most aluminum (Al) resistant cereal crops has developed more
complicated Al resistance mechanisms than others. By using forward genetic screening from a
rice EMS mutant library, we obtained a mutant showing specifically high sensitivity to Al. Through
MutMap analysis followed by a complementation test, we identified the causal gene, Al related
Protein Kinase (ArPK) for Al-sensitivity. ArPK expression was induced by a relatively longer
exposure to high Al concentration in the roots. The result of RNA-seq indicated the functional
disorder in arginine metabolism pathway with down-regulation of N-acetylornithine deacetylase
(NAOD) expression and up-regulation of Ornithine decarboxylasel (ODC1) expression in arpk
mutant. Al specifically and rapidly up-regulated ODC1 expression and caused over accumulation
of putrescine (Put), while the ODC inhibitor DFMO (difluoromethylornithine) reverted Al-sensitive
phenotype of arpk, suggesting that over accumulation of endogenous Put might be harmful for

root growth, and that ArPK seemed to act as an endogenous inhibitor of ODC1 action to maintain
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suitable endogenous Put level under Al treatment. Overall, we identified ArPK and its putative
repressive role in controlling a novel ODC-dependent Put biosynthesis pathway specifically

affecting rice Al resistance, thus enriching the fundamental understanding of plant Al resistance.

ART1 and Putrescine Contribute to Rice Aluminum Resistance Via Osmyb30 in
Cell Wall Modification

Cell wall is the first physical barrier to aluminum (Al) toxicity. Modification of cell wall
properties to change its binding capacity to Al is one of the major strategies for plant Al resistance,
nevertheless, how it is regulated in rice remains largely unknown. In this study, we showed that
exogenous application of putrescines (Put) could significantly restore the Al resistance of artl, a
rice mutant lacking the central regulator Al RESISTANCE TRANSCRIPTION FACTOR 1 (ART1),
and reduce its Al accumulation particularly in the cell wall of root tips. Based on RNA-sequencing,
yeast-one-hybrid and EMSA assays, we identified an R2R3 MYB transcription factor OsMYB30 as
the novel target in both ART1-dependent and Put-promoted Al resistance. Furthermore, transient
dual-luciferase assay showed that ART1 directly inhibited the expression of OsMYB30, and in turn
repressed Os4CL5-dependent 4-coumaric acid (PA) accumulation, hence reducing the Al-binding
capacity of cell wall and enhancing Al resistance. Additionally, Put repressed OsMYB30
expression by eliminating Al-induced H>O, accumulation, while exogenous H>O» promoted
OsMYB30 expression. We concluded that ART1 confers Put-promoted Al resistance via

repression of OsMYB30-regulated modification of cell wall properties in rice.
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2022).

RING-Box Proteins Regulate Leaf Senescence and Stomatal Closure Via
Repression of ABA Transporter Gene ABCG40

Plant hormone ABA plays an indispensable role in the control of leaf senescence, during
which ABA signaling depends on its biosynthesis. Nevertheless, the role of ABA transport in leaf
senescence remains unknown. Here, we identified two novel RING-box protein-encoding genes
UBIQUITIN LIGASE of SENESCENCE 1 and 2 (ULS1 and ULS2) involved in leaf senescence.
Lack of ULS1 and ULS2 accelerates leaf senescence, which is specifically promoted by ABA
treatment. Furthermore, the expression of senescence-related genes is significantly affected in
mature leaves of uls1/uls2 double mutant (versus wild type) in an ABA-dependent manner, and the
ABA content is substantially increased. ULS1 and ULS2 are mainly expressed in the guard cells
and aging leaves, and the expression is induced by ABA. Further RNA-seq and quantitative
proteomics of ubiquitination reveal that ABA transporter ABCG40 is highly expressed in uls1/uls2
mutant versus WT, though it is not the direct target of ULS1/2. Finally, we show that the
acceleration of leaf senescence, the increase of leaf ABA content, and the promotion of stomatal
closure in ulsl/usl2 mutant are suppressed by abcg40 loss-of-function mutation. These results
indicate that ULS1 and ULS2 function in feedback inhibition of ABCG40-dependent ABA transport

during ABA-induced leaf senescence and stomatal closure.

3. MiR157-SPL-CNR #H/EH T bHLH101 ¥ i 5 35 % il i Sk ) B
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SlymiR157-SISPL-CNR #HAE SIbHLH101 _F i i+ & A kR &R A 2k 25 (Zhu et al., J Integr Plant
Biol, 2022).

The Mir157-SPL-CNR Module Acts Upstream of Bhlh101 to Negatively Regulate
Iron Deficiency Responses in Tomato

Iron (Fe) homeostasis is critical for plant growth, development, and stress responses. Fe
levels are tightly controlled by intricate regulatory networks in which transcription factors (TFs)
play a central role. A series of basic helix - loop - helix (bHLH) TFs have been shown to contribute
to Fe homeostasis, but the regulatory layers beyond bHLH TFs remain largely unclear. Here, we
demonstrate that the SQUAMOSA PROMOTER - BINDING PROTEIN - LIKE (SPL) TF SISPL -
CNR negatively regulates Fe - deficiency responses in tomato (Solanum lycopersicum) roots. Fe
deficiency rapidly repressed the expression of SISPL - CNR, and Fe deficiency responses were
intensified in two clustered regularly interspaced palindromic repeats (CRISPR)/CRISPR
associated protein 9 - generated SISPL - CNR knockout lines compared to the wild - type.
Comparative transcriptome analysis identified 47 Fe deficiencyresponsive genes the expression of
which is negatively regulated by SISPL - CNR, one of which, SIbHLH101, helps regulate Fe
uptake genes. SISPLCNR localizes the nucleus and interacts with the GTAC and BOX 4
(ATTAAT) motifs in the SIbHLH101 promoter to repress its expression. Inhibition of SISPL - CNR
expression in response to Fe deficiency was well correlated with the expression of the microRNA
SlymiR157. SlymiR157 - overexpressing tomato lines displayed enhanced Fe deficiency
responses, as did SISPL - CNR loss - of - function mutants. We propose that the SlymiR157 -
SISPL - CNR module represents a novel pathway that acts upstream of SIbHLH101 to regulate Fe

homeostasis in tomato roots.
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Abscisic Acid-Dependent PMT1 Expression Regulates Salt Tolerance by
Alleviating Abscisic Acid-Mediated ROS Production in Arabidopsis

Phosphocholine (PCho) is an intermediate metabolite of nonplastid plant membranes that is
essential for salt tolerance. However, how PCho metabolism modulates response to salt stress
remains unknown. Here, we characterize the role of phosphoethanolamine N-methyltransferase 1
(PMT1) in salt stress tolerance in Arabidopsis thaliana using a T-DNA insertional mutant,
gene-editing alleles, and complemented lines. The pmtl mutants showed a severe inhibition of
root elongation when exposed to salt stress, but exogenous ChoCl or lecithin rescued this defect.
pmtl also displayed altered glycerolipid metabolism under salt stress, suggesting that
glycerolipids contribute to salt tolerance. Moreover, pmtl mutants exhibited altered reactive
oxygen species (ROS) accumulation and distribution, reduced cell division activity, and disturbed
auxin distribution in the primary root compared to wild-type seedlings. We show that PMT1
expression is induced by salt stress and relies on the abscisic acid (ABA) signaling pathway, as
this induction was abolished in the aba2-1 and pyl112458 mutants. However, ABA aggravated the
salt sensitivity of the pmtl mutants by perturbing ROS distribution in the root tip. Taken together,
we propose that PMTL1 is an important phosphoethanolamine N-methyltransferase participating in
root development of primary root elongation under salt stress conditions by balancing ROS
production and distribution through ABA signaling (He et al., J Integr Plant Biol, 2022).
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BA W@ E M, HS 7 M TANT pH EATCHUBE R EE . (F 2SI B T 0506 AR R RAS
MR TR BRI 18 A TOLBE 2 T ). D T VT T i) R — D B A K RE =
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2 7 ANRAKA L, VAN T OsSPX-MFS1-3 7E R i fa SR h M shRe ki Jrim . f
FEW], B Osspx-mfs2 SN FTAA KA AR I WBOE Pk EE T B, 1 OsSPX-MFSs i LAY
BT Pt B R, KFTE OsSPX-MFSs #& i Pi WiFIE k. W RAMRE R TR I
OsSSPX-MFS3 7 = ANiathdid 7= F/EMH; T OsSPX-MFS2 Mjftfk 5. Osspx mfsl/3 #l
Osspx-mfs1/2/3 FAMRRIBIE Pi figfrae /I E 24, S8 Pi A0 I T4 . Osspx-mfsl/3 Al
Osspx-mfs1/2/3 B ) Pi m EAR R, MEMIIERKBEMEN. SEARME, Osspx-mfs2 7£H
[MEBERA TR =B E . B, & YRR RO B R GE /7 RE ), T4 S /KRB 1Y
i 52 14 DA SR 0% o B3R E 90 285 B O s K R R Al i 52 1k DA S ) P ke 4 Hh T — 280 s
ZHT TR T 2022 4E 8 ATE (Plant Cell and Environment) F&k%.

Functional Characterization of the Three Oryza Sativa SPX-MFS Proteins in

Maintaining Phosphate Homoeostasis

Plant vacuoles serve as the primary intracellular compartments for phosphorus (P) storage.
The Oryza sativa genome contains three genes that encode SPX (SYG1l/ PHO81/XPR1) -MFS
(Major Facility Superfamily) proteins (OsSPX-MFS1-3). The physiological roles of the three
transporters under varying P conditions in laboratory and field are not known. To address this
knowledge gap, we generated single, double and triple mutants for three OsSPX - MFS genes. All

the mutants except Osspx-mfs2 display lower vacuolar Pi concentrations and OsSPX-MFSs
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overexpression plant display higher Pi accumulation, demonstrating that all OsSPX-MFSs are
vacuolar Pi influx transporters. OsSPX-MFS3 plays the dominant role based on the phenotypes of
single mutants in terms of growth, vacuolar and tissue Pi concentrations. OsSPX-MFS2 is the
weakest and only functions as vacuole Pi sequestration in an Osspx-mfs1/3 background. The
vacuolar Pi sequestration capacity was severely impaired in Osspx-mfs1/3 and Osspx-mfs1/2/3,
which resulted in increased Pi allocation to aerial organs. High P in the panicle impaired panicle
and fertility in Osspx-mfs1/3 and Osspx-mfsl/2/3. Osspx-mfs2 resulted in a more stable yield
compared to the wild type under low Pi in field grown plants. The results suggest that alteration of
vacuolar Pi sequestration may be a novel effective strategy to improve rice tolerance to low
phosphorus in cropping systems.
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Figure 1. Function of OsSPX-MFS proteins in maintaining phosphate homoeostasis.
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Revealed the Molecular Mechanism of Oshmgl Regulating Phosphate
Homeostasis by Altering Chromatin Accessibility and Gene Expression

The phosphate inducible gene OsHMG1 was identified based on phosphate-deficient
transcriptome, which encodes a high mobility group protein. Both the transcript and protein levels
of OsHMG1 are induced under low phosphorus conditions. OsHMGL1 is localized in the nucleus
and widely expressed in different tissues (Figure 1). The inorganic phosphate concentration in the
leaves of the hmg mutant significantly decreased, while the inorganic phosphate concentration in
the overexpressed material significantly increased, indicating that OsHMGL1 positively regulates
the inorganic phosphate concentration in rice (Figure 1). By RNA-seq analysis, it was found that
the transcript levels of a large number of phosphate starvation induced genes (PSls) and
phosphate starvation suppressed genes (PSSs) were regulated by HMG. The results of ChlP-seq
analysis showed that HMG is extensively bound to the promoters of many genes, including most

phosphate-starvation responsive genes. ATAC-seq analysis incidated that HMG affected
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genome-wide chromatin accessibility. The related results reveal a novel epigenetic mechanism for
regulating phosphate homeostasis: HMG binds to the promoter of phosphate starvation response
genes, and increases the gene expression by promoting chromatin accessibility of these genes,
thereby regulates phosphate homeostasis in rice.

In addition, the molecular mechanism of rice response to environmental phosphate starvation
and the molecular mechanism of root sensing of environmental phosphorus level and changing
root architecture to improve phosphate uptake, transport and redistribution were summarized in
detail. The practical strategies for genetic improvement of phosphate efficient utilization traits in
rice were discussed and the future research directions were proposed (Lu et al., Plant Cell Environ,
2022).
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Figure 1. The tissue specific expression, subcellular localization of OsHMG1 and the phenotype of its mutant and
overexpression lines.
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o EWEEITH, LENR ] US54 2 & TIC62 8L TROL 454, WIMEZELEA THRERES
WERARPIIRE o BEAh, R AR E RS RS A 8 R R AR A A T RTVATE LENR Bef8 B S5 10 A
KRGS WNTIEEEKFMG TR EERRD, LENR B E AR VTN, (& LFNR 4
ST RIE T ARRS, R T B LR, BT Y LENR A AR B SOR AR ARTE 2, itk
Ab, AT LENR B R DA LTS #, (ARIEKBEHEE T2 H. AT
SERELH: fEKRET, LFNR M ES5RE EOS S NNMEE S & T REERE S H AN E L.
OsTIC62 /iS4 & /2 RIARNE F R L5 1w T8 LFNR 264, Mifks 75 LFNL E540
A71.
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% # F OsTROLL 4 S 4w, # 4 F & LFNF E &% 1 it & OsTROL2-OsLFNR A
OsTIC62-OsLFNR IR A, ik, OSLFNRs 5 i 8 (1 2 A4 A7 70 5 A0 B AR b A e e .
[, e 2 11 OSTROLL [k e 2 38U — M4 2 25 11 OsTIC62 AR . 57—/
ML G2, 7E Oslfnr2 8484k, OsLFNR %€ 2 &Y N KT FyE e, T Oslfrnl ARGV 2
OsLFRN %5 Z &), XKW OsLFNN1 5RZEMARS T A R4S & 2K T OsLENL2. X 53F
THRIE Y LFNR2 M85 LENRL #5 BB E 045 BN AR S, IR 2R thoh, S8
BRI TE LENR 42 45 & 938 ik (1ic62 troll) ANFEMA IE # 4 T HIAE K SO & ALl A
[, KRG IFERAE 4 55 LFNR & &M 4ERF R mo & FILEE /12 RIE— e ThRs; e,
VR R B OSTIC62 TERIAI L (R A BE R IA B T4, X — R SUHEIN 78 LENR Fo6 4
SENLH] (Da et al., Plant Cell Environ, 2022).

Characterizing Membrane Anchoring of Leaf - Form Ferredoxin - NADP*

Oxidoreductase in Rice

Leaf-form ferredoxin-NADP* oxidoreductcropases (LFNRs) function in the last step of the
photosynthetic electron transport chain, exist as soluble proteins in the chloroplast stroma and are
weakly associated with thylakoids or tightly anchored to chloroplast membranes. Arabidopsis
thaliana has two LFNRs, and the chloroplast proteins AtTROL and AtTIC62 participate in
anchoring AtLFNRs to the thylakoid membrane. By contrast, the membrane anchoring mechanism
of rice (Oryza sativa) LFNRs has not been elucidated. Here, we investigated the
membrane-anchoring mechanism of LFNRs and its physiological roles in rice. We characterized
the rice protein OsTROL1 based on its homology to AtTROL. We determined that OsTROL1 is
also a thylakoid membrane anchor and its loss leads to a compensatory increase in OsTIC62.
OsLFNR1 attachment through a membrane anchor depends on OsLFNRZ2, unlike the Arabidopsis
counterparts. In addition, OsTIC62 was more highly expressed in the dark than under light
conditions, consistent with the increased membrane binding of OsLFNR in the dark. Moreover, we
observed reciprocal stabilization between OsLFNRs and their membrane anchors. In addition,
unlike in Arabidopsis, the loss of LFNR membrane anchor affects photosynthesis in rice. Overall,
our study sheds light on the mechanisms anchoring LFNRs to membranes in rice and highlights

differences with Arabidopsis (Da et al., Plant Cell Environ, 2022).
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Figure 2. Mutation of OsLFNRs and their putative anchors affects growth and photosynthesis.

3. ZE/KMEEE 2 (OsUBP2) FiRE/KB4H R FFAFE T SHR BT A

KRB IRAR A (LMMs) JERF T 40 i FE PP A0 T 5 G MLl iR k), FRATT%E 8 T —ANKAE
BEPERARM rsrl, EHAFRPER GIEIEARR R, RN IC R I 8RR 5 RS
W EA BRI R T RSRL 4wz 2K il 2 5K (OsUBP2); &K IA OsUBP2 /KFgEKE
DL PO TEIR TS, U] OsUBP2 s2i& AR SR 5HUm MER Fifi 8 1 OsUBP2 fEfASN BAZ 2K
PR BRI P, B T B AR T B rsrd SRARA (72 FAG HE I BAL A UG, FRATIR T — eI AE ) OsUBP2
U ARk (Jang et al., Plants, 2022).

Ubiquitin-Specific Protease 2 (OsUBP2) Negatively Regulates Cell Death and
Disease Resistance in Rice

Lesion mimic mutants (LMMs) are great materials for studying programmed cell death and
immune mechanisms in plants. Various mechanisms are involved in the phenotypes of different
LMMs, but few studies have explored the mechanisms linking deubiquitination and LMMs in rice
(Oryza sativa). Here, we identified a rice LMM, rust spots rice (rsrl), resulting from the mutation of
a single recessive gene. This LMM has spontaneous reddish-brown spots on its leaves, and

displays enhanced resistance to both fungal leaf blast (caused by Magnaporthe oryzae) and
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bacterial blight (caused by Xanthomonas oryzae pv. oryzae). Map-based cloning showed that

the mutated gene in rsrl encodes a Ubiquitin-Specific Protease 2 (OsUBP2). The mutation of

OsUBP2 was shown to result in reactive oxygen species (ROS) accumulation, chloroplast

structural defects, and programmed cell death, while the overexpression of OsUBP2 weakened

rice resistance to leaf blast. OsUBP2 is therefore a negative regulator of immune processes and

ROS production. OsUBP2 has deubiquitinating enzyme activity in vitro, and the enzyme active site

includes a cysteine at the 234th residue. The ubiquitinated proteomics data of rsr1 and WT provide

some possible target protein candidates for OsUBP2 (Jang et al., Plants, 2022).
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Figure 3. rsrl mutant has spontaneous reddish-brown spots on its leaves, and displays enhanced resistance to

both fungal leaf blast (caused by Magnaporthe oryzae) and bacterial blight (caused by Xanthomonas oryzae pv.

oryzae).
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N BRI EME—ZEN, EYAERKSRIH P ERHFEFRNR . L, RAREKMH S EY SRR
AR BATHIWF TR B IR AT TER Y], oIk RAR B 2 L MBS LPR2, &2
ERBERL,  HREA RS AR E T EARA KNS PR, SR, SR
BeBAM AR BL LPR2 MO 77 NS BUS BRI R o X bR BERAR BB S S BORE R BHIR BT
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(Liu et al., Nat Commun, 2022) .

The Role of Phloem Iron in Root Growth Inhibition by Ammonium Stress and Its

Underlying Mechanisms

Plants use nitrate and ammonium as major nitrogen (N) sources, each affecting root
development through different mechanisms. However, the exact signaling pathways involved in
root development are poorly understood. Here, we show that, in Arabidopsis thaliana, either
disruption of the cell wall-localized ferroxidase LPR2 or a decrease in iron supplementation
efficiently alleviates the growth inhibition of primary roots in response to NH** as the N source.
Further study revealed that, compared with nitrate, ammonium led to excess iron accumulation in
the apoplast of phloem in an LPR2-dependent manner. Such an aberrant iron accumulation
subsequently causes massive callose deposition in the phloem from a resulting burst of reactive
oxygen species, which impairs the function of the phloem. Therefore, ammonium attenuates
primary root development by insufficiently allocating sucrose to the growth zone. Our results link

phloem iron to root morphology in response to environmental cues (Liu et al., Nat Commun, 2022).
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Figure 1. Schematic model of the mechanism that connects remodeling of root development to NH4* as the primary

N source.
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I BLAE rve5-2 SR AT Serhid ik ELF4 S TR AN SR N 1 rveb-2 RAFRA , [Rltk, gl F
¥ RVES i 7E IR AN il T 5 S s (R sl il Rl 7 CCAL FENR o 56 4 kR ELF4 15RIA
X Sr- R UMM AL T — AT RS, HFERA SR TN ELF4 FIRIE KPR m B[ R IR
K (Lietal., New Phytol, 2022).

A Competition-Attenuation Mechanism Modulates Thermoresponsive Growth at

Warm Temperatures in Plants

Global warming has profound impact on growth and development, and plants constantly
adjust their internal circadian clock to cope with external environment. However, how
clock-associated genes fine-tune thermoresponsive growth in plants is little understood. We found
that loss-of-function mutation of REVEILLE5S (RVES5) reduces the expression of circadian gene
EARLY FLOWERING 4 (ELF4) in Arabidopsis, and confers accelerated hypocotyl growth under
warm-temperature conditions. Both RVE5 and CIRCADIAN CLOCK ASSOCIATED 1 (CCA1l)
accumulate at warm temperatures and bind to the same EE cis-element presented on ELF4
promoter, but the transcriptional repression activity of RVES is weaker than that of CCAl. The
binding of CCA1 to ELF4 promoter is enhanced in the rve5-2 mutant at warm temperatures, and
overexpression of ELF4 in the rve5-2 mutant background suppresses the rve5-2 mutant
phenotype at warm temperatures. Therefore, the transcriptional repressor RVES5 finetunes ELF4
expression via competing at a cis-element with the stronger transcriptional repressor CCA1 at

warm temperatures. Such a competition—attenuation mechanism provides a balancing system for
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modulating the level of ELF4 and thermoresponsive hypocotyl growth under warm-temperature
conditions (Li et al., New Phytol, 2022).

WT (29 °C) ve5-2 (29 °C)  ---—

2)
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Figure 1. A competition-attenuation working model for modulating EARLY FLOWERING 4 (ELF4) expression and

thermoresponsive hypocotyl growth.
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o MR IT, RAEVA NI RNAZ RS ThRERT TR D o X H AP —A F 5 R 2
B A EET AR AE I RMRAL A A RNAZE KR 75772 . DMS-MaPseq & H /il 4 F AR I RNA 2%
SEMIRIN 7152 — o EITIEGE - DMSAL S R =8 B PR . FRATT7E DMS Ab 4 P4 v 3l 2 U
PR T THEAT 7 s, 33T iR KA A A MRNA e g i s . it —20, FRATRIAIA
I TR T — AL KRR SR B S RNAZE M AL S (). i%0F 7 H B T /K FERNA 21 45
FIDIRERIBIETE , IR FERNA R E5 192 510K G2 M i R G4 1 25 22 (1) 77 VA FE Al (Jin et al.,
Front Plant Sci, 2022). IXMRATTIEARTR R FH 31 R 5 ARV R ume sk 2 M iR AL g i 7 e, 5D
HAEHT 7 OSNRT 2.3/ F /K FE i 7= i = R B L] (Zhang et al., Sci Adv, 2022).

Ak, A28 5 18 A 4 L[ 7ESCIENCE CHINA Life Science I T 15 5 2 IRNALE 1 1t
KRR . EXBEERT, AL T HYRNA LS5 (e AR AR Y w5 o [ ThBERE 7T e, I
JEEE T RNAZ K T M A MEYIEUR. (Xu et al., Sci China Life Sci, 2022). [, 328/ Bk 5
i —fEPlant Cell & Environmentfi T4 5 250K, 45 /KR SZARBE PR B2 W (1) 737 WL S agi A%
MK (Lu etal., Plant Cell Environ, 2022).

Optimization of Genome-Wide RNA Secondary Structure Probing Method in
Rice

With the development of in vivo RNA structure probing technologies, growing evidence show
important biological functions of RNA secondary structure (RSS) recently. Compared to
Arabidopsis, the study of RSS in crop is limited. One limitation is no RSS probing method
optimized for crop materials. DMS-MaPseq is one of currently used in vivo RSS probing methods,
coupling DMS madification with next-generation sequencing (NGS). We optimized DMS treatment
conditions and NGS library construction, obtaining hight-quality RNA structure data for various rice

tissues. Furthermore, using our optimized method, we found a potential RNA structure region
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participating in rice phosphate-starvation responses (Figure 1). This study provided an optimized
in vivo RSS probing method for rice, facilitating the study of RNA structure-mediated biological
funtions in rice (Jin et al., Front Plant Sci, 2022). Notably, this method had been used in Prof.
Xiaorong Fan’'s study and revealed a new mechanism of OsNRT2.3-mediated high yield and
high-efficient nitrogen usage in rice (Zhang et al., Sci Adv, 2022).

Additionally, we were invited by SCIENCE CHINA Life Science to write a comprehensive
review of RNA structure functions in animals and plants with other experts. In this review, |
summarized the advance of RNA structure functions in plant abiotic stress responses and
prospeted RNA structure-guided crop improvement (Xu et al., Sci China Life Sci, 2022). Prof.
Chuanzao Mao and me were also invied by Plant Cell & Environment to write a review
summarizing the mechanisms of low-phosphorus stress responses and genetic improvement in
rice (Lu et al., Plant Cell Environ, 2022).
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Figure 1. Optimized genome-wide in vivo RNA secondary structure porbing in rice.
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MKK5Z 5 T M F 32 . 35S E0E D) BRI EMAPKK R A2 R DD R RE RS 512 ¥ 52
2, (HRATETHREF R M IMAPKK A5 44, mkk4 mKKSXU SR, I I 4 IE 2% o 7ERATHTMAPK
155 SRR I 1) 72 5 35k DR 20 TR ol 50 AT 40 AT, R B0, 7 T B R 4 J 4 11 B L Rl MMIPs
(Matrix Metalloproteinases) [FFRiA 47 &35 L o JE )5 48 B2 I A2 — Fh e 05 A0t P 1) I PN D g
ITZAAE TS T . RT-QPCRAMT BRAEMMPE —Fh g Z MG, FFR a3 iR &L,
i HAEMAPKHBE 5, At2-MMPAIAt3-MMPIE Rl ) RA 5 22 Bl [F, AT AR A AL Al
73 RILAB-MMPRE S T 2 (L HERE Y Fr 2224200 . FATHIHT TEIE BIMKK4/MKK5-MPK3/MPK6-
MMPSIX 315 5 RIS 5 M T E2H Ff3EZ (Wu et al., Front Plant Sci, 2022).

Regulation of Arabidopsis Matrix Metalloproteinases by Mitogen-Activated
Protein Kinases and Their Function in Leaf Senescence

Leaf senescence is a developmentally programmed cell death process that is influenced by a
variety of endogenous signals and environmental factors. Here, we report that MPK3 and MPK®6,
two Arabidopsis mitogen-activated protein kinases (MAPKs or MPKs), and their two upstream
MAPK kinases (MAPKKs or MKKs), MKK4 and MKKS5, are key regulators of leaf senescence.
Weak induction of constitutively active MAPKKs driven by steroid-inducible promoter, which
activates endogenous MPK3 and MPK®6, induces leaf senescence. This gain-of-function
phenotype requires functional endogenous MPK3 and MPK6. Furthermore, loss of function of both
MKK4 and MKKS5 delays leaf senescence. Expression profiling leads to the identification of matrix
metalloproteinases (MMPs), a family of zinc- and calcium-dependent endopeptidases, as the

downstream target genes of MPK3/MPK6 cascade. MPK3/MPK6 activation triggered leaf
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senescence is associated with rapid and strong induction of At3-MMP and At2-MMP. Expression
of Arabidopsis MMP genes is strongly induced during leaf senescence, qualifying them as
senescence-associated genes (SAGs). In addition, either constitutive or inducible overexpression
of At3-MMP is sufficient to trigger leaf senescence. Based on these findings, we conclude that
MPK3/MPK6 MAPK cascade and MMP target genes further downstream are involved in regulating
leaf senescence in Arabidopsis (Wu et al., Front Plant Sci, 2022).
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TEBAEY R 2] A 2 AFAE - AR ZURIZ0 A FDNAH E:4L 5 (DNA methylation patterns)
SEDR Y R UBR R ENiE -y B, TSNV 2 A R R R AR S E R . R DNA
HA AL A At T I SRR AR B, AR SE DRI A AT s b DA RS ) 4 2 B4 P FXJDINA FF J: 4K
B U RSN, R R 21K — AN BT A PR (K B A ]

B, M3k (de novo) DNAH B 1L IE it RNAHE 5 {1 DNA F 4L (RNA-directed DNA
methylation, RADM) J&E 8., AL R A2 FE BT, FRATR IR+ G )57
IR FCLASSYZ Rt (CLSY1-4) X7 fike e DL 236K 2H (genome-wide) fYIDNA
R A A5 S N B DG EE B, BN CLSY R DR U 45 A1 54 S 1k 24 4N % IR /N T 4 RNA
(24nt-siRNAs) H/74, XEE24nt-siRNAsTE G HALAL IDNAH R A 57 . PYACLSY — i
P T RNAK G BEIVAK#511) 24nt-SiIRNAS )7 A2 FT A Sk DNA F B AL 1 2207 . ChiPseq$idis o
CLSYs¥i#EPol-IV 5 Qe )i Ck; AEWEIRIES:, CLSYSHM TH3K9 - H 4k (H3K9me2) HICG
HDNAF AL, POV, AL 5H R EDNAF 3L L  (Zhou et al., Nat Genet, 2018).

B T XL R S HEDNA R AU A Ui 3, o BATRIL, PUSCLSY 5 RI7E L I+ Hh S B
BINHRFIER RV (Figure 1a, b). JEIEBAER 2 A2 E 047, FATEZIIYADNCLSY 2RI
TR VR S EDNA BRI £ 2R 7o IR T EAIH S URIE R 7k, TU/ANCLSY BEFI7E 4 5
PRI 2HL308 P 4 i) ZHL 4R ) 57 O DNA RGO AE S B 28 /N CLS Yt ] DA SR 2H 27 ] (1 DNA R REAE L
i (Figure 10). 2, AR T CLSY ST RAIAN [FAL £UF1ZH 2 [ DNA FF 3 A A58 2 gk £ B
R GEAE N L RAEY & A4 T AT Bedk.

The CLASSY Family Controls Tissue-Specific DNA Methylation Patterns in
Arabidopsis
DNA methylation is a stable and heritable epigenetic modification that is essential for gene

regulation, transposon silencing and imprinting and plays key roles in both plants and animals.
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Although the generation of specific DNA methylation patterns is critical for these processes, how
methylation is regulated at individual loci and in different types of tissues and cells remains
unclear.

In plants, de novo DNA methylation patterns is established via the pathway termed as
RNA-directed DNA methylation (RdDM). With analysis of genetics, epigenome and biochemistry,
we covered that the four member CLASSY family (CLSY1-4) of chromatin remodeling factors play
as master regulators in establishing DNA methylation patterns in Arabidopsis. Individually, the
CLSYs regulate Pol-IV—chromatin association and 24nt-siRNA production at thousands of distinct
loci, and together, they regulate essentially all 24nt-siRNAs. Depending on the CLSYs involved,
this regulation relies on different repressive chromatin modifications to facilitate locus-specific
control of DNA methylation (Zhou et al., Nat Genet, 2018).

In addition to their locus-specific roles, recently, we found that these four CLASSY proteins
(CLSY1-4), which are differentially expressed during plant development (Figure 1a), play major
roles in controlling tissue-specific DNA methylation patterns (Figure 1b). Depending on the tissue,
the genetic requirements for specific CLSYs differ significantly and on a global scale, certain clsy
mutants are sufficient to largely shift the epigenetic landscape between tissues (Figure 1c).
Together, these findings not only reveal substantial epigenetic diversity between tissues, but
assign these changes to specific CLSY proteins, revealing how locus-specific targeting combined
with tissue-specific expression enables the CLSYs to generate epigenetic diversity during plant

development.
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Figure 1. The CLSY family controls tissue-specific DNA methylation patterns. (a) The four CLSY members show

tissues-specific expression patterns. (b) PCA analysis indicated that the CLSY family controls tissue-specific DNA
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methylation patterns. Fl, flower buds; Ov, ovules; 15 day old rosettes (Rs) (no roots) and 1t and 2™ true leaves
(Lv) (from 25 day old plants). The “c” indicates clsy; ¢12 and c34 represent the double mutants of clsyl,2 and

clsy3,4, respectively; and quad means the clsy1,2,3,4.
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Genetic Screening of Primary and Lateral Root Phenotypes in Maize

We excavated key regulatory genes of root stem cells in response to environmental signals in
maize. We screened primary and lateral root phenotypes of the maize overexpression and
CRISPR transgenic lines constructed by the maize platform of China Agricultural University, and
compared them with the parent ND101. The preliminary results are as follows: 1) We identified
several primary root phenotypic materials such as transcription factor WRKYa, and several
lateral/adventitious root phenotypic materials such as ARRb; 2) We established real-time rhizotron
observation system of soil-based root growth system; 3) A single-cell sequencing system for maize
root stem cells (Figure 1). Furthermore, by microscopic observation of the length of the root
elongation and meristem region, and the number of lateral roots/adventitious roots after
saline-alkali stress treatment, we planned to screen and obtain transgenic strains that are
sensitive or insensitive to salt/alkaline in the primary and lateral/adventitious root apical meristem,
to explore the candidate key regulatory genes of maize root stem cells in response to salt/alkaline

stress.
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Figure 1. Genetic screening of maize primary and lateral root phenotypes.
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In the chloroplast of higher plants, overproduction of singlet oxygen (*O;) activates
EX1-meidated signal transduction pathway which leads to growth inhibition of mature plants and
cell death of young seedlings. The Arabidopsis flu/ex1 mutants can produce large amount of 1O in
the chloroplast but show no obvious phenotype, making it an ideal tool to study the mechanisms
by which chloroplast deal with oxidative stress. To find the key components in dealing with
oxidative stress of the chloroplast, we mutagenized the flu/lexl mutant and screened for the
recessive plants that restore their sensitivity to increased amount of *O,. We isolated a total of 22
mutants and the mutations of these mutants were mapped to 5 genes that were also confirmed by
genetic complementation. Proteins encoded by these 5 genes were all localized to the chloroplast,
and how these proteins confer chloroplast with increased resistance to oxidative stress needs

further exploration.

2. 105 5 EEE TR HITfi 5 % 5E

DIRE I flu A T — M=k 10 I T H, BRI T W%k 10255 8@H: 0-EXL 55
PR 10,-SAFEL (5 Tl . N 1 FHRXPIK(E TEBEK A, AKX gEX1-Flag/flu Al
flulexl/safel FiFREAT T FH—XFHEAL, M M2 BEATFEXS 102 NEURIIRER, HF%5E H 12 MER,
HY A8 A% EANGIE . 1X e PR % A5 ¥ 8 1 RHSE AL T4k, (BRI 10 e A T Bk
A%, A0 BRGNS . XK, 102 N FHANMAL TR A KA HEN RS A A NS, X
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Taking advantages of the flu mutants that can produced large amount of 'O, in a controlled
manner, two Oz-induced pathways have been identified, the 10,-EX1 and 'O,-SAFE1 pathway.
To find the downstream components of these two pathways, the geEX1-Flag/flu and flu/ex1/safe
seeds were further mutagenized with EMS and screen for seedlings that were insensitive to 'O,
burst. From these two times of mutant screening and mutation mapping, we identified 12 causal
genes that were all confirmed by genetic mapping. Among there genes, at least 2 genes are
involved in both '0,-EX1 pathway and 'O,-SAFE1 pathway, the rest 10 genes might function in
either of the two pathways. However, the underlying mechanisms by which these genes mediated

10, signal need further study.
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Co-occurrence Networks Reveal More Complexity Than Community
Composition in Resistance and Resilience of Microbial Communities

Plant response to drought stress involves fungi and bacteria that live on and in plants and in
the rhizosphere, yet the stability of these myco- and micro-biomes remains poorly understood. We
investigate the resistance and resilience of fungi and bacteria to drought in an agricultural system
using both community composition and microbial associations. Here we show that tests of the

fundamental hypotheses that fungi, as compared to bacteria, are (i) more resistant to drought
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stress but (ii) less resilient when rewetting relieves the stress, found robust support at the level of
community composition. Results were more complex using all-correlations and co-occurrence
networks. In general, drought disrupts microbial networks based on significant positive
correlations among bacteria, among fungi, and between bacteria and fungi. Surprisingly,
co-occurrence networks among functional guilds of rhizosphere fungi and leaf bacteria were
strengthened by drought, and the same was seen for networks involving arbuscular mycorrhizal
fungi in the rhizosphere. We also found support for the stress gradient hypothesis because

drought increased the relative frequency of positive correlations (Gao et al., Nat Commun, 2022).
(2D WFRBE
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Co-occurrence networks reveal more complexity than community composition in resistance and

resilience of microbial communities Nat Commun 13: 3867.
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CROP GENOMICS

Convergent selection of a WD40 protein that
enhances grain yield in maize and rice

Wenkang Chent, Lu Chent, Xuan Zhangt, Ning Yangt, Jianghua Guo, Min Wang, Shenghui Ji,
Xiangyu Zhao, Pengfei Yin, Lichun Cai, Jing Xu, Lili Zhang, Yingjia Han, Yingni Xiao, Gen Xu,

Yuebin Wang, Shuhui Wang, Sheng Wu, Fang Yang, David Jackson, Jinkui Cheng, Saihua Chen,
Chuangqing Sun, Feng Qin, Feng Tian, Alisdair R. Fernie, Jiansheng Li*, Jianbing Yan*, Xiaohong Yang*

INTRODUCTION: During the independent pro-
cess of cereal evolution, many trait shifts ap-
pear to have been under convergent selection
to meet the specific needs of humans. Identi-
fication of convergently selected genes across
cereals could help to clarify the evolution of
crop species and to accelerate breeding pro-
grams. In the past several decades, researchers
have debated whether convergent phenotypic
selection in distinct lineages is driven by con-
served molecular changes or by diverse molec-
ular pathways. Two of the most economically
important crops, maize and rice, display some
conserved phenotypic shifts—including loss of
seed dispersal, decreased seed dormancy, and
increased grain number during evolution—
even though they experienced independent
selection. Hence, maize and rice can serve as
an excellent system for understanding the ex-
tent of convergent selection among cereals.

RATIONALE: Despite the identification of a
few convergently selected genes, our under-
standing of the extent of molecular con-
vergence on a genome-wide scale between
maize and rice is very limited. To learn how
often selection acts on orthologous genes,
we investigated the functions and molecular

g Maize
\W Teosinte

Cultivated

- ¢ | 18,755 selected

genes in rice

3163 selected
genes in maize

Wild rice

evolution of the grain yield quantitative trait
locus KRN2 in maize and its rice ortholog
OsKRN2. We also identified convergently
selected genes on a genome-wide scale in maize
and rice, using two large datasets.

RESULTS: We identified a selected gene, KRN2
(kernel row number2), that differs between do-
mesticated maize and its wild ancestor, teo-
sinte. This gene underlies a major quantitative
trait locus for kernel row number in maize.
Selection in the noncoding upstream regions
resulted in a reduction of KRN2 expression
and an increased grain number through an
increase in kernel rows. The rice ortholog,
OsKRN2, also underwent selection and nega-
tively regulates grain number via control of
secondary panicle branches. These orthologs
encode WD40 proteins and function syner-
gistically with a gene of unknown function,
DUF1644, which suggests that a conserved
protein interaction controls grain number in
maize and rice. Field tests show that knockout
of KRN2 in maize or OsKRNZ2 in rice increased
grain yield by ~10% and ~8%, respectively, with
no apparent trade-off in other agronomic traits.
This suggests potential applications of KRN2
and its orthologs for crop improvement.

490 convergently selected orthologous genes
3

On a genome-wide scale, we identified a set
of 490 orthologous genes that underwent con-
vergent selection during maize and rice evolu-
tion, including KRN2/0OsKRN2. We found that
the convergently selected orthologous genes
appear to be significantly enriched in two spe-
cific pathways in both maize and rice: starch
and sucrose metabolism, and biosynthesis of
cofactors. A deep analysis of convergently se-
lected genes in the starch metabolic pathway
indicates that the degree of genetic conver-
gence via convergent selection is related to the
conservation and complexity of the gene net-
work for a given selection.

CONCLUSION: Our findings show that com-
mon phenotypic shifts during maize and
rice evolution acting on conserved genes
are driven at least in part by convergent
selection, which in maize and rice likely oc-
curred both during and after domestication.
We provide evolutionary and functional evi-
dence on the convergent selection of KRN2/
OsKRN2 for grain number between maize
and rice. We further found that a complete
loss-of-function allele of KRN2/OsKRN2 in-
creased grain yield without an apparent nega-
tive impact on other agronomic traits. Exploring
the role of KRN2/OsKRN2 and other con-
vergently selected genes across the cereals
could provide new opportunities to enhance
the production of other global crops.

The list of author affiliations is available in the full article online.
*Corresponding author. Email: yxiaohong@cau.edu.cn
(X.Y.); yjianbing@mail.hzau.edu.cn (J.Y.); lijiansheng@cau.
edu.cn (J.L.)
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Shared selected orthologous genes in maize and rice for convergent phenotypic shifts during domestication and improvement. By comparing 3163 selected genes
in maize and 18,755 selected genes in rice, we identified 490 orthologous gene pairs, including KRN2 and its rice ortholog OsKRNZ2, as having been convergently selected.
Knockout of KRNZ in maize or OsKRNZ in rice increased grain yield by increasing kernel rows and secondary panicle branches, respectively.

Chen et al., Science 375, 1372 (2022) 25 March 2022
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Dissecting the plant
chromatin interactome
using mass
spectrometry
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The protein interactome mediates
crucial functions in transcription,
chromatin remodeling, and higher-
order structural organization. Eluci-
dating the proteins that interact
with chromatin-associated RNA or
proteins is key to understanding
fundamental epigenetic regulatory
pathways. We discuss the opportu-
nities and challenges of mass spec-
trometry (MS)-based proteomics for
characterizing the plant chromatin
interactome.

Chromatin is a macromolecular complex
of DNA and histone proteins arranged
into nucleosomes which are present in
almost every eukaryotic cell. As the basic
functional unit of chromatin, the nucleo-
some in eukaryote cells is composed
of four core histone octamers (H3, H4,
H2A, and H2B) wrapped with 147 bp of
DNA. Chromatin structure affects gene
expression and is tightly regulated by DNA
methylation, histone post-translational mod-
ifications (PTMs), and by interactions be-
tween proteins and chromatin [1] (Figure 1)
[1]. Epigenetic mechanisms including cova-
lent histone PTMs, chromatin accessibility,
and chromatin-associated protein inter-
action networks create various chromatin
states for stress-responsive gene expres-
sion, which is important for plant adaptation
to external environmental stimuli (Figure 1).
Establishing how these proteins interact
with chromatin would provide clues to their
function in the global epigenetic regulation
of genomes. Key to this endeavor is to
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Figure 1. The diverse landscape of the chromatin-associated interactome in plants. (A) Interactions
between chromatin-associated RNA and proteins. Chromatin-associated RNA (caRNA) is a newly identified
class of RNA molecules that are stably linked to chromatin, where they establish the chromatin status of
genes by interacting with various RNA-binding proteins. caRNA can also modulate the recruitment of
transcription factors (TFs), chromatin modifiers (e.g., histone modification writers), and chromatin remodelers
(e.g., CTCF and cohesin) bound to chromatin. The resulting caRNA-protein complexes serve as coregulators
for chromatin remodeling, transcriptional activation, and gene expression. (B) Interactions between chromatin-
associated protein complexes. In plants, various types of proteins including TFs, RNA polymerase-associated
proteins, histone-binding regulators, and chromatin regulators are recruited to chromatin; these are defined
as chromatin-associated proteins. Protein interactions among chromatin-associated protein complexes
modulate gene assembly at the promoter, further initiating downstream transcriptional programs as well as
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(Figure legend continued at the bottom of the next page.)
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Post-translational modifications
(PTMs) of histones play essential
roles in chromatin function and epi-
genetic regulation. Determining the
interaction partners of these modifi-
cations is crucial to understanding
transcriptional processes related to
diverse developmental and patho-
logical cues. We discuss how chem-
ical proteomics can be applied to
the simultaneous and global explo-
ration of these interaction networks.

Chromatin biology and histone
modifications

In eukaryotic cells, an octameric histone
complex composed of two copies of each
of the four core histone proteins (H3, H4,
H2A, and H2B) interacts with DNA through
electrostatic interactions and compacts
into nucleosomes, which function as the
pasic unit of chromatin. A key feature of
nucleosomes is their plethora of histone
post-translational modifications (hPTMs),
which are deposited at N-terminal tails of
histones and are highly regulated to control
chromatin dynamics and transcriptional
programs (Figure 1). hPTMs regulate chro-
matin structure, folding, and function, by
recruiting hPTM-readers and their asso-
ciated binding partners (effector proteins)
or by inhibiting the binding of proteins
to chromatin (Figure 1) [1]. Dysregulation
of these processes is linked to a range
of human disorders; indeed, therapies
targeting hPTM-protein interactions have
entered clinical trials for cancer treatment,
and several modifying and de-modifying

enzymes have been used as promising
targets for new anticancer drugs [2]. Under-
standing these regulatory pathways at
the molecular level not only illuminates
fundamental biology, but also reveals how
perturbation of these interactions can lead
to disease. However, characterizing how
this chemical language embedded in chro-
matin defines the protein interactome of
the genome remains a major challenge.

Common methods to determine the inter-
actions of hPTMs are often applied at
the peptide level, using synthetic histone
peptides, or by enrichment through chro-
matin immunoprecipitation assays (ChIP).
Although such studies have enhanced
our knowledge of the interactions between
proteins and hPTMs, these methods are
limited by antibody cross-reactivity or
require access to the underlying DNA, both
of which can lead to false negatives or chro-
matin disruption. Novel approaches that are
enhancing our understanding of hPTM-
triggered interactions include the generation
of analogous full-length ‘protein probes’
with an hPTM at a desired site and also la-
beled with an affinity probe. With the ongoing
improvements in high-resolution mass spec-
trometry (MS) and data processing, chemical
proteomics has emerged as a powerful ap-
proach to elucidate the underlying processes
of hPTM-binding protein complexes around
chromatin. Here, we provide an overview of
three chemical proteomic approaches in
mapping protein interaction networks asso-
ciated with hPTMs.

Characterizing hPTM-associated
protein interactions

Compared with traditional biochemical
methods, chemical proteomics offers the
advantage of systematic and unbiased
mapping of hPTM readers and their binding
proteins. These methods rely on specific
chemical probes that can covalently capture
hPTM-mediated protein interactors of
interest from living cells, which then can
be identified by quantitative MS. Much
progress has been made in using various
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chemical proteomic approaches to char-
acterize hPTM-associated protein inter-
actions. These methods can be classed
into photo-crosslinking and proximity
biotinylation strategies.

Photo-crosslinking

To circumvent the low sensitivity and spec-
ificity of ChIP-sequencing, photoaffinity
groups can be incorporated into bait
proteins to convert noncovalent interac-
tions to irreversible chemical linkages by
photo-crosslinking [3]. Using genetically
coded probes or synthetic peptides,
these approaches are capable of capturing
endogenous hPTM-interacting partners at
the single-protein level or from complex
samples [4]. However, large-scale analysis
of hPTM-interacting partners remains
challenging because of limitations in the
enrichment and analysis of crosslinked
peptides.

To tackle these difficulties, traditional
photoaffinity groups in synthetic hPTM-
containing peptide probes were modified
by introducing a cleavable disulfide moiety
into a tri-functional noncanonical amino
acid alkynyl diazirino disulfanyl cysteine
(ADdis—Cys) [5]. After cleavage, the photo-
crosslinked interactors can be easily
released from the probes, maintaining an
MS-stable tag amenable to ‘click’ chemistry
modification enrichment and MS analysis
(Figure 2A) [5]. ADdis—Cys-MS is efficient in
capturing many low-abundance or low-
affinity interacting proteins (e.g., hPTM-
reader interaction surface. This approach
can be used for simultaneous detection
and mapping of hPTM-interacting readers
in complex proteomes. Although the
ADdis—Cys moiety may prevent the hPTM—
reader interaction, this can be circumvented
by using several histone peptides with
different distances between the hPTM
and ADdis—Cys site. Due to the broad
applicability of these probes, ADdis—
Cys-MS can be also extended for detect-
ing and mapping protein interactors
of non-histone PTMs. However, this
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ABSTRACT

Plants adapt to their ever-changing environment via positive and negative signals induced by environ-
mental stimuli. Drought stress, for instance, induces accumulation of the plant hormone abscisic acid
(ABA), triggering ABA signal transduction. However, the molecular mechanisms for switching between
plant growth promotion and stress response remain poorly understood. Here we report that RAF (rapidly
accelerated fibrosarcoma)-LIKE MITOGEN-ACTIVATED PROTEIN KINASE KINASE KINASE 22 (RAF22) in
Arabidopsis thaliana physically interacts with ABA INSENSITIVE 1 (ABI1) and phosphorylates ABI1 at
Ser416 residue to enhance its phosphatase activity. Interestingly, ABI1 can also enhance the activity of
RAF22 through dephosphorylation, reciprocally inhibiting ABA signaling and promoting the maintenance
of plant growth under normal conditions. Under drought stress, however, the ABA-activated OPEN
STOMATA1 (OST1) phosphorylates the Ser81 residue of RAF22 and inhibits its kinase activity, restraining
its enhancement of ABI1 activity. Taken together, our study reveals that RAF22, ABI1, and OST1 form a dy-
namic regulatory network that plays crucial roles in optimizing plant growth and environmental adaptation
under drought stress.

Key words: ABA signaling, RAF22, ABI1, OST1, phosphorylation

SunZ.,Feng Z.,DingY.,QiY., Jiang S.,LiZ.,Wang Y., Qi J.,Song C., Yang S., and Gong Z. (2022). RAF22, ABI1
and OST1 form a dynamic interactive network that optimizes plant growth and responses to drought stress in
Arabidopsis. Mol. Plant. 15, 1192-1210.

INTRODUCTION

Global warming is predicted to cause environmental changes
that will threaten plant survival and crop yields worldwide (Chen
et al., 2021b; Zhang et al., 2022). Understanding the molecular
mechanisms plants use to respond to these changes is
paramount for breeding crops that resist these stresses and
stabilizing production (Chen et al., 2021b; Zhang et al., 2022).
In response to environmental stresses such as drought,
plants rapidly accumulate abscisic acid (ABA), which binds
the PYRABACTIN RESISTANCE 1 (PYR1)/PYR1-LIKE (PYL)/
REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR)
ABA receptors. These receptors, in turn, bind to and inhibit the
activity of clade A protein phosphatase 2Cs (PP2Cs). Formation
of this complex leads to activation of protein kinases such as

PEROXIDE-RESISTANT 1 (GHR1), which are inhibited by
PP2Cs in the absence of ABA (Cutler et al., 2010; Hua et al.,
2012; Zhu, 2016; Chen et al., 2020, 2021b; Zhang et al., 2022).
The activated SnRK2s phosphorylate downstream targets such
as SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1) and the
R-type anion channel QUAC1 while inactivating the K* inward-
rectifying channel (KAT1) to promote stomatal closure and
reduce evapotranspiration and photosynthesis. SnRK2s also
activate ABRE-BINDING proteins (AREBs)/ABRE-BINDING
FACTOR (ABF) transcription factors, which regulate the expres-
sion of stress response genes to reprogram metabolism, induce
osmolyte accumulation, slow plant growth, or promote senes-
cence (Geiger et al., 2009, 2010; Meyer et al., 2010; Imes et al.,

SNF1-related protein kinase 2s (SnRK2s) and the plasma mem-
brane receptor-like protein kinase GUARD CELL HYDROGEN

1192 Molecular Plant 15, 1192-1210, July 4 2022 © 2022 The Author.
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ABSTRACT

Tip growth is an extreme form of polarized cell expansion that occurs in all eukaryotic kingdoms to
generate highly elongated tubular cells with specialized functions, including fungal hyphae, animal neu-
rons, plant pollen tubes, and root hairs (RHs). RHs are tubular structures that protrude from the root
epidermis to facilitate water and nutrient uptake, microbial interactions, and plant anchorage. RH tip
growth requires polarized vesicle targeting and active exocytosis at apical growth sites. However, how api-
cal exocytosis is spatially and temporally controlled during tip growth remains elusive. Here, we report that
the Qa-Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) SYP121 acts as an
effector of Rho of Plants 2 (ROP2), mediating the regulation of RH tip growth. We show that active ROP2
promotes SYP121 targeting to the apical plasma membrane. Moreover, ROP2 directly interacts with
SYP121 and promotes the interaction between SYP121 and the R-SNARE VAMP722 to form a SNARE com-
plex, probably by facilitating the release of the Sec1/Munc18 protein SEC11, which suppresses the function
of SYP121. Thus, the ROP2-SYP121 pathway facilitates exocytic trafficking during RH tip growth. Our study
uncovers a direct link between an ROP GTPase and vesicular trafficking and a new mechanism for the con-
trol of apical exocytosis, whereby ROP GTPase signaling spatially regulates SNARE complex assembly and
the polar distribution of a Q-SNARE.

Key words: ROP GTPase, SYP121, SNARE protein, exocytosis, root hair, tip growth

Cui X., Wang S., Huang Y., Ding X., Wang Z., Zheng L., Bi Y., Ge F., Zhu L., Yuan M., Yalovsky S., and Fu Y.
(2022). Arabidopsis SYP121 acts as an ROP2 effector in the regulation of root hair tip growth. Mol. Plant. 15, 1008-
1028.

INTRODUCTION

Plant cell polar growth gives rise to cells with specific shapes that
are associated with specialized functions, and it is therefore inti-
mately related to plant growth and development. Root hairs (RHs)
are protrusions of trichoblast cells in the root epidermis that
adopt an extreme form of polar growth known as tip growth.
These structures play important roles in water and nutrient up-
take, microbial interactions, and plant anchorage. Moreover,
RHs also serve as an ideal model system for studying polar cell
growth and plant responses to the environment (Foreman and
Dolan, 2001; Cole and Fowler, 2006; Libault et al., 2010).

critical for RH formation. Several Rho of Plants (ROPs), e.g.,
ROP2, 4, and 6, have been shown to control RH tip growth by
orchestrating pH, Ca®*, and reactive oxygen species signaling
(Molendijk et al., 2001; Jones et al., 2002, 2007; Bloch et al.,
2005, 2011; Carol et al., 2005; Duan et al., 2010; Sorek et al.,
2010; Denninger et al., 2019). Moreover, some ROP effectors
have been implicated in the regulation of vesicle trafficking in
different cell types, either through regulating Ca* and F-actin dy-
namics (e.g., RIC1, 3, and 4) or potentially interacting with the
exocyst vesicle-tethering complex subunit SEC3 (e.g., ICR1)
(Gu et al., 2005; Lavy et al., 2007; Lee et al., 2008; Fu, 2010; Lin
et al., 2012; Nagawa et al., 2012; Zhou et al., 2015). Genetic

analyses also suggest that the trans-Golgi network-localized
RH initiation and tip growth require the polar delivery of compo-

nents of the plasma membrane (PM) and cell walls to a special-

ized growth site (Gu and Nielsen, 2013). Therefore, controlling
vesicle-mediated polarized exocytosis in secretory pathways is

1008 Molecular Plant 15, 1008-1023, June 6 2022 © 2022 The Author.
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ABSTRACT

While crop yields have historically increased, drought resistance has become a major concern in the
context of global climate change. The trade-off between crop yield and drought resistance is a common
phenomenon; however, the underlying molecular modulators remain undetermined. Through genome-
wide association study, we revealed that three non-synonymous variants in a drought-resistant allele of
ZmSRO1d-R resulted in plasma membrane localization and enhanced mono-ADP-ribosyltransferase activ-
ity of ZmSRO1d toward ZmRBOHC, which increased reactive oxygen species (ROS) levels in guard cells
and promoted stomatal closure. ZmSRO 1d-R enhanced plant drought resilience and protected grain yields
under drought conditions, but it led to yield drag under favorable conditions. In contrast, loss-of-function
mutants of ZmRBOHC showed remarkably increased yields under well-watered conditions, whereas they
showed compromised drought resistance. Interestingly, by analyzing 189 teosinte accessions, we found
that the ZmSRO1d-R allele was present in teosinte but was selected against during maize domestication
and modern breeding. Collectively, our work suggests that the allele frequency reduction of ZmSRO1d-R
in breeding programs may have compromised maize drought resistance while increased yields. Therefore,
introduction of the ZmSRO1d-R allele into modern maize cultivars would contribute to food security under
drought stress caused by global climate change.

Key words: ZmSRO1d, stomatal ROS, drought resistance, yield, maize

GaoH.,CuiJ., LiuS.,Wang S.,LianY.,BaiY.,ZhuT., WuH.,Wang Y., Yang S., Li X., Zhuang J., Chen L., Gong
Z., and Qin F. (2022). Natural variations of ZmSRO1d modulate the trade-off between drought resistance and yield
by affecting ZmRBOHC-mediated stomatal ROS production in maize. Mol. Plant. 15, 1558-1574.

INTRODUCTION many agricultural regions owing to modern breeding efforts,

o ) ) ] yield sensitivity to limited soil water availability has been
Maize is a major cereal crop worldwide; however, the yields are  ygported to have increased (Lobell et al., 2014, 2020). The

frequently limited by drought, a major environmental stress that trade-off between crop yields and drought resistance is a
has increased globally due to climate change and erratic rainfall

patterns (Gupta et al., 2020). Thus, a central goal of current
breeding programs is to reduce the drought sensitivity of yield

to ensure a sustainable food supply for the increasing global Published by the Molecular Plant Shanghai Editorial Office in association with
population. Although yield potential has historically increased in Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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Optimized prime editing efficiently generates
glyphosate-resistant rice plants carrying
homozygous TAP-IVS mutation in EPSPS

Dear Editor,

Prime editing is a novel and universal CRISPR-Cas-derived pre-
cise genome-editing technology and has great potentials for ap-
plications in basic plant research and crop molecular breeding
(Anzalone et al., 2019). Although low efficiency has restrained
the original prime editors (PEs) from being used as a routine
tool for precise genome editing in plants, an iterative update of
the PEs is removing this obstacle (Lin et al., 2021; Xu et al.,
2022). Recently, the Liu group reported three optimization
strategies for improving prime editing efficiency (Chen et al,,
2021; Nelson et al., 2022). The first strategy is based on
engineered prime editing guide RNAs (epegRNAs), which were
generated by incorporating structured RNA motifs to the 3’
terminus of pegRNAs. This strategy enhances pegRNA stability
and prevents degradation of the 3 extension (Nelson et al.,
2022). The second strategy is based on the optimized PE2
protein (PEmax), which harbors a SpCas9 variant with
increased nuclease activity, an additional nuclear localization
signal (NLS) sequences, and a new linker between nCas9 and
reverse transcriptase (Chen et al., 2021). The third strategy is
based on inhibition of DNA mismatch repair (MMR) in cells
(Chen et al., 2021). In this work, we tested the optimized PEs
generated with these three strategies in rice, demonstrating
that the optimized PEs greatly improved prime editing
efficiency in rice. We named the two optimized PEs ePE3max
and ePES5max: the former is comprised of the PEmax protein,
an epegRNA with evopreQ1 appended to its 3’ end, and a
nicking sgRNA; the latter is comprised of the ePE3max system
and a dominant negative OsMLH1 variant for inhibiting MMR. Us-
ing the two optimized PEs, we efficiently generated homozygous
and heterozygous T173l, A174V, and P177S (TAP-IVS) mutation
in EPSPS in rice, which lays a solid foundation for rice non-
transgenic glyphosate-resistance breeding.

TAP-IVS mutation (T102I, A103V, and P106S) is a naturally
occurring EPSPS triple substitution found in the highly glypho-
sate resistant Amaranthus hybridus population from Argentina
(Perotti et al., 2019). Less or little fitness cost associated with
the homozygous TAP-IVS mutation accounted for the prolifera-
tion of the mutants within the population, even in absence of
glyphosate (Perotti et al., 2019). Since non-transgenic glypho-
sate-resistance rice varieties have great values in agriculture,
we wondered whether we were able to use the optimized PEs
to efficiently generate the TAP-IVS mutation in OsEPSPS for
rice non-transgenic glyphosate-resistance breeding (Perotti
et al,, 2019; Li et al., 2020). Thus, we tested the optimized
PEs for installation of the TAP-IVS edits in EPSPS in rice proto-
plasts. Our results indicate that the PEmax architecture

Yun Zhou?3, Xue-Chen Wang' and
Qi-Jun Chen’-*"

improved prime editing efficiency and could synergize with the
epegRNA (pegRNA-evopreQ1) in rice protoplasts (Figure 1A).

Since the ePE3max, which is comprised of the PEmax protein, an
epegRNA, and a nicking sgRNA, achieved the highest editing
efficiency (Figure 1A), we then asked whether we were able
to further improve editing efficiency of the ePE3max by co-
expressing dominant negative OsMLH1 variants. We generated
codon-optimized OsMLH1dn, OsMLH1 E44A, OsMLH1dn
E44A, and OsMLH1 1-393-2xNLS, corresponding to human
MLH1dn, MLH1 E34A, MLH1dn E34A, and MLH1 1-335-NLS,
respectively (Chen et al., 2021). These variants could integrate
into the MMR complex in replacement of OsMLH1 with normal
function and interfere the function of MMR, leading to inhibition
of MMR. These OsMLH1 variants and the ePE3max constitute
the ePESmax system. The ePE5max system did not further
improve editing efficiency of the ePE3max in rice protoplasts
(Figure 1A).

To generate rice lines harboring the TAP-IVS mutation, we gener-
ated two optimized PEs, ePESmax-TAP and ePE5max-TAP, for
rice transformation (Figure 1B). We also generated two control
PEs, PE3-TAP and PE5-TAP, which harbor the original PE protein
and pegRNA, for comparison with the two optimized PEs in rice
transgenic lines. We transformed rice with these four PEs. We
analyzed the edits by the Sanger sequencing of PCR fragments
amplified from the transgenic lines (Figure 1C) and next-
generation sequencing of PCR amplicons. Next-generation
sequencing results indicate that the ePESmax and ePE5max
significantly improved editing efficiency in rice transgenic lines
compared with PE3 and PES5, respectively (Figure 1D). The
ePESmax had similar efficiency of heritable mutations
(homozygous and heterozygous) to the ePE3max but had
higher efficiency of homozygous mutations than the ePE3max.
Using the ePE5max, we achieved 6.1% (10/163) homozygous
TAP-IVS mutant lines (Figure 1D; Supplemental Table 1).

We transplanted the homozygous TAP-IVS mutant lines and
transgenic lines without edits (control) to soil and sprayed
10 mM glyphosate on the seedlings. As expected, the mutant
plants showed reliable tolerance compared with the control
(Figure 1E). As we previously reported (Jiang et al., 2020), in
this study, once again we observed the new type of byproducts
in rice protoplasts and transgenic lines (Figure 1A;
Supplemental Figure 1). This type of undesired edits, which we

Published by the Molecular Plant Shanghai Editorial Office in association with
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Cold stress negatively affects maize (Zea maysL.) growth, development

andyield. Metabolic adjustments contribute to the adaptation of maize
under cold stress. We show here that the transcription factor INDUCER

OF CBF EXPRESSION 1 (ZmICE1) plays aprominentrolein reprogramming
amino acid metabolome and COLD-RESPONSIVE (COR) genes during cold
stress in maize. Derivatives of amino acids glutamate/asparagine (Glu/Asn)
induce aburst of mitochondrial reactive oxygen species, which suppress the
cold-mediated induction of DEHYDRATION RESPONSE ELEMENT-BINDING
PROTEIN 1(ZmDREBI) genes and impair cold tolerance. ZmICE1blocks this
negative regulation of cold tolerance by directly repressing the expression
of the key Glu/Asn biosynthesis genes, ASPARAGINE SYNTHETASEs.
Moreover, ZmICE1 directly regulates the expression of DREBIs. Natural
variation at the ZmICEI promoter determines the binding affinity of the
transcriptional activator ZmMYB39, a positive regulator of cold tolerance
in maize, resulting in different degrees of ZmICE1 transcription and cold
tolerance across inbred lines. This study thus unravels a mechanism of
cold tolerance in maize and provides potential targets for engineering
cold-tolerant varieties.

Coldstressisamajorenvironmental stress that threatens agricultural
production and restricts the distribution of many important crops.
Plants have developed various physiological, molecular and meta-
bolicresponses that allow them to withstand cold stress. In Arabidop-
sis thaliana and rice (Oryza sativa), some key regulators for sensing
and transducing cold signals have been identified' ™, including the
regulatory cascade of transcription factors DEHYDRATION RESPONSE
ELEMENT-BINDING PROTEIN 1(DREB1)°”. The DREB1 family activates
the expression of a large number of COLD-RESPONSIVE (COR) genes

to promote cold tolerance™. DREBI genes are directly regulated by
INDUCER OF CBF EXPRESSION1 (ICE1),a MYC-like basic helix-loop-helix
transcriptional activator®, The ICE1-DREB1-COR cascade is regulated
by protein kinases that are activated by cold stress to modulate cold
tolerance' ™.

Maize (Zea mays L.) is one of the most widely cultivated crops
worldwide. It originated from tropical areas and is susceptible to cold
stress during seed germination and seedling growth especially inearly
spring™ 8. Thus, improving cold tolerance in maize during early growth
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The CLASSY family controls tissue-specific DNA
methylation patterns in Arabidopsis

Ming Zhou'2, Ceyda Coruh?, Guanghui Xu® 2, Laura M. Martins?, Clara Bourbousse® 24,

Alice Lambolez® 2°° & Julie A. Law® 23

DNA methylation shapes the epigenetic landscape of the genome, plays critical roles in
regulating gene expression, and ensures transposon silencing. As is evidenced by the
numerous defects associated with aberrant DNA methylation landscapes, establishing proper
tissue-specific methylation patterns is critical. Yet, how such differences arise remains a
largely open question in both plants and animals. Here we demonstrate that CLASSY1-4
(CLSY1-4), four locus-specific regulators of DNA methylation, also control tissue-specific
methylation patterns, with the most striking pattern observed in ovules where CLSY3 and
CLSY4 control DNA methylation at loci with a highly conserved DNA motif. On a more global
scale, we demonstrate that specific clsy mutants are sufficient to shift the epigenetic land-
scape between tissues. Together, these findings reveal substantial epigenetic diversity
between tissues and assign these changes to specific CLSY proteins, elucidating how locus-
specific targeting combined with tissue-specific expression enables the CLSYs to generate
epigenetic diversity during plant development.

TState Key Laboratory of Plant Physiology and Biochemistry, College of Life Sciences, Zhejiang University, Hangzhou 310058, China. 2 Plant Molecular and
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A dirigent family protein confers variation of
Casparian strip thickness and salt tolerance in
maize

Yanyan Wang"®, Yibo Cao"?°, Xiaoyan Liang', Junhong Zhuang'3, Xiangfeng Wang® ¢, Feng Qin® '3 &

Caifu Jiang: 13%

Plant salt-stress response involves complex physiological processes. Previous studies have
shown that some factors promote salt tolerance only under high transpiring condition, thus
mediating transpiration-dependent salt tolerance (TDST). However, the mechanism under-
lying crop TDST remains largely unknown. Here, we report that ZmSTL1 (Salt-Tolerant Locus 1)
confers natural variation of TDST in maize. ZmSTLT encodes a dirigent protein (termed
ZmESBL) localized to the Casparian strip (CS) domain. Mutants lacking ZmESBL display
impaired lignin deposition at endodermal CS domain which leads to a defective CS barrier.
Under salt condition, mutation of ZmESBL increases the apoplastic transport of NaT across
the endodermis, and then increases the root-to-shoot delivery of Nat via transpiration flow,
thereby leading to a transpiration-dependent salt hypersensitivity. Moreover, we show that
the ortholog of ZMESBL also mediates CS development and TDST in Arabidopsis. Our study
suggests that modification of CS barrier may provide an approach for developing salt-
tolerant crops.
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Phloem iron remodels root development in
response to ammonium as the major nitrogen
source

Xing Xing Liu® ', Hai Hua Zhang® ', Qing Yang Zhu® ', Jia Yuan Ye®, Ya Xin Zhu', Xiang Ting Jing® ?,
Wen Xin Du® !, Miao Zhou® !, Xian Yong Lin!, Shao Jian Zheng® 2 & (Chong Wei Jine '™

Plants use nitrate and ammonium as major nitrogen (N) sources, each affecting root
development through different mechanisms. However, the exact signaling pathways involved
in root development are poorly understood. Here, we show that, in Arabidopsis thaliana, either
disruption of the cell wall-localized ferroxidase LPR2 or a decrease in iron supplementation
efficiently alleviates the growth inhibition of primary roots in response to NH,* as the N
source. Further study revealed that, compared with nitrate, ammonium led to excess iron
accumulation in the apoplast of phloem in an LPR2-dependent manner. Such an aberrant iron
accumulation subsequently causes massive callose deposition in the phloem from a resulting
burst of reactive oxygen species, which impairs the function of the phloem. Therefore,
ammonium attenuates primary root development by insufficiently allocating sucrose to the
growth zone. Our results link phloem iron to root morphology in response to
environmental cues.
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CPK28-NLP7 module integrates cold-induced
Ca”* signal and transcriptional reprogramming

in Arabidopsis

Yanglin Ding'*t, Hao Yang't, Shifeng Wu', Diyi Fu', Minze Li', Zhizhong Gong'?, Shuhua Yang'*

Exposure to cold triggers a spike in cytosolic calcium (Ca®*) that often leads to transcriptional reprogramming in
plants. However, how this Ca?* signal is perceived and relayed to the downstream cold signaling pathway remains
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unknown. Here, we show that the CALCIUM-DEPENDENT PROTEIN KINASE 28 (CPK28) initiates a phosphorylation
cascade to specify transcriptional reprogramming downstream of cold-induced Ca?* signal. Plasma membrane
(PM)-localized CPK28 is activated rapidly upon cold shock within 10 seconds in a Ca>*-dependent manner. CPK28
then phosphorylates and promotes the nuclear translocation of NIN-LIKE PROTEIN 7 (NLP7), a transcription factor
that specifies the transcriptional reprogramming of cold-responsive gene sets in response to Ca2*, thereby posi-
tively regulating plant response to cold stress. This study elucidates a previously unidentified mechanism by which
the CPK28-NLP7 regulatory module integrates cold-evoked Ca* signal and transcriptome and thus uncovers a
key strategy for the rapid perception and transduction of cold signals from the PM to the nucleus.

INTRODUCTION

With climate change, temperature extremes are becoming more
frequent, which have severe negative consequences on plant physiology
and biochemistry. To survive, plants have evolved exquisite thermo-
sensory systems to perceive and react to both low and high tempera-
tures, thereby adapting their metabolism, growth, and architecture
to their immediate environmental conditions.

Calcium (Ca?") isa ubiquitous and evolutionarily conserved second
messenger that plays a critical role in cold responses of plants and
animals (I, 2). Cold induces the transient elevation of Ca** levels in
the cytosol ([Ca“]cyt) (referred to as the Ca®* signature hereafter), a
well-established phenomenon that is considered to be one of the earliest
signaling events in response to cold (I, 2). The channel TRANSIENT
RECEPTOR POTENTIAL (TRP) MELASTATIN 8 (TRPM8) mediates
the perception of cold and triggers a cold-induced Ca®" signature in
mouse (Mus musculus) (3, 4). In plants, CHILLING TOLERANCE
DIVERGENCE 1 (COLD1), a membrane-localized protein identi-
fied from rice (Oryza sativa), works together with G protein o sub-
unit 1 (RGAL1) to elicit the cold-induced Ca®* influx and confers cold
sensing, although the underlying mechanism is unknown (5). Several
Ca®" transporters and channels, including annexin 1 (AtANN1), MID1-
COMPLEMENTING ACTIVITY 1 (MCA1), MCA2, and CYCLIC
NUCLEOTIDE-GATED CHANNEL 9 (OsCNGC9), were shown to
involve cold-evoked Ca”* influx in Arabidopsis (Arabidopsis thaliana)
and rice (6-8).

Pharmacological, genetic, and genomic evidence indicate that cold-
induced Ca®* signatures are likely perceived by putative Ca®" sen-
sors and decoded by downstream targets of the Ca®" signal within
cold regulatory networks, thereby resulting in transcriptional re-
programming in Arabidopsis (9). Members of the C-REPEAT BINDING

'State Key Laboratory of Plant Physiology and Biochemistry, College of Biological
Sciences, China Agricultural University, Beijing 100193, China. “School of Life
Science, Institute of Life Science and Green Development, Hebei University, Baoding,
Hebei 071002, China.

*Corresponding author. Email: ding_yanglin@cau.edu.cn (Y.D.); yangshuhua@cau.
edu.cn (S.Y.)

tThese authors contributed equally to this work.

Ding et al., Sci. Adv. 8, eabn7901 (2022) 29 June 2022

FACTOR/DEHYDRATION-RESPONSIVE ELEMENT-BINDING
PROTEIN 1 (CBF/DREB1) family are key transcription factors that
act upstream of COLD-RESPONSIVE (COR) genes to induce their
expression and promote cold tolerance (10, 11). Arabidopsis CBF
genes (CBF1-CBF3) are rapidly induced by cold stress (12), which
is at least partially dependent on Ca** (7). Previous studies showed
that the expression of CBF genes is indirectly modulated by Ca**/
CALMODULIN-REGULATED RECEPTOR-LIKE KINASE 1/2
(CRLK1/2) (13, 14) and directly regulated by the members of the
CALMODULIN-BINDING TRANSCRIPTION ACTIVATOR
(CAMTA) family of transcription factors (15, 16). While the involve-
ment of CRLK1/2 and CAMTAs in plant cold responses has been
established, it is unclear whether they confer transcriptional reprogram-
ming triggered by cold-induced Ca*" signals.

Plants have three major families of calcium sensors: CALMODULIN
(CaM), CALCINEURIN B-LIKE (CBL), and CALCIUM-DEPENDENT
PROTEIN KINASES/CALCIUM-SENSOR PROTEIN KINASES
(CDPKs/CPKs) (17). Unlike CaM and CBL that must relay Ca*-
induced conformational changes to their partners for signaling, CPKs
harbor four EF-hand Ca**-binding motifs and a Ser/Thr kinase do-
main that bring together both Ca** sensing and responding activity
within a single protein (18). Therefore, Ca** signals can be directly
converted into phosphorylation events within a single CPK protein.
CPKs are encoded by a large gene family of 34 members in Arabidopsis,
with overlapping and distinct expression patterns, whose encoded pro-
teins exhibit both similar and different subcellular localizations and
substrate specificity. CPKs therefore play versatile roles in triggering
different downstream responses in plant immune, nitrate, and stress
signaling networks (19, 20). Arabidopsis CPK10, CPK30, and CPK32
are responsible for sensing and decoding a unique Ca** signal triggered
by nitrate (20). OsCPK7 and OsCPK24 are themselves implicated in
cold stress responses (21, 22). However, which CPK acts as a Ca?" sensor
to sense and transmit the cold-induced Ca** signal remains elusive.

In this study, we report that cold shock rapidly activates the Ca**-
dependent activity of CPK28 in plants. CPK28 phosphorylates the
transcription factor NIN-LIKE PROTEIN 7 (NLP7), leading to its
translocation from the cytosol to the nucleus in a Ca**-dependent
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Surviving and thriving: How plants perceive
and respond to temperature stress
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SUMMARY

The dramatic temperature fluctuations spurred by climate change inhibit plant growth and threaten crop pro-
ductivity. Unraveling how plants defend themselves against temperature-stress-induced cellular impairment
is not only a crucial fundamental issue but is also of critical importance for agricultural sustainability and food
security. Here, we review recent developments in elucidating the molecular mechanisms used by plants to
sense and respond to cold and heat stress at multiple levels. We also describe the trade-off between plant
growth and responses to high and low temperatures. Finally, we discuss possible strategies that could be
used to engineer temperature-stress-tolerant, high-yielding crops.

INTRODUCTION

Plants are increasingly subjected to cold and heat stress
(referred to hereafter as “temperature stress”) due to global
warming and the accompanying extreme weather events.
Temperature stress affects the geographical distribution of
plants and reduces plant productivity, thus threatening food
security. For example, for every 1°C increase in global average
temperature, wheat, rice, maize, and soybean global yields will
decrease by 6.0%, 3.2%, 7.4%, and 3.1% on average (Zhao
et al., 2017a). Furthermore, in temperate areas, cold stress
is responsible for approximately 30%-40% yield reductions
in rice (Andaya and Mackill, 2003).

Plants have developed complex strategies for rapidly sensing
and effectively responding to temperature stress. Theoretically,
plants can rapidly sense temperature anywhere (e.g., plasma
membrane [PM] and nucleus) in the cell, as temperature is a
physical signal (Zhu, 2016). However, how plants perceive tem-
perature signals remains a key fundamental question to be ad-
dressed. Plants can transmit heat or cold signals to cells in mul-
tiple ways, such as via calcium (Ca®*) and reactive oxygen
species (ROS) signaling and sustain cellular homeostasis and
stability accordingly (Ding et al., 2020).

The activation of temperature-responsive genes is crucial
for plant tolerance to temperature stress. These genes are
regulated at multiple levels, including at the transcriptional and
posttranscriptional levels (Ling et al., 2021; Shi et al.,
2018; Ohama et al., 2017). For instance, C-REPEAT BINDING
FACTOR/DEHYDRATION RESPONSIVE ELEMENT (DRE)-
BINDING1 (CBF/DREB1) and HEAT SHOCK FACTOR A1
(HsfA1) are key transcription factors that directly activate the
expression of COLD-RESPONSIVE (COR) and heat-responsive
genes, respectively (Ohama et al., 2017; Thomashow, 1999).
Alternative splicing (AS)-mediated gene expression is also
important for temperature-stress tolerance (Ling et al., 2021).
In addition, the transduction of temperature signals from organ-
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elles to the nucleus is critical for plant adaptation to temperature
stress (Liu et al., 2020; Zhang et al., 2017; Deng et al., 2011).

Stress responses and growth inhibition are two complemen-
tary strategies that allow plants to efficiently defend them-
selves against stress (Zhang et al., 2020a). Cold-induced
inhibition of growth is possible due to the reduced activities
of enzymes and other proteins involved in cell expansion
and cell division (Zhang et al., 2020a; Wang et al., 2017).
Although beneficial for plant survival, active growth repression
is often not conducive to high crop yields. Understanding the
trade-off mechanism between growth and stress responses
would lay the foundation for engineering stress-tolerant and
high-yielding crops.

Here, we review recent progress in elucidating the roles of the
major components involved in cold and heat signal sensing and
response mechanisms. We focus on Ca?* and ROS signaling
and the regulation of gene expression, protein homeostasis,
and protein activities. We also summarize recent advances in
elucidating the trade-off between defense responses to temper-
ature stress and plant growth. Finally, we propose potential stra-
tegies to breed heat- or cold-tolerant crops and discuss the
unigue challenges that might be faced.

Sensing temperature stress signals

The cell membrane represents the first line of defense against
temperature stress and is therefore likely the primary site for
sensing temperature signals (Ding et al., 2019b). Accumulating
evidence suggests that the nucleus is also an important organ-
elle in temperature sensing.

Sensing at the cell membrane

Both cold and heat stress can alter the fluidity of cellular phos-
pholipid membranes. Changes in cell-membrane fluidity and
membrane lipid composition are essential for plant cold and
heat tolerance, as demonstrated in pharmacological and ge-
netic assays (Ding et al., 2019b). Changes in cell-membrane
fluidity might be sensed by membrane-localized proteins

Developmental Cell 57, April 25, 2022 © 2022 Elsevier Inc. 947
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Nitrate availability controls translocation of the
transcription factor NACO75 for cell-type-specific

reprogramming of root growth
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In brief

To face changing nutrient availability in
the soil, plants have to optimize their root
systems accordingly. Xiao et al. identify
an adaptive mechanism involving
transcription factor translocation based
on nutrient availability and cell-specific
reprogramming that modulates plant root
development.
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Mutual upregulation of HY5 and TZP in mediating
phytochrome A signaling
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Abstract

Phytochrome A (phyA) is the far-red (FR) light photoreceptor in plants that is essential for seedling de-etiolation under
FR-rich environments, such as canopy shade. TANDEM ZINC-FINGER/PLUS3 (TZP) was recently identified as a key compo-
nent of phyA signal transduction in Arabidopsis thaliana; however, how TZP is integrated into the phyA signaling networks
remains largely obscure. Here, we demonstrate that ELONGATED HYPOCOTYL5 (HY5), a well-characterized transcription
factor promoting photomorphogenesis, mediates FR light induction of TZP expression by directly binding to a G-box motif
in the TZP promoter. Furthermore, TZP physically interacts with CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), an E3
ubiquitin ligase targeting HY5 for 26S proteasome-mediated degradation, and this interaction inhibits COP1 interaction
with HY5. Consistent with those results, TZP post-translationally promotes HY5 protein stability in FR light, and in turn,
TZP protein itself is destabilized by COP1 in both dark and FR light conditions. Moreover, tzp hy5 double mutants display
an additive phenotype relative to their respective single mutants under high FR light intensities, indicating that TZP and
HY5 also function in largely independent pathways. Together, our data demonstrate that HY5 and TZP mutually upregu-
late each other in transmitting the FR light signal, thus providing insights into the complicated but delicate control of
phyA signaling networks.

Introduction (Casal, 2013; Fiorucci and Fankhauser, 2017; Legris et al,

Plant canopy shade is enriched in far-red (FR) light because ~ 2019). Plants use the phytochrome family of photoreceptors

the red (R; 600-700 nm) and blue (B; 400-500 nm)
wavelengths of sunlight are absorbed by chlorophyll and
carotenoid pigments of upper leaves, while FR wavelengths
(700-750 nm) are transmitted or reflected by plant tissues

to perceive the R and FR components of their light environ-
ment, and phytochromes are widely conserved in seed
plants and nonseed plants including ferns, mosses, and char-
ophyte algae (Li et al, 2011, 2015; Rensing et al, 2016; Paik

Received August 10, 2021. Accepted October 08, 2021. Advance access publication November 6, 2021
© American Society of Plant Biologists 2021. All rights reserved. For permissions, please email: journals.permissions@oup.com
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ENB1 encodes a cellulose synthase 5 that directs
synthesis of cell wall ingrowths in maize basal
endosperm transfer cells
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Abstract

Development of the endosperm is strikingly different in monocots and dicots: it often manifests as a persistent tissue in
the former and transient tissue in the latter. Little is known about the controlling mechanisms responsible for these differ-
ent outcomes. Here we characterized a maize (Zea mays) mutant, endosperm breakdown1 (enbT), in which the typically
persistent endosperm (PE) was drastically degraded during kernel development. ENBT encodes a cellulose synthase 5 that is
predominantly expressed in the basal endosperm transfer layer (BETL) of endosperm cells. Loss of ENB1 function caused a
drastic reduction in formation of flange cell wall ingrowths (ingrowths) in BETL cells. Defective ingrowths impair nutrient
uptake, leading to premature utilization of endosperm starch to nourish the embryo. Similarly, developing wild-type kernels
cultured in vitro with a low level of sucrose manifested early endosperm breakdown. ENB1 expression is induced by sucrose
via the BETL-specific Myb-Related Protein1 transcription factor. Overexpression of ENB1 enhanced development of flange
ingrowths, facilitating sucrose transport into BETL cells and increasing kernel weight. The results demonstrated that ENB1
enhances sucrose supply to the endosperm and contributes to a PE in the kernel.

Introduction

The angiosperm seed contains two zygotic components, the
endosperm, and the embryo, and their development is dis-
tinctly different in monocots and dicots. Generally, in mono-
cots such as maize (Zea mays), the endosperm is a
persistent tissue that accumulates large amounts of nutrient
reserves, primarily starch, and ultimately occupies the largest

portion of the mature seed (Olsen, 2004; Sabelli and Larkins,
2009). In contrast, in dicots, such as Arabidopsis
(Arabidopsis thaliana), the endosperm is a transient tissue
and is largely consumed during embryo development, leav-
ing one layer of cells at maturation (Li and Berger, 2012;
Sreenivasulu and Wobus, 2013; Grimault et al, 2015).
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Abstract

Stomatal opening is largely promoted by light-activated plasma membrane-localized proton ATPases (PM H*-ATPases),
while their closure is mainly modulated by abscisic acid (ABA) signaling during drought stress. It is unknown whether PM
H™-ATPases participate in ABA-induced stomatal closure. We established that BRI1-ASSOCIATED RECEPTOR KINASE 1
(BAK1) interacts with, phosphorylates and activates the major PM Arabidopsis H* -ATPase isoform 2 (AHA2). Detached
leaves from aha2-6 single mutant Arabidopsis thaliana plants lost as much water as bak1-4 single and aha2-6 bak1-4
double mutants, with all three mutants losing more water than the wild-type (Columbia-0 [Col-0]). In agreement with
these observations, aha2-6, bak1-4, and aha2-6 bak1-4 mutants were less sensitive to ABA-induced stomatal closure than
Col-0, whereas the aha2-6 mutation did not affect ABA-inhibited stomatal opening under light conditions. ABA-activated
BAK1 phosphorylated AHA2 at Ser-944 in its C-terminus and activated AHA2, leading to rapid H™ efflux, cytoplasmic
alkalinization, and reactive oxygen species (ROS) accumulation, to initiate ABA signal transduction and stomatal closure.
The phosphorylation-mimicking mutation AHA2°?*“® driven by its own promoter could largely compensate for the
defective phenotypes of water loss, cytoplasmic alkalinization, and ROS accumulation in both aha2-6 and bak1-4 mutants.
Our results uncover a crucial role of AHA2 in cytoplasmic alkalinization and ABA-induced stomatal closure during the
plant’s response to drought stress.
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COP1 positively regulates ABA signaling during
Arabidopsis seedling growth in darkness by mediating
ABA-induced ABI5 accumulation
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Abstract

CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1), a well-characterized E3 ubiquitin ligase, is a central repressor of seed-
ling photomorphogenic development in darkness. However, whether COP1 is involved in modulating abscisic acid (ABA)
signaling in darkness remains largely obscure. Here, we report that COP1 is a positive regulator of ABA signaling during
Arabidopsis seedling growth in the dark. COP1 mediates ABA-induced accumulation of ABI5, a transcription factor playing
a key role in ABA signaling, through transcriptional and post-translational regulatory mechanisms. We further show that
COP1 physically interacts with ABA-hypersensitive DCAF1 (ABD1), a substrate receptor of the CUL4-DDB1 E3 ligase target-
ing ABI5 for degradation. Accordingly, COP1 directly ubiquitinates ABD1 in vitro, and negatively regulates ABD1 protein
abundance in vivo in the dark but not in the light. Therefore, COP1 promotes ABI5 protein stability post-translationally in
darkness by destabilizing ABD1 in response to ABA. Interestingly, we reveal that ABA induces the nuclear accumulation of
COP1 in darkness, thus enhancing its activity in propagating the ABA signal. Together, our study uncovers that COP1 mod-
ulates ABA signaling during seedling growth in darkness by mediating ABA-induced ABI5 accumulation, demonstrating
that plants adjust their ABA signaling mechanisms according to their light environment.

Introduction adaptation to these stresses (Cutler et al, 2010; Finkelstein,

Plants have evolved a remarkable ability to survive abiotic 2013; Li et al, 2017; Chen et al, 2020). Therefore, ABA has
stresses. The phytohormone abscisic acid (ABA) rapidly  long been regarded as a “stress hormone”. However, ABA
accumulates in response to environmental stresses such as  also clearly regulates additional aspects of plant growth and
drought, cold, or salinity, and plays important roles in plant  development, including seed maturation and dormancy,
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Abstract

Maize (Zea mays) originated in tropical areas and is thus susceptible to low temperatures, which pose a major threat to
maize production. Our understanding of the molecular basis of cold tolerance in maize is limited. Here, we identified
bZIP68, a basic leucine zipper (bZIP) transcription factor, as a negative regulator of cold tolerance in maize. Transcriptome
analysis revealed that bZIP68 represses the cold-induced expression of DREB1 transcription factor genes. The stability and
transcriptional activity of bZIP68 are controlled by its phosphorylation at the conserved Ser250 residue under cold stress.
Furthermore, we demonstrated that the bZIP68 locus was a target of selection during early domestication. A 358-bp inser-
tion/deletion (Indel-972) polymorphism in the bZIP68 promoter has a significant effect on the differential expression of
bZIP68 between maize and its wild ancestor teosinte. This study thus uncovers an evolutionary cis-regulatory variant that
could be used to improve cold tolerance in maize.

Introduction colder temperatures may therefore lead to poor germina-

Cold stress is a major environmental factor that severely
constrains the growth, development, and geographical distri-
bution of crops in nature (Sobkowiak et al, 2016). The ad-
verse effects of cold stress on plants affect many aspects of
physiology and biochemistry, including photosynthesis, respi-
ration, enzymatic reactions, carbon/nitrogen (C/N) balance,
secondary metabolism, and nutrient absorption. Exposure to

tion, stunted seedling growth, and even the death of tissues
or entire plants, which lowers crop quality and delays har-
vest and may even result in crop failure (Allen and Ort,
2007; Marocco et al, 2005 Nguyen et al, 2009; Hussain
et al, 2020). Maize (Zea mays) is a major food crop that has
adapted to a wide range of environmental conditions world-
wide. However, because it originated at tropical latitudes,
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Arabidopsis ERdj3B coordinates with ERECTA-family
receptor kinases to regulate ovule development and
the heat stress response
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Abstract

The endoplasmic reticulum-localized DnaJ family 3B (ERdj3B), is a component of the stromal cell-derived factor 2 (SDF2)-
ERdj3B-binding immunoglobulin protein (BiP) chaperone complex, which functions in protein folding, translocation, and quality
control. We found that ERdj3B mutations affected integument development in the Ler ecotype but not in the Col-0 ecotype of
Arabidopsis (Arabidopsis thaliana). Map-based cloning identified the ERECTA (ER) gene as a natural modifier of ERdj3B. The dou-
ble mutation of ERdj3B and ER caused a major defect in the inner integument under heat stress. Additional mutation of the ER
paralog ERECTA-LIKE 1 (ERLT) or ERL2 to the erdj3b er double mutant exacerbated the defective integument phenotype. The
double mutation of ER and SDF2, the other component of the SDF2—ERdj3B-BiP complex, resulted in similar defects in the in-
ner integument. Furthermore, both the protein abundance and plasma membrane partitioning of ER, ERL1, and ERL2 were
markedly reduced in erdj3b plants, indicating that the SDF2—-ERdj3B-BiP chaperone complex might control the translocation of
ERECTA-family proteins from the endoplasmic reticulum to the plasma membrane. Our results suggest that the SDF2—-ERdj3B-
BiP complex functions in ovule development and the heat stress response in coordination with ERECTA-family receptor kinases.

Introduction are laid down along the proximal—distal axis: the nucellus at

The ovule, which develops into a seed after fertilization, is  the distal end (harboring the megaspore/gametophyte
an important component of the female reproductive system lineage), the chalaza (flanked by the integuments), and the
in angiosperms. During ovule development, three elements  funiculus at the proximal end (Schneitz et al, 1995). The
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Abstract

High temperatures interfere with meiotic recombination and the subsequent progression of meiosis in plants, but few
genes involved in meiotic thermotolerance have been characterized. Here, we characterize a maize (Zea mays) classic domi-
nant male-sterile mutant Ms42, which has defects in pairing and synapsis of homologous chromosomes and DNA double-
strand break (DSB) repair. Ms42 encodes a member of the heat shock protein family, HSP101, which accumulates in pollen
mother cells. Analysis of the dominant Ms42 mutant and hsp107 null mutants reveals that HSP101 functions in
RADIATION SENSITIVE 51 loading, DSB repair, and subsequent meiosis. Consistent with these functions, overexpression of
Hsp101 in anthers results in robust microspores with enhanced heat tolerance. These results demonstrate that HSP101
mediates thermotolerance during microsporogenesis, shedding light on the genetic basis underlying the adaptation of male
meiocytes to high temperatures.

Introduction

Meiosis, the basis of sexual reproduction, plays a critical role
in genome diversity and ploidy stability in plants. Appropriate
chromosome segregation in meiosis relies on a series of highly
coordinated events during prophase |, including homologous
chromosome pairing, synapsis, and recombination (Zickler
and Kleckner, 2015). Meiotic recombination (MR) is initiated
by the programmed introduction of DNA double-strand
breaks (DSBs), which is catalyzed by conserved type-ll

topoisomerase-like enzyme sporulation protein 11 and a
group of accessory proteins (Keeney et al., 1997; Grelon et al,
2001). Following that, programmed DSB ends are processed
by the MRX/N (Mre11-Rad50-Xrs2/Nbs1) and Sae2/Com1/
CtIP/Ctp1 protein complex into single-stranded DNA tails
(Borde, 2007). Then RADIATION SENSITIVE 51 (RAD51) and
DISRUPTED MEIOTIC CDNA 1 are loaded onto the single-
stranded DNA to facilitate homologous searching and single-
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Abstract

Maternal-to-filial nutrition transfer is central to grain development and vyield. nitrate transporter 1/peptide transporter
(NRT1-PTR)-type transporters typically transport nitrate, peptides, and ions. Here, we report the identification of a maize
(Zea mays) NRT1-PTR-type transporter that transports sucrose and glucose. The activity of this sugar transporter, named
Sucrose and Glucose Carrier 1 (SUGCAR1), was systematically verified by tracer-labeled sugar uptake and serial electrophys-
iological studies including two-electrode voltage-clamp, non-invasive microelectrode ion flux estimation assays in Xenopus
laevis oocytes and patch clamping in HEK293T cells. ZmSUGCART is specifically expressed in the basal endosperm transfer
layer and loss-of-function mutation of ZmSUGCART caused significantly decreased sucrose and glucose contents and
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SALT OVERLY SENSITIVE 1 is inhibited by clade D
Protein phosphatase 2C D6 and D7 in Arabidopsis
thaliana
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Abstract

The salt overly sensitive (SOS) pathway is essential for maintaining sodium ion homeostasis in plants. This conserved path-
way is activated by a calcium signaling-dependent phosphorylation cascade. However, the identity of the phosphatases and
their regulatory mechanisms that would deactivate the SOS pathway remain unclear. In this study, we demonstrate that
PP2C.D6 and PP2C.D7, which belong to clade D of the protein phosphatase 2C (PP2C) subfamily in Arabidopsis thaliana,
directly interact with SOS1 and inhibit its Na*/H™ antiporter activity under non-salt-stress conditions. Upon salt stress,
SOS3-LIKE CALCIUM-BINDING PROTEIN8 (SCaBP8), a member of the SOS pathway, interacts with the PP2Cs and sup-
presses their phosphatase activity; simultaneously, SCaBP8 regulates the subcellular localization of PP2C.D6 by releasing it
from the plasma membrane. Thus, we identified two negative regulators of the SOS pathway that repress SOS1 activity un-
der nonstress conditions. These processes set the stage for the activation of SOS1 by the kinase SOS2 to achieve plant salt
tolerance. Our results suggest that reversible phosphorylation/dephosphorylation is crucial for the regulation of the SOS
pathway, and that calcium sensors play dual roles in activating/deactivating SOS2 and PP2C phosphatases under salt stress.

Introduction

Soil salinity is an important abiotic stress limiting crop pro-
duction and land usage (Gong et al., 2020). Salt stress induces
ionic stress, osmotic stress, and secondary stresses such as oxi-
dative stress in plants (Yang and Guo, 2018b). The salt overly
sensitive (SOS) pathway, which is conserved in plants, trans-
ports intracellular Na™ out of the cytoplasm under salt stress
conditions (Zhu, 2002; Yang and Guo, 2018b). There are four
major components in the SOS pathway: two calcium-binding
proteins, SOS3 and SOS3-LIKE CALCIUM-BINDING PROTEIN

8 (SCaBP8, also named Calcineurin B-Like10 [CBL10]); the
protein kinase SOS2; and the plasma membrane Na™/H™
antiporter SOS1 (Zhu, 2000; Yang and Guo, 2018a). Under
salt stress, Ca’* concentrations increase in the cytosol. SOS3
and SCaBP8 perceive this calcium signal, interact with the
FISL motif at the C-terminus of SOS2 to activate its kinase ac-
tivity, and recruit SOS2 to the plasma membrane. SOS2 then
phosphorylates the $1136 and S1138 residues in the C-termi-
nal auto-inhibitory domain of SOS1 to activate its Na™ /H™
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The OPEN STOMATA1-SPIRAL1T module regulates
microtubule stability during abscisic acid-induced
stomatal closure in Arabidopsis
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Abstract

Drought stress triggers abscisic acid (ABA) signaling in guard cells and induces stomatal closure to prevent water loss in
land plants. Stomatal movement is accompanied by reorganization of the cytoskeleton. Cortical microtubules disassemble
in response to ABA, which is required for stomatal closure. However, how ABA signaling regulates microtubule disassembly
is unclear, and the microtubule-associated proteins (MAPs) involved in this process remain to be identified. In this study,
we show that OPEN STOMATA 1 (OST1), a central component in ABA signaling, mediates microtubule disassembly during
ABA-induced stomatal closure in Arabidopsis thaliana. We identified the MAP SPIRAL1 (SPR1) as the substrate of OST1.
OST1 interacts with and phosphorylates SPR1 at Ser6, which promotes the disassociation of SPR1 from microtubules and
facilitates microtubule disassembly. Compared with the wild type, the spr1 mutant exhibited significantly greater water loss
and reduced ABA responses, including stomatal closure and microtubule disassembly in guard cells. These phenotypes
were restored by introducing the phosphorylated active form of SPR1. Our findings demonstrate that SPR1 positively regu-
lates microtubule disassembly during ABA-induced stomatal closure, which depends on OST1-mediated phosphorylation.
These findings reveal a specific connection between a core component of ABA signaling and MAPs.

Introduction Woodward, 2003). Guard cells have developed sophisticated

Stomata are small pores surrounded by a pair of specialized
guard cells on the surface of leaves and stems, and these
pores allow land plants to maintain homeostasis by enabling
gas exchange with the environment, including the uptake of
carbon dioxide for photosynthesis and the loss of water
vapor through transpiration (Blatt, 2000; Hetherington and

mechanisms to sense and rapidly respond to diverse envi-
ronmental and stress signals, such as light, temperature, and
drought. Changes in cell morphology control stomatal be-
havior, promoting the opening or closing of stomatal pores.
Among these signals, the phytohormone abscisic acid
(ABA), which is triggered by drought stress, promotes
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HYS5 inhibits lateral root initiation in Arabidopsis through negative regulation
of the microtubule-stabilizing protein TPXLS5

Yanmin Qian', Xiaohong Wang', Yimin Liu, Xiangfeng Wang', and Tonglin Mao

State Key Laboratory of Plant Physiology and Biochemistry; Department of Plant Sciences, College of
Biological Sciences, China Agricultural University, Beijing 100193, China

" These authors contributed equally to this work.
*Correspondence  to:  Xiangfeng Wang (wangxf2017@cau.edu.cn).... and Tonglin Mao
(maotl2005@cau.edu.cn)

Short title: TPXLS in lateral root initiation

One-sentence summary: The microtubule-stabilizing protein TPXLS regulates microtubule
reorganization and cell remodeling during lateral root initiation-mediated by the transcription factor HYS.
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accordance with the policy described in the Instructions for Authors (https://academic.oup.com/plcell/)
are Xiangfeng Wang (wangxf2017@cau.edu.cn).and Tonglin Mao (maotl2005@cau.edu.cn).

ABSTRACT

Tight control of lateral root (LR) initiation'is vital for root system architecture and function. Regulation of
cortical microtubule reorganization is.involved in the asymmetric radial expansion of founder cells during
LR initiation in Arabidopsis (Arabidopsis thaliana). However, critical genetic evidence on the role of
microtubules in LR initiationis lacking and the mechanisms underlying this regulation are poorly
understood. Here, we found that the previously uncharacterized microtubule-stabilizing protein TPX2-
LIKES (TPXLS5) participates in LR initiation, which is finely regulated by the transcription factor
ELONGATED HYPOCOTYLS (HYS5). In #px/5 mutants, LR density was decreased and more LR
primordia (LRPs) remained in stage I, indicating delayed LR initiation. In particular, the cell width in the
peripheral domain of LR founder cells after the first asymmetric cell division was larger in #px/5 mutants
than in'the wild type. Consistently, ordered transverse cortical microtubule arrays were not well generated
in' fpxl5 mutants. In addition, HY5 directly targeted the promoter of 7PXL5 and downregulated TPXL5
expression. The Ay5 mutant exhibited higher LR density and fewer stage I LRPs, indicating accelerated
LR initiation. Such phenotypes were partially suppressed by TPXL5 knockout. Taken together, our data
provide genetic evidence supporting the notion that cortical microtubules are essential for LR initiation
and unravel a molecular mechanism underlying HY5 regulation of TPXLS5-mediated microtubule
© American Society of Plant Biologists 2022. All rights reserved. For permissions, please e-mail:
journals.permissions@oup.com This article is published and distributed under the terms of the Oxford University

Press, Standard Journals Publication Model
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Plant genetics: Mechanisms of wild soybean

adaptation
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A new study shows that natural variation in the flowering repressor E1-like-a (Tof4/E1La) promoted wild
soybean adaptation to high latitudes. This lost early-flowering allele can be reintroduced into cultivated
soybean for developing early-maturing cultivars.

Cultivated soybean (Glycine max) was
domesticated from its wild progenitor
(Glycine soja) around 5000 years ago in
the temperate regions between 32-40°N
in China'®. Wild soybean is a facultative
short-day plant and is highly sensitive
to photoperiods — it will flower earlier
under short day conditions, and will
flower later under long day conditions.
During soybean domestication and
improvement, photoperiod-insensitive
alleles were selected by humans,
allowing soybean to be grown over a
wide range of latitudes, from 53°N to
35°8S. In parallel, wild soybean also
spread into a broad geographic region
from 24°N to 53°N, driven by natural
selection. Two critical evolutionary
questions thus come up: how did wild
and cultivated soybean independently
adapt into high and low latitudes? Do
they share similar molecular and
evolutionary mechanisms of adaptation?
A series of genes that contributed to
cultivated soybean adaptation to
different latitudes have been
identified®'°. However, how wild
soybean adapted to wide latitudinal
regions remains poorly understood. In
this issue of Current Biology, Dong

et al."" elegantly discovered that natural
variants in Timing of flowering 4 (Tof4)
locus were naturally selected to promote
wild soybean adaptation to high latitudes.
This paper, together with a recent study
from the same group®, provides critical
insights into the genetic mechanisms of
the adaptation of wild soybean to high
latitudes and also helps understand how
the same trait like flowering time would
evolve if driven by natural selection and
artificial selection, respectively.
Flowering is a milestone in the process
of plant development, indicating a switch
from vegetative to reproductive growth.
The time of flowering is regulated by a
combination of exogenous and
endogenous cues. Photoperiod is one of
the most important environmental factors
that affects the flowering time of plants. In
the model species Arabidopsis,
CONSTANS (CO) plays a central role in
mediating photoperiodic flowering'?.
However, the legume-specific B3-like
transcription factor E1 appears to act as
a core hub in photoperiod regulation in
soybean. E1 integrates the signals from
photoreceptors (E3/phyA3 and E4/phyA2)
and circadian clocks (J/ELF3, LUX1,
LUX2, Tof16/LHY1a, Tof11/PRR3a

R82 Current Biology 33, R61-R84, January 23, 2023 © 2022 Elsevier Inc.

and Tof12/PRR3b) to regulate the
expression of florigen genes (FT2a and
FT5a) and Tof5/FUL2a to modulate
soybean photoperiodic flowering

(Figure 1A)>>2 3% 1t is important to note
that a recent study® from the same group
revealed that phyAs not only regulates E71
transcriptional level by interacting with
and degrading LUXs protein to relieve the
repression of evening complex (ELF4-
ELF3-LUX) on E7, but also regulates E1
posttranscriptional level by directly
associating with E1 protein to regulate its
stability. The natural variation in this E7-
centered photoperiodic flowering
network provided the genetic basis for
wild and cultivated soybean adaptation to
wide ecological zones.

To identify genes conferring the
adaptation of wild soybean to high
latitudes, Dong et al."" performed a
genome-wide association study (GWAS)
for flowering time in 295 diverse wild
soybean accessions grown in natural long
day conditions. Tof4, a quantitative trait
locus on chromosome 4, was found to be
significantly associated with flowering
time. Further fine mapping using a near
isogenic line population derived from the
cross between Dongnong50 (DN50, a
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Summary

The sodium cation (Na™) is the predominant cation with deleterious effects on crops in salt-
affected agricultural areas. Salt tolerance of crop can be improved by increasing shoot Na*
exclusion. Therefore, it is crucial to identify and use genetic variants of various crops that
promote shoot Na™ exclusion. Here, we show that a HKT1 family gene ZmNC3 (Zea mays L. Na™
Content 3; designated ZmHKT1,2) confers natural variability in shoot-Na* accumulation and salt
tolerance in maize. ZmHKT1,2 encodes a Na'-preferential transporter localized in the plasma
membrane, which mediates shoot Na* exclusion, likely by withdrawing Na* from the root xylem
flow. A naturally occurring nonsynonymous SNP (SNP947-G) increases the Na* transport activity
of ZmHKT1;2, promoting shoot Na™ exclusion and salt tolerance in maize. SNP947-G first
occurred in the wild grass teosinte (at a allele frequency of 43%) and has become a minor allele
in the maize population (allele frequency 6.1%), suggesting that SNP947-G is derived from
teosinte and that the genomic region flanking SNP947 likely has undergone selection during
domestication or post-domestication dispersal of maize. Moreover, we demonstrate that
introgression of the SNP947-G ZmHKT1,2 allele into elite maize germplasms reduces shoot Na*
content by up to 80% and promotes salt tolerance. Taken together, ZmNC3/ZmHKT1,2 was
identified as an important QTL promoting shoot Na* exclusion, and its favourable allele provides
an effective tool for developing salt-tolerant maize varieties.

Keywords: maize, salt tolerance, Na*
transport, Na* transporter.

Introduction

Crops in agricultural environments are exposed to various biotic
and abiotic stressors (Munns et al., 2012; Zhu, 2016). Salt stress
is a widespread form of environmental stress that limits global
crop production and agricultural sustainability (Ismail and
Horie, 2017; van Zelm et al., 2020; Yu et al., 2020), and the
area of salinized farmland is continuously increasing as a result of
extreme climate events (e.g., drought), irrational irrigation and
other factors (Hanks et al., 1978; Munns and Tester, 2008). To
address the deleterious impact of salt stress on global agriculture,
it is important to identify new salt-tolerant genes/alleles and to
develop crops with improved salt tolerance (Flowers, 2004,
Munns and Tester, 2008).

Previous studies have demonstrated that salt stress damages
plants largely by causing osmotic stress and ion (mainly sodium
ion; Na™) toxicity (Munns and Tester, 2008; Geilfus et al., 2018,;
Gong et al., 2020; Steinhorst and Kudla, 2019). In order to adapt
to saline environments, plants have evolved complex networks
that, respectively, regulate the osmotic and ionic aspects of salt
tolerance (Munns and Tester, 2008; Zhang et al., 2018), one of
which is to utilize Na'-preferential transporters to circulate Na*,
thus protecting plants from damage caused by excessive Na®

accumulation (Greenway and Munns, 1980; Horie et al., 2009;
Zhang et al., 2018; Yang & Guo, 2018a, 2018b; Zhu, 2016). For
example, the Arabidopsis Na*/H" transporter SOS1 mediates the
root-to-rhizosphere efflux of Na* (Shi et al., 2003; Zhu, 2016);
the Na*/H" EXCHANGER antiporters AtNHX1 likely mediates
sequestration of Na* into vacuole (Munns and Tester, 2008); the
maize HAK family transporter ZmHAK4 mediates unloading of
xylem Na* (Zhang et al., 2019) and the High-affinity K* Trans-
porter (HKT) family transporters (e.g., AtHKT1;1) mediate Na*
exclusion from shoots and flowers (An et al., 2017; Busomes
et al., 2018; Horie et al., 2009). These Na* transporters and their
regulators act together to modulate Na* homeostasis at the
cellular, tissue and organismic levels, thereby improving tolerance
to salt stress (Brownlee, 2018; Chu et al., 2021; Munns and
Tester, 2008).

Members of the HKT transporter family are among the most-
studied plant transporter proteins and can be classified into two
subfamilies: class 1 (HKT1) and class 2 (HKT2) (Horie et al., 2009;
Schachtman and Schroeder, 1994). lon-transport selectivity of
HKT family transporters is associated with a conservative residue
in the first pore loop, in which a serine (HKT1 members) is closely
associated with Na* preference and a glycine (HKT2) is associated
with K™ permeability as well as Na™ permeability, with some

Please cite this article as: Zhang, M., Li, Y., Liang, X., Lu, M., Lai, J., Song, W. and Jiang, C. (2022) A teosinte-derived allele of an HKT1 family sodium transporter
improves salt tolerance in maize. Plant Biotechnol J., https://doi.org/10.1111/pbi.13927.
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Construction and application of star sl

polycation nanocarrier-based microRNA
delivery system in Arabidopsis and maize
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Abstract

Background: MicroRNA (miRNA) plays vital roles in the regulation of both plant architecture and stress resistance
through cleavage or translation inhibition of the target messenger RNAs (mRNAs). However, miRNA-induced gene
silencing remains a major challenge in vivo due to the low delivery efficiency and instability of miRNA, thus an
efficient and simple method is urgently needed for miRNA transformation. Previous researches have constructed a
star polycation (SPc)-mediated transdermal double-stranded RNA (dsRNA) delivery system, achieving efficient dsRNA
delivery and gene silencing in insect pests.

Results: Here, we tested SPc-based platform for direct delivery of double-stranded precursor miRNA (ds-MIRNA) into
protoplasts and plants. The results showed that SPc could assemble with ds-MIRNA through electrostatic interaction
to form nano-sized ds-MIRNA/SPc complex. The complex could penetrate the root cortex and be systematically trans-
ported through the vascular tissue in seedlings of Arabidopsis and maize. Meanwhile, the complex could up-regulate
the expression of endocytosis-related genes in both protoplasts and plants to promote the cellular uptake. Further-
more, the SPc-delivered ds-MIRNA could efficiently increase mature miRNA amount to suppress the target gene
expression, and the similar phenotypes of Arabidopsis and maize were observed compared to the transgenic plants
overexpressing miRNA.

Conclusion: To our knowledge, we report the first construction and application of star polycation nanocarrier-based
platform for miRNA delivery in plants, which explores a new enable approach of plant biotechnology with efficient
transformation for agricultural application.

Keywords: Gene silencing, MiRNA delivery, Nanoparticle, Plant biotechnology, Star polycation
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ARTICLE INFO ABSTRACT

Handling Editor: Bin Chen Excessive nitrogen (N) application results in substantial losses, as N fertilizers are wasted along with the loss of
reactive N (Nr), thereby posing substantial threats to both human and ecosystem health. Nitrification inhibitors
(NI) and urease inhibitors (UI) have the potential to reduce Nr loss as well as improve grain yields. However,
comprehensive benefit assessments of these inhibitors from an environmental and economic perspective,
including insights into the mechanisms of N fertilizer reduction, are lacking. Conducting a two-year study of a
wheat-maize rotation system, urea (Ur), NI, Ul, and joint inhibitors (UI + NI, UN) was established at three N rates
(N1: suboptimal rate, N2: recommended rate, and N3: farmers’ rate), including a N fertilizer-lacking site (NO) as
a control. N fertilizer increment stimulated foreground Nr loss, and increased field Nr loss through NH3 vola-
tilization, N2O emissions, and NO3™~ leaching. There was seasonal variation in the Nr loss pathway between the
maize and wheat seasons, and NO3 ™ leaching only occurred during the maize season. Compared with farmers’ N
practice (N3Ur), N reduction and inhibitor application decreased field Nr losses by 10.9-85.2%. The efficiency of
inhibitors also varied seasonally, and UI exhibited higher efficiency in the wheat season while UN in the maize
season. N reduction and inhibitor application decreased the NDC by 18.4-83.1%, where N1UN and N1UI
exhibited higher efficiency. Compared with N3Ur, N1Ur had a risk of yield reduction (7.6-13.9%), with N1TUN
and N1UI exhibiting no significant difference. The use of suitable inhibitors effectively compensated for the
increase in NDC and reduction in yield under the N1 rate. Moreover, N1UN obtained the highest net economic
benefits (NEB) in the maize season while N1UI in the wheat season. The combination of N1UN for maize season
and N1UI for wheat season as optimizing N management, which improved the NEB by 24.7% on average
compared with the farmers’ N practice in the wheat-maize rotation. This optimizing N management for minimal
environmental damage and maximum economic benefits could be conducive for sustainable, intensive wheat-
maize cropping systems in the North China Plain.

Keywords:

Reactive nitrogen loss
Nitrification inhibitor

Urease inhibitor

Nr damage cost

Net economic benefits
Optimizing nitrogen management

1. Introduction

Nitrogen (N) being an indispensable nutrient for crop growth, N
fertilization can be considered an important tool to improve food se-
curity (Yu et al., 2019). N fertilizer inputs are currently ramped up
owing to a rapid increase in food demand, which consequentially in-
creases the substantial reactive N (Nr) losses into the environment
(Zhang et al., 2015; Guo et al., 2020; FAO, 2021). Over-fertilization also
occurs in the North China Plain (NCP), an important winter

* Corresponding author.
E-mail address: zmc1214@163.com (M. Zhang).

https://doi.org/10.1016/j.jclepro.2021.129964

wheat-summer maize rotation region, contributing one-fourth of the
total grain production in the intensive agricultural area of China (Sun
et al., 2010). In NCP, to meet the food requirement, 300-350 kg N ha™!
season ! or even higher N fertilizer is applied by farmers, contributing
to the loss of approximately a quarter of the Nr in this region (Cui et al.,
2009; Ju et al., 2009; Zhang et al., 2019). The main field Nr losses,
including gaseous discharge as NHj3 volatilization and N;O emission,
contribute significantly to air pollution and climate change (Ravin-
shakara et al., 2009; Benbi, 2013; Gong et al., 2013; Duan et al., 2019),

Received 24 June 2021; Received in revised form 22 November 2021; Accepted 29 November 2021

Available online 1 December 2021
0959-6526/© 2021 Elsevier Ltd. All rights reserved.


mailto:zmc1214@163.com
www.sciencedirect.com/science/journal/09596526
https://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2021.129964
https://doi.org/10.1016/j.jclepro.2021.129964
https://doi.org/10.1016/j.jclepro.2021.129964
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2021.129964&domain=pdf
Administrator
高亮


M) Check for updates

New
Phytologist

ECAP is a key negative regulator mediating different pathways
to modulate salt stress-induced anthocyanin biosynthesis in

Arabidopsis

, Lei Shi*
, Lei Zhu

Changjiang Li*
Binging Chen

, Xing Li*
and(Ying Fu

, Yanan Wang (9, Yujing Bi (), Wei Li (%), Huifang Ma (),

State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural University, Beijing 100193, China

Author for correspondence:
Ying Fu
Email: yingfu@cau.edu.cn

Received: 20 September 2021
Accepted: 13 December 2021

New Phytologist (2022) 233: 2216-2231
doi: 10.1111/nph.17937

Key words: anthocyanin, Arabidopsis
thaliana, ECAP, high salinity, jasmonate
signaling, MYB75/PAP1.

Summary

¢ Anthocyanins are a subgroup of plant flavonoids with antioxidant activities and are often
induced by various biotic and abiotic stresses in plants, probably to efficiently scavenge free
radicals and reactive oxygen species. However, the regulatory mechanisms of salt stress-
induced anthocyanin biosynthesis remain unclear.

e Using molecular and genetic techniques we demonstrated key roles of ECAP in differential
salt-responsive anthocyanin biosynthesis pathways in Arabidopsis thaliana.

e ECAP, JAZ6/8 and TPR2 are known to form a transcriptional repressor complex, and nega-
tively regulate jasmonate (JA)-responsive anthocyanin accumulation. In this study, we
demonstrated that under moderate salt stress, the accumulation of anthocyanins is partially
dependent on JA signaling, which degrades JAZ proteins but not ECAP. More interestingly,
we found that high salinity rather than moderate salinity induces the degradation of ECAP
through the 26S proteasome pathway, and this process is independent of JA signaling. Further
analysis revealed that ECAP interacts with MYB75 (a transcription factor activating antho-
cyanin biosynthetic genes) and represses its transcriptional activity in the absence of high
salinity.

e Our results indicated that plants adopt different strategies for fine-tuning anthocyanin
accumulation under different levels of salt stress, and further elucidated the complex regula-
tion of anthocyanin biosynthesis during plant development and responses to environmental

stresses.

Introduction

Anthocyanins are a group of plant flavonoids possessing antioxi-
dant properties and color features, and play diverse biological
functions, such as attracting pollinators and seed distributors,
and resistance to pathogen attacks and environmental stresses
(Wang etal., 1997; Mouradov & Spangenberg, 2014; Kovinich
etal., 2015). In Arabidopsis, the anthocyanin biosynthesis path-
way has been largely deciphered. The structural genes involved
are usually grouped into early (such as CHS, CHI and F3H) or
late biosynthetic genes (LBGs) (such as DFR, LDOX and
UF3GT) (Shin etal., 2013; Xu etal., 2014). It has been demon-
strated that transcription factors (TFs) from the R2R3-MYB,
basic—helix-loop-helix (bHLH) and WD40 families form the
ternary MBW complex to modulate the expression of structural
anthocyanin biosynthetic genes (Xu etal., 2015). Several signal-
ing pathways (such as light, jasmonate (JA) and gibberellic acid
(GA) signaling) regulate anthocyanin biosynthesis via interaction

*These authors contributed equally to this work.
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with the MBW complex (Qi etal., 2011; Li etal., 2016; Xie
etal., 2016).

In the MBW complex, MYBs are considered the major deter-
minant regulators (Zimmermann etal.,, 2004; Baudry etal.,
2006; Gonzalez etal., 2008; Bhargava etal., 2013; Lai etal.,
2014; Jin etal.,, 2016). Arabidopsis MYB75, also known as
PRODUCTION OF ANTHOCYANIN PIGMENT 1 (PAP1),
is an R2R3 MYB transcription factor, and the myb75-c loss-of-
function mutant has less anthocyanin content compared to the
wild-type, whereas the PAP1-Dominant (papl-D) gain-of-
function mutant has greater anthocyanin accumulation (Borevitz
etal., 2000; Li etal., 2016). The MBW complex composed of
MYB75, bHLH TFs (EGL3, GL1, GL3 and TT8) and WD-40
protein TTG1 has been identified as an activator of anthocyanin
biosynthesis via promotion of the expression of late biosynthetic
genes, such as DFR, UF3GT and ANS (Gonzalez etal., 2008;
Das etal., 2012; Shin etal., 2013; Xu etal., 2014; Lacchini &
Goossens, 2020).

Salt stress is one of the major environmental stresses that plants
suffer, and plants rely on multiple pathways, such as the salt

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation
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* Sodium (Na") is the major cation damaging crops in the salinised farmland. Previous studies
have shown that the Salt Overly Sensitive (SOS) pathway is important for salt tolerance in
Arabidopsis. Nevertheless, the SOS pathway remains poorly investigated in most crops.

e This study addresses the function of the SOS pathway and its association with the natural
variation of salt tolerance in maize.

e Firstly, we showed that a naturally occurring 4-bp frame-shifting deletion in ZmSOS1
caused the salt hypersensitive phenotype of the maize inbred line LH65. Accordingly, mutants
lacking ZmSOS1 also displayed a salt hypersensitive phenotype, due to an impaired root-to-
rhizosphere Na* efflux and an increased shoot Na" concentration. We next showed that the
maize SOS3/SOS2 complex (ZmCBL4/ZmCIPK24a and ZmCBL8/ZmCIPK24a) phosphory-
lates ZmSOS1 therefore activating its Na'-transporting activity, with their loss-of-function
mutants displaying salt hypersensitive phenotypes. Moreover, we observed that a LTR/Gypsy
insertion decreased the expression of ZmCBLS, thereby increasing shoot Na* concentration in
natural maize population.

e Taken together, our study demonstrated that the maize SOS pathway confers a conserva-
tive salt-tolerant role, and the components of SOS pathway (ZmSOS1 and ZmCBL8) confer
the natural variations of Na* regulation and salt tolerance in maize, therefore providing impor-
tant gene targets for breeding salt-tolerant maize.

Received: 20 January 2022
Accepted: 19 May 2022

New Phytologist (2022)
doi: 10.1111/nph.18278

Key words: maize, Na* regulation, natural
variation, salt tolerance, SOS pathway.

Introduction

Soil salinity is one of the major environmental abiotic stresses
that affects more than 6% (800 million hectares) of the world’s
land area, including ¢. 80 million hectares of land farmed by dry-
land or irrigation-dependent agriculture (Munns &
Tester, 2008). Worryingly, the area of salt-affected land is con-
tinuing to increase due to global climate change, land clearing, as
well as irrigation  (Flowers, 2004; Munns &
Tester, 2008; Zhu, 2016), instigating soil salinity to be a growing
threat to the global agriculture (Ismail & Horie, 2017). To deal
with the deleterious effect of soil salinity, there is an urgent need

excessive

to investigate the salt-tolerant mechanisms of crop species, there-
fore to facilitate the breeding of salt-tolerant crops (Ismail &
Horie, 2017). Decades of effort have partially explained the com-
plexity of crop salt tolerance, which is composed of, but not lim-
ited to the tolerance to ion (mainly Na" and Cl™) toxicity and
osmotic stress, the maintenance of H" gradient across the plasma
membrane, and the tolerance to salt-induced oxidative stress

*These authors contributed equally to this work.
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(reviewed by Munns & Tester, 2008; Zhu, 2016; Li ez al., 2017;
Yang & Guo, 2018).

Previous studies have indicated that the natural genetic diversi-
ties within cultivated crops and their wild relatives provide valu-
able sources for breeding salt-tolerant crops (Campbell
etal.,2017; Ismail & Horie, 2017; Luo etal,2019; Zhang
etal,2019; Wang etal,2020). In addition, dozens of QTL
genes associated with the natural variations of salt tolerance have
been identified in a variety of crop species, and some of them
showed great potential for application (Li, 2020; Cao ez al., 2021;
Singh eral,2021). For instance, the gene locus Nax2 (Na"
Exclusion 2) from the wheat relative Triticum monococcum
increases the grain yield of durum wheat by 25% under salt con-
ditions (Byrt eral, 2007; Munns etal., 2012); the SKCI (Shoot
K" Content I) from the salt-tolerant rice variety (Nona Bokra)
promotes salt tolerance by regulating K'/Na" homeostasis (Ren
etal., 2005); the favourable alleles of a HAK family sodium
transporter gene ZmNC2 (Na" content 2) reduces the shoot Na™
content of the salt-grown maize seedling by 50% (Zhang
eral.,2019). Although these studies have, to some extent,
advanced our understanding of the natural diversities of crop salt

New Phytologist (2022) 1
www.newphytologist.com
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Summary

¢ Global warming has profound impact on growth and development, and plants constantly
adjust their internal circadian clock to cope with external environment. However, how clock-
associated genes fine-tune thermoresponsive growth in plants is little understood.

¢ We found that loss-of-function mutation of REVEILLE5 (RVE5) reduces the expression of
circadian gene EARLY FLOWERING 4 (ELF4) in Arabidopsis, and confers accelerated hypoco-
tyl growth under warm-temperature conditions.

¢ Both RVE5 and CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) accumulate at warm temper-
atures and bind to the same EE cis-element presented on ELF4 promoter, but the transcrip-
tional repression activity of RVE5 is weaker than that of CCA1. The binding of CCA1 to ELF4
promoter is enhanced in the rve5-2 mutant at warm temperatures, and overexpression of
ELF4 in the rve5-2 mutant background suppresses the rve5-2 mutant phenotype at warm
temperatures.

e Therefore, the transcriptional repressor RVE5 finetunes ELF4 expression via competing at a
cis-element with the stronger transcriptional repressor CCA1 at warm temperatures. Such a
competition—attenuation mechanism provides a balancing system for modulating the level of

ELF4 and thermoresponsive hypocotyl growth under warm-temperature conditions.

Introduction

Plants have evolved an internal timing keeping-mechanism
known as the circadian clock that enables anticipation of external
environmental cues to adjust growth and development (Huang
& Nusinow, 2016). This clock consists of the input and output
pathways, and the central oscillator (Creux & Harmer, 2019).
Ambient light and temperature cues are two major inputting sig-
nals that function at both transcriptional and post-translational
levels to set (entrain) this clock (Hsu & Harmer, 2014). The cen-
tral oscillator at ambient temperature contains multiple repressors
and activators that form interconnected feedback loops (Nagel &
Kay, 2012). Briefly, the morning expressed CIRCADIAN
CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED
HYPOCOTYL (LHY) repress the expression of daytime genes
PSEUDO-RESPONSE REGULATOR 5/7/9 (PRR5/7/9) and the
evening gene PRRI/ TIMING OF CAB EXPRESSIONI (TOCI);
in turn, the latter encoded proteins inhibit the expression of for-
mer genes CCAI/LHY (Alabadi eral, 2001; Kamioka eral.,
2016). CCA1/LHY also inhibit the expression of evening genes
of the evening complex (EC); and EC represses the expression of
PRRs (Herrero etal., 2012; Mizuno etal., 2014). In addition,
midday-expressed REVEILLE 4/6/8 (RVE4/6/8) activate the

© 2022 The Authors
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expression of 70OCI, PRR5 and EC genes, but RVES expression
is inhibited by TOC1 and other PRRs (Rawat etal, 2011; Hsu
etal, 2013; Hsu & Harmer, 2014). Further, GIGANTEA (GI)
promotes the expression of CCAI/LHY whereas CCA1/LHY
inhibits the expression of GI and 7OCI (Fowler eral., 1999;
Mizoguchi et al., 2002). These multiple feedback loops provide
thythmic robustness across dynamic environmental conditions
(Shalit-Kaneh ez al., 2018). It is worthy of note that the majority
of gene products in the circadian clock acts as repressors, with the
exception of RVE4/6/8 in the RVES clade which act as activators
(Hsu & Harmer, 2014). As output pathways, the circadian clock
regulates diurnal hypocotyl growth and photoperiod-dependent
flowering (Farre, 2012).

Global warming has world-wide impacts on plant distribution
and crop productivity (Lesk eral, 2016). The plant circadian
clock also controls hypocotyl growth under warm-temperature
conditions, in a process termed thermomorphogenesis, in which
plants sense and adapt to ambient warm temperatures (Park ez al.,
2021). Several proteins/RNAs have been proposed to be warm-
temperature sensors in plants. For example, phytochrome B
(phyB), originally characterized as a photoreceptor (Lin eral.,
2020), is a temperature sensor. Warm temperature accelerates the
conversion of phyB from active Pfr to inactive Pr, which reduces

New Phytologist (2023) 237:177-191 177
www.newphytologist.com
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e 14-3-3s are highly conserved phosphopeptide-binding proteins that play important roles in
various developmental and signaling pathways in plants. However, although protein phos-
phorylation has been proven to be a key mechanism for regulating many pivotal components
of the light signaling pathway, the role of 14-3-3 proteins in photomorphogenesis remains lar-
gely obscure. PHYTOCHROME-INTERACTING FACTOR3 (PIF3) is an extensively studied
transcription factor repressing photomorphogenesis, and it is well-established that upon red
(R) light exposure, photo-activated phytochrome B (phyB) interacts with PIF3 and induces its
rapid phosphorylation and degradation. PHOTOREGULATORY PROTEIN KINASES (PPKs), a
family of nuclear protein kinases, interact with phyB and PIF3 in R light and mediate multisite
phosphorylation of PIF3 in vivo.

o Here, we report that two members of the 14-3-3 protein family, 14-3-3% and x, bind to a
serine residue in the bHLH domain of PIF3 that can be phosphorylated by PPKs, and act as
key positive regulators of R light-induced photomorphogenesis.

* Moreover, 14-3-3% and « preferentially interact with photo-activated phyB and promote
the phyB-PIF3-PPK complex formation, thereby facilitating phyB-induced phosphorylation
and degradation of PIF3 upon R light exposure.

e Together, our data demonstrate that 14-3-3\ and « work in close concert with the phyB-
PIF3 module to regulate light signaling in Arabidopsis.

Received: 28 July 2022
Accepted: 9 September 2022

New Phytologist (2022)
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Introduction

Light serves as an important environmental factor affecting
almost every developmental stage of plants. Light signal is per-
ceived by various families of photoreceptors that respond to
specific wavelengths of the spectrum. However, although phy-
tochromes (phys) are considered as the red (R) and far-red
(FR) light photoreceptors in plants, they also can absorb blue
(B) light, and thus play fundamental roles in mediating the
adaptive responses of plants under various light conditions (Li
et al., 2011; Legris et al., 2019; Cheng et al., 2021). The Ara-
bidopsis (Arabidopsis thaliana) genome encodes five phy-
tochrome photoreceptors, named phytochrome A (phyA) to
phyE (Li er al, 2011). Phytochromes are classified into two
types: phyA is classified as a type I photo-labile phytochrome
and is responsible for mediating photomorphogenic responses
in FR light, whereas phyB to phyE are classified as Type II
light-stable phytochromes, and phyB plays a major role in reg-
ulating de-etiolation response in R light (Li er al, 2011; Legris
et al., 2019; Cheng ez al., 2021). Phytochromes exist iz vivo in

*These authors contributed equally to this work.
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two interconvertible forms: the R light-absorbing Pr form and
the FR light-absorbing Pfr form (Bae & Choi, 2008; Li et al,
2011). It has long been believed that the Pfr form is biologi-
cally active, whereas the Pr form is inactive; however, it was
recently proposed that the Pr form of phyA may have some
biological activity when it is localized in the nucleus (Li &
Hiltbrunner, 2021). In darkness, phytochromes are synthesized
in the cytosol in the Pr form; upon light irradiation, they con-
vert to the Pfr form and translocate into the nucleus, where
they transduce the light signal by interacting with numerous
signaling partners (Jiao er al, 2007; Fankhauser &
Chen, 2008; Franklin & Quail, 2010; Li et al, 2011; Legris
et al., 2019).

PHYTOCHROME-INTERACTING FACTORS (PIFs) are
a subfamily of basic-helix-loop-helix (bHLH) transcription fac-
tors (Khanna ez al., 2004; Leivar & Quail, 2011). PIFs act as neg-
ative regulators of photomorphogenesis and accumulate at high
levels in darkness; however, upon light exposure, photo-activated
phytochromes interact with PIFs and induce their rapid phos-
phorylation and degradation through the ubiquitin/26S protea-
some pathway (Castillon ez 4/, 2007; Leivar & Quail, 2011).
PIF3 is the foundation member of eight PIF proteins (named

New Phytologist (2022) 1
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Summary

¢ Faithful meiotic progression ensures the generation of viable gametes. Studies suggested
the male meiosis of plants is sensitive to ambient temperature, but the underlying molecular
mechanisms remain elusive.

e Here, we characterized a maize (Zea mays ssp. mays L.) dominant male sterile mutant
Mei025, in which the meiotic process of pollen mother cells (PMCs) was arrested after pachy-
tene.

e An Asp-to-Asn replacement at position 276 of INVERTASE ALKALINE NEUTRAL 6
(INVANSG), a cytosolic invertase (CIN) that predominantly exists in PMCs and specifically
hydrolyses sucrose, was revealed to cause meiotic defects in Mei025. INVANG interacts with
itself as well as with four other CINs and seven 14-3-3 proteins. Although INVAN6™9?? the
variant of INVANG found in Mei025, lacks hydrolytic activity entirely, its presence is deleteri-
ous to male meiosis, possibly in a dominant negative repression manner through interacting
with its partner proteins. Notably, heat stress aggravated meiotic defects in invané null
mutant. Further transcriptome data suggest INVANG6 has a fundamental role for sugar home-
ostasis and stress tolerance of male meiocytes.

¢ In summary, this work uncovered the function of maize CIN in male meiosis and revealed
the role of CIN-mediated sugar metabolism and signalling in meiotic progression under heat

stress.

Introduction

Meiosis, a specialized cell division in eukaryotes, generates hap-
loid gametes with a halved number of chromosome sets through
two rounds of chromosome segregation following a single round
of DNA replication. During prophase I, meiotic chromosomes
are packaged from long, thin threads into short, fatter entities, in
coordination with the pairing, synapsis, and recombination of
homologous chromosomes (Hamant ez al., 2006; Mercier ez al.,
2015). The dynamic reconstruction of chromosomes ensures the
faithful partitioning of homologues and cell cycle progression. In
plants, male meiosis is sensitive to ambient temperature (De
Storme & Geelen, 2014; Modliszewski & Copenhaver, 2017;
Liu et al,, 2019). Mildly decreased or increased temperature pro-
motes meiotic recombination rate in Arabidopsis (Francis et al,
2007; Lloyd er al, 2018; Modliszewski ez al, 2018), whereas
excessively high temperature inhibits double-strand breaks

*These authors contributed equally to this work.
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(DSBs) generation and compromises homologue synapsis (Ning
et al., 2021; Fu et al., 2022). In both monocots and dicots, cold
and heat stresses interfere with radial microtubule arrays and
induce polyploid gametes (Tang ez 4/, 2011; De Storme ez al.,
2012; Draeger & Moore, 2017; Wang ez al., 2017; Liu et al.,
2019; Lei et al., 2020; Schindfessel ez al, 2021). In addition to
the aberrant cytokinesis, heat stress impairs chromosome beha-
viours in pollen mother cells (PMCs), resulting in partial asynap-
sis, chromosome bridges, and micronuclei formation (Draeger &
Moore, 2017; Wang ez al., 2017; De Storme & Geelen, 2020;
Schindfessel ez al., 2021). Compared with the extensive recording
of meiotic recombination and progression at varied temperatures,
genes involved in the thermotolerance of meiosis have been rarely
identified. One classical gene is Cyclin-Dependent Kinase G1,
which regulates meiotic chromosome recombination and synapsis
in a temperature-dependent manner in Arabidopsis (Zheng ez al.,
2014; Nibau ez al., 2020). And a recent study in maize (Zea mays)
revealed that Heat Shock Protein 101 is essential for DSB repair
and subsequent meiosis under heat stress (Li et 4/, 2022). To

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.
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HIGHLIGHTS GRAPHICAL ABSTRACT

Effects and mechanisms of N stabilizers Nitrogen transforming models
on soil N,O emissions were examined. N fertilizers
N,O mitigation related to low NO3 —> increase

decrease

concentration and abundance of NO5 .
producer genes. . oo~ wor
Urea increased microorganisms posi- 1 “cenm cam

tively correlated with N,O emissions.
NBPT reduced N,O emissions by
reducing denitrification genes.

DMPP reduced N,O emissions by
reducing NH3 oxidation and : _ .
denitrification genes. ; ¥

Cu-NIR Cd,-NIR

ARTICLE INFO ABSTRACT
Articlf.’ history: Nitrous oxide (N,O) is a pollutant released from agriculture soils following N fertilizer application. N stabilizers,
Received 30 July 2021 such as N-(n-butyl) thiophosphoric triamide (NBPT) and 3,4-dimethylpyrazole phosphate (DMPP) could miti-

Received in revised form 21 October 2021
Accepted 21 October 2021
Available online 27 October 2021

gate these N,O emissions when applied with fertilizer. Here, field experiments were conducted to investigate
the microbial mechanisms by which NBPT and DMPP mitigate N,O emissions following urea application. We
determined dynamic N,O emissions and inorganic N concentrations for two wheat seasons and combined this
Editor: Wei Shi with metagenomic sequencing. Application of NBPT, DMPP, and both NBPT and DMPP together with urea de-
creased mean N,0 accumulative emissions by 77.8, 91.4 and 90.7%, respectively, compared with urea
application alone, mainly via repressing the increase in NO, concentration after N fertilization. Sequencing re-

Keywords: sults indicated that urea application enriched microorganisms that were positively correlated with N,0

3,4-dimethylpyrazole phosphate (DMPP) production, whereas N stabilizers enriched microorganisms that were negatively correlated with N,O

Functional genes ) production. Furthermore, compared to urea application alone, NBPT with urea reduced the abundances of

IS\IhOtgll'm metagenomics genes related to denitrification, including napA/nasA, nirS/nirK, and norBC, resulting in a higher soil NO3™ pool.
cycling

Conversely, DMPP application, either alone or together with NBPT, decreased the abundance of genes involved
in ammonia oxidation and denitrification, including amoCAB, hao, napA/nasA, nirS/nirK, and norBC, and main-
tained a greater soil NHZ pool. Both N stabilizers resulted in similar abundances of nirABD—which is related to
NO5 reducers—as when no N fertilizer was applied, which could prevent NO5 accumulation, consequently

N-(n-butyl) thiophosphoric triamide (NBPT)
Soil microbial communities

Abbreviations: AMO, ammonia monooxygenase; AOA, ammonia-oxidizing archaea; AOB, ammonia-oxidizing bacteria; DMPP, 3,4-dimethylpyrazole phosphate; NBPT, N-(n-butyl)
thiophosphoric triamide; NI, urea + DMPP treatment; NOB, nitrite-oxidizing bacteria; NOR, nitric oxide reductases; NOS, nitrous oxide reductase; UI, urea + NBPT treatment; UN,
urea + NBPT + DMPP treatment; Urea, urea treatment; WEFPS, water-filled pore space.
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Dear Editor,

Lignin is a phenylpropanoid-derived polymer that is directly
deposited on the secondary walls of specialized cells, such as
vessel elements and fibers, in plants. Lignification has vital
roles in mechanical support, long-distance water transport,
and plant defense (Barros et al, 2015). However, lignin is un-
desirable for biotechnological applications because its cova-
lent interaction with cell wall polysaccharides limits the
enzymatic digestion of agricultural biomass feedstocks
(Torney et al, 2007). A hierarchical transcriptional network
comprising various transcription factors (TFs), including
NACs (NAM, ATAF, and CUC) and MYBs (myeloblastosis-
related proteins), controls lignin biosynthesis in Arabidopsis
(Arabidopsis thaliana). In this network, different MYBs act
as activators (e.g. MYB58 and MYB63) or repressors (e.g.
MYB4 and MYB32) of lignin biosynthesis genes (LBGs) and
these MYBs are also downstream targets of MYB46 and
MYBS83 (Xie et al,, 2018). In maize (Zea mays L.), ZmMYB31
and ZmMYB42 were repressors of LBGs (Sonbol et al., 2009;
Fornale et al, 2010). However, the upstream regulation

mechanism is still unrevealed. Here, we report that
ZmMYB69 is a regulatory factor at the upper level of
ZmMYB31 and ZmMYB42 in the hierarchical network that
controls lignin biosynthesis in maize. We provide evidence
that ZmMYBG69 is a transcriptional activator and directly tar-
gets ZmMYB31 and ZmMYB42 promoters. Thereafter, it can
repress lignin biosynthesis by activating ZmMYB31 and
ZmMYB42 expression.

In this study, we overexpressed UBI-driven ZmMYB69 in
maize ND101 inbred plants. Two lines (OE2 and OE3) were
obtained, which displayed reduced plant height
(Supplemental Figure S1) and decreased vascular bundle cell
wall thickness (Figure 1, A and B). By measuring the lignin
content in the cell wall (Foster et al,, 2010), we detected sig-
nificantly reduced lignification in the overexpression lines
compared with that in ND101 (Figure 1C). In contrast, in
ZmMYBG69 loss-of-function lines generated by the CRISPR/
Cas9 technique (Cas9-16 and Cas9-18), we observed thicker
cell walls and higher lignin content, but no visible growth
defect was detected (Figure 1, A—C and Supplemental Figure

Received February 11, 2022. Accepted April 28, 2022. Advance access publication May 28, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of American Society of Plant Biologists.
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Abstract

Potassium (K ™) is one of the essential macronutrients for plant growth and development. However, the available K™ con-
centration in soil is relatively low. Plant roots can perceive low K™ (LK) stress, then enhance high-affinity K* uptake by ac-
tivating H " -ATPases in root cells, but the mechanisms are still unclear. Here, we identified the receptor-like protein kinase
Brassinosteroid Insensitive 1-Associated Receptor Kinase 1 (BAK1) that is involved in LK response by regulating the
Arabidopsis (Arabidopsis thaliana) plasma membrane H™ -ATPase isoform 2 (AHA2). The bak1 mutant showed leaf chloro-
sis phenotype and reduced K™ content under LK conditions, which was due to the decline of K* uptake capacity. BAK1
could directly interact with the AHA2 C terminus and phosphorylate T858 and T881, by which the H* pump activity of
AHA2 was enhanced. The bak1 aha2 double mutant also displayed a leaf chlorosis phenotype that was similar to their sin-
gle mutants. The constitutively activated form AHA2A98 and phosphorylation-mimic form AHA2™**° or AHA2™®'® could
complement the LK sensitive phenotypes of both aha2 and bak1 mutants. Together, our data demonstrate that BAK1
phosphorylates AHA2 and enhances its activity, which subsequently promotes K* uptake under LK conditions.

Introduction

As one of macronutrients, potassium (K*) is essential for
plant growth and development. Plants need to absorb a
large amount of K™ from external environment to maintain
normal life activities. Potassium constitutes 2%—-10% of plant
dry weight. The cytoplasmic K™ concentration in living
plant cells can reach 100-200mM (Clarkson and Hanson,
1980; Sodek et al, 1980; Leigh and Wyn Jones, 1984;
Maathuis, 2009). However, in soils the available K* for

plants is relatively low and the concentration is typically
within micromolar range (Schroeder et al, 1994; Maathuis,
2009). Therefore, plants often suffer low K* (LK) stress in
natural environment. It is known that plants can sense and
transduce the LK stress signal, and actively respond to LK
stress for their survival via physiological and morphological
alteration (Xu et al, 2006; Wang and Wu, 2013; Ragel et al,
2015; Wang and Wu, 2015, 2017).

Received April 08, 2022. Accepted May 01, 2022. Advance access publication May 23, 2022
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