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Recent whole genome sequencing has revealed that lineage-specific genome duplications drive the evolution of
beneficial traits, including fruit traits specific to each crop. The "climacteric fruit ripening" system, commonly regulated
by ethylene, might be applicable to this concept. Studies in model crops, like tomato, have gradually unveiled that key
ripening genes were independently established via lineage-specific duplications. This research aims to uncover the
evolutionary context of fruit ripening genes across various plant species and to model their expression patterns
established in lineage-specific manners. We assessed the diversification of ethylene-responsive gene expression in
climacteric fruit ripening in angiosperms with a phylogenetic aspect. The expression responsibility to ethylene in
autocatalytic ethylene-forming enzymes, such as ACC synthase or ACC oxidase, showed monophyletic evolution,
originating from a single gene in the most recent common ancestor (MRCA) of angiosperms. In contrast, genes involved
in cell-wall modification and NAC transcription factors exhibited lineage-specific ethylene responsiveness, originating
independently from distinct genes in the MRCA. These results suggest that, although ethylene-triggered ripening
behavior may look similar across species, most regulatory mechanisms independently evolved, as convergent evolution.
Variation in cis-regulatory elements (CREs) is thought to drive lineage-specific expression behaviors in plant; predicting
expression from CRE patterns is, however, still difficult due to the ambiguity and complexity in reaction involving
CREs. Here, using explainable convolutional neural networks (CNNs) on the gene promoter sequences, we modeled
genome-wide expression patterns in tomato and kiwifruit fruit ripening. Feature visualization of the models identified
key CREs for ripening, which was experimentally validated. Tomato and kiwifruit exhibited independent key CREs,
which uncovered kiwifruit-specific cis-trans regulatory networks important for the ripening process. This Al-based
framework would allow allele design for optimized expression in each crop. We assessed a time-lapse transcriptomic
data series in ethylene-treated kiwifruit, to uncover transitions of the expression networks in fruit ripening. We identified
3 chronological dynamic expression rises triggered by ethylene, where transitions from ethylene signaling to ripening
reactions clearly appeared. We further conducted the described Al-based cis-decoding and co-expression network
analysis on each rise cluster, to identify the key regulatory factors/networks.

This study modeled the fruit ripening responses using three interdisciplinary approaches. Our results suggest that their
regulatory pathways have been established as convergent evolution at least in the downstream pathways, in which
lineage-specific key factors could be identified through Al-based cis-decoding. Furthermore, detailed time-lapse
transcriptome analysis in kiwifruit revealed the transition of these regulatory pathways and key candidates for each gene
network. This study not only sheds light on the evolutionary commonality and convergence in the molecular pathways

of fruit ripening, but also can potentially harness the various fruit ripening traits in the future.




WXEERROEE

REORBILSEICEAE L TR, TOREITREAE FIEFICEERFHTHDH, REDOL ILAN
TF LR THSND 2 A~ TV IV RRETH D, b~ MIZ T4~ 2TV v 7 BREOET
NERE L TEFRH SN TE R, L LITE, 7/ MBS G SN2 &2k v, b~ ML
THEBE DT 7 MELERTEY & UTRFEMABEDBIEFITIT M~ b (FAFHEY) K708 a1
WEENDZENHENELERS>TND, ZDZ LiE, b~ b EMBHTRERZAD 75 FHME DM OREFEIC b
JIGHTE T MIRVELONE VD BRMEA T IE TS,

KR TIE, T =F L U GRUEIE T & £ DIE nE T It OMfaEE S iR OEIC O W TIAE L7z, =
F U U ARSI T O Bl O 6@ (MRCA) Th LB HICHE L TV DIz LT, =
F U MG 5O FIRICALE T 2 HIREEE %35 OPG (Polygalacturonase) . PL (Pectate lyase) (F%&27 D H7
DMRCANBRAEL TV, DF D FROKFIFREMBITIB D TRI ST — ATV DA, B2 5 s
DB TV DB TH D LB X BiLlz, 202 EITRERBD I THEOT T VT, ll %« OFEY) CTRESE
TOMERSHDHZ L EZTRBLTND, £ZT, b~ hEXTUA TA—VIZBWT, HiRETLOMBELR
HTND, ZORTH U AFHIi= L A~ (CRE) OZERIL, Y ORG R FEB LT 2 BRE T 5 &5
Z B, L L, CREZSY — Ui OFBTFHIL, CREABE 53 2 IS OBEBE S UM S O7- 0 NEETH -
7o £ ZTCHRETEEMAEDELHET, REFAICHET HCREOFFELITV, v hMeF U T 0=
I3 L72F —CREZ /R L, ¥ UL IN—YEAEDL AR T A%y NV —7 BE#A 7 0t A |CEE
ThHHZENPLNITIRST,

Z DRRICARTE TIZRERRBERE DT /ALIZBET 28 E 0 6 | ZUEB T E 2 1A G Do FIENE
CThDHEEFET LIz, FEMEEI DAL, SHORFERBIITICB N TEHERAMR LR L TEY, 5%
D ZOFEORIBITH /2B EZ o O T BB 2D L WIfRF SN D, o, K IAa— 2D R
ETERHZMZL TS, LDz EnD, ROl RixEL (B OPIET 5 &HE L,



