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Spider lily
Lycoris radiata

Yoshino cherry

Morning groly
Ipomoea
tricolor
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variationsiinlenvironmental: factors
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Seasonality of photoperiod and temperature
virtually disappear In tropical rain forests



atitudinaligradientiofireproductive'phenology

family Fagacae
genus Quercus

family Fagacae
genus Lithocarpus
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Araye, Yahara, Satake (under review)
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7 Genus Quercus and
Lithocarpus diverged
c.a. 55 million years ago.
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Diversification rate
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JAYcross-scalelapproachifor/phenology.
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We can understand the physiological mechanism and

evolutionary history of phenology.
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Moleculardandfgeneticlknowledge
infmodellplants

Vernalization Bud burst
| .
|
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1
Flowering But dormancy break

Cluster 6 — PavDAM4

200
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|_
A : o0
Winter  winter :
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Aikawa et al. 2010 PNAS Vimont et al. BMC Genomics 2019



Fagus crenata

Field monitoring of phenology (Japanese beech)
Field transcriptome
Target gene

expression analyse

BEERF 5l herb Quercus glauca thhocurpus edulis

Arabidopsis
halleri 3 Shorea curtisii
_» . Shorea leprosul ““‘\ /
o
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1. Tropical phenology and Impacts of climate change
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2. Comparative molecular phenology in Fagaceae
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Fongztermifloweringfandifruiting'data

Monthly record of present or absence of flowers and fruits
In 210 tree species from 41 families in arboretums in Malaysia.

In collaboration with
Dr. Numata@Tokyo Met and
Dr. Hosaka@Hiroshima Univ.

Rutaceae

Lecythidaceae

/ Anacardiaceae
'.:’ ,‘l‘:. ' . .’i.-\";".‘f‘- ‘
< ’."t'\ Q\k’ e | o -

Sapindaceae Dipterocarpaceae

Euphorbiaceae

Ebenaceae

Fabaceae
Arecaceae

Phyllanthaceae
Annonaceae

Sapotaceae
Lauraceae

Moraceae

Useful Tropical Plants ,http://tropical.theferns.info,2019/04/20




- Number of flowering species is low in late 1970s.

* More than 70 species flowered in 1985.

- Synchronized flowering, in which more than 20% of species
participate (Y ), occurred once in 2—8 yrs.

= (General flowering

— All species (210)
80 - —— Dipterocarpaceae (95) vy \/
. — Non-Dipterocarpaceae (115)

v
40 - Y |

20 - 1l H N o
0 - i ./‘ »’ "’ ‘@A, ILJ d N» AAM b .ﬁ,‘.‘.“._‘,-..
76 78 80 82 84 86 88 90 92 94 96 98 00 02 04 06 08 10

Year Numata et al. 2022. Commun Biol

Number of
flowering species




Whatiisialtriggerlofigeneraliflowering?

T L
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Low temperature Drought

Several nights of low temperature 30 days total rainfall
Ashton et al. 1988 that Is less than 40mm

Sakal et al. 2006

Low temperature X Drought

Synergistic effect
Chen et al. 2018



*% 0.39 £ 0.02

Temperature increased.
(0.39 = 0.02 °C /decade)

1976 1980 1984 1988 1992 1996 2000 2004©

Year
151 %% 0.51+£0.26
510 .
E Precipitation
g \ slightly increased.
5o . (0.51 * 0.26 mm/day/decade)
5

1976 1980 1984 1988 1992 1996 2000 2004 2008
Year



HowJclimatelchangelimpacts

onitropicaliphenology?

Temperature

*3% 0.39 £0.02

T i Prediction of
future phenology

Minimum temperature anomaly (°C)
o

1976 1980 1984 1988 1992 1996 2000 2004

Year

151 %% 0.51+0.26

10;

Rainfall anomaly (mm/day)
(4]

1976 1980 1984 1988 1992 1996 2000 2004 2008
Year

Precipitation



Modellingfsignaliaccumulationfandiintegration

Floral |
n,day Initiation n, day Flowering
. L > >
. Signal i Flower :
_ . accumulation | development :
C | | :
Threshold ' M __, Cool Unit  CU >
temperature : \ : (CU) U :
l : .
D ' Temperature = | CU D_h:
Thr.es.ho-Id ‘n i Precipitation l.?r:ﬁlz%rttl) DU |
precipitation ,
| Cumulative ¥‘
M sum

Day



Gene regulatory network in
Arabidopsis plants
Different pathways are integrated

Cold

o
S

Photoperiod

Circadian clock'('_ﬁ'

FRI l
Vernalization /QELFB

l pathway LHY 1 Gl
) CCA1 ELF4

Gibberellin
pathway | FLC"|— COOLAIR pathway
%/P Photoperiod pathway Gl
$ PHYA / FKF1
| CRY2 ™= co
Ambient
temperature PHYB

pathway

Floral meristem
identity genes

U v T
Pl AP1, CAL, FUL, LFY

Vegetative

Reproductive

Tropical plants

(Dipterocarpaceae)
Cool Drought
temperature .

"
e

’7%

Integration
FT

!

Flowering



Parameterizationfandimodeliselection
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\Welidentified|6/phenology/groups

Presence of flower
Absence of flower

| ‘ l““‘ %
I ‘ : |1

o R
o'
1

FRITHK Lo

95 species

—

1976 -

1980 1

1985 == -
1990
2000 1

_< =
© 1995 |

2005 -

2010 -

Group

Group

Group
6

Different pheno groups showt
different environmental responses
under same environment

Group 1, 2, 5,6
response to drought

Group 3, 4
(57% of total number of species)
response to low temperature
and drought

The differential sensitivity to
environmental signals will have a
profound effect on fithess.



HowJabout{molecularjphenology/initropics?

&y ™ i\ S. leprosula

Depterocarpaceae
\F ' Shorea curtisii , A
From 2012 S. leprosula From 2011
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Circadian clock@‘

T ermaia /C\El_llre,
ernallization LHY TOC A

pathway ELE4 Gl
Autonomous l\/ Ceal LUX Gibberellin

pathway—| FLC"|— COOLAIR pathway

Photoperiod pathway

PHYA
CRY2 ™
Amblent cO
temperature PHYB

pathway

Floral meriste
identity genes

Sample collection

Target genes
Most important genes for floral
transition

RNA extraction FT

(FLOWERING LOCUS T)

Measurement of gene LFY
expression level by gpCR  (LEAFY)



Relative expression

Relative expression
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04
0.2
0.0

Moleculardgphenologyjofitropicalitrees

S. curtisii
11— SoFT1 (bud) i Tree ] Flowerlng i c2
—— ScFT1 (leaf) Cl1 5 Fruiting : |

— ScLFY (bud)

,D.,

P FEE I FEE TS FEE T ITF PP I P FP 5 0P F O o o
2011 2012 2013 2014 2011 2012 2013 2014
S. Ieprosula
¥ - 10 "
— SIFT1 (bud) & 08 Flowering L2
— SILFY (bud) @ & 0.6 Fruiting :
f ! 04
-ﬂ 02
0.0 — |
PP F@ S S I F P 3\“{‘?@0" FeE & S PP @ ) P L N WP F P o S N
2011 2012 2013 2014 2011 2012 2013 2014

Yeoh et al. 2017. Mol Ecol

Activation of FT and LFY induces floral induction.

Molecular phenology Is effective to monitor
physiological changes that cannot be seen with eyes.



Integrated[droughtifandllowjtemperaturelsignals

explainfobservedimolecular;phenology

30 day running

— 30 day running 65 days mean rainfall
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Impactsfoficlimatelchangelonitropical'phenology

: . O RCP 2.6 (30D MA)  —— RCP 8.5 (30D MA)
High CO, err_nssmn T RCP26 (12MMA)  —— RCP85(12M MA)
scenario E2 28 Temperature bl ke S ,;.1 7C
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1.2°C increase of
temperature results
in the loss of
flowering in 57% of
Dipterocarp species.
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Coolltemperature]responselmayjbeladaptivejtoithelpastibut
nhotitoithelfuture!climate
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1. Tropical phenology and impacts of climate change

2. Comparative molecular phenology In Fagaceae
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Distribution
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Rich species
diversity
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Kyushu University, I[to campus
December 2009, google map

Quercus
glauca

Lithocarpus
edulis




RNA seq

Qg DNA microarray Le
21,168 for two years 21,336
Independent genes Independent genes
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- Blast . Orthol ] ]
Quercus glauca . pgym Ortholog /1 ithocurpus edulis
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Wind pollinated estimate } ' Animal pollinated

- — | eaf and
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. ?
Ml genes n —bg ; élrs ?ﬁiies
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Y ‘W/ High variation genes across
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27490101 genes re

veadledidifferent phenology
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characterizesiphenologicalldifferencelbetweenispecies

Results of Principal Component Analysis (PCA) PC1: winter

0.2- ®
@ 100 -
L L Q. glauca L. edulis
| 8 504 —— Individual 1 —— Individual 1
0.1 ® 4 7 ——— Individual 2 —— Individual 2
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PGIlis{characterizedlby/genes
associatediwithistress'response

Top 2.5% genes (n= 175) with high loading values for PC1

Acclimation to _
Tolerance to freezing Proteome and
low temperature RNA homeostasis
AtRH7 — Q. glauca SEXT CLPC1

— | edulis Starch degradation enzyme

0w O o O N NN s O~ ) — «— 0N O o O N N 5 O~ B — «— N O 0 O NN = O M~ O — —
- w - — g} w - — Ty

-— -— -—

2017 2018 2019 2017 2018 2019 2017 2018 2019

Q. glauca L. edulis

Signal value
—]‘- o = N oW
6
]
|
'y o -
—It o = N W

Response to
winter cold!

Response to
winter cold!




PG2lis{characterizedlby/genes
assocCliatediwithienergy/acquisition’and'growth

Top 2.5% genes (n= 175) with high loading values for PC2

Response to Cell proliferation

Photosynthesis DNA methylation DNA repair
— Q. glauca
o STV B oo RAD54
= 2 4
T
> 2
© 0
5., D\ O\ ,{7(& —
%
mgmgngﬁhm:r mgmggmvghm:r mgmggmﬂ-ﬁhmzr
2017 2018 2019 2017 2018 2019 2017 2018 2019

Growth season
has arrived!

Growth season
has arrived!

Q. glauca L. edulis




PG3lislcharacterizedlby/genes
associatediwithipollination

Top 2.5% genes (n=175) with high loading values for PC3

Acquisition of female

Pollen acceptance gametophyte identity
SEC5a — Q. glauca gec15p RDR6
® 2 Exocytosis — [ . edulis ,|Exocytosis 4|RNA silencing
© 1 1 )
> 0;
c _, 0
D =2
“»w-2l . -2
2017 2018 2019 2017 2018 2019 2017 2018 2019

Q. glauca L. edulis

Ready to be
fertilized after
winter

Ready to be
fertilized In
summer




Qg

1-year fruiting species

But burst
., Flowering

Q. glauca
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Delayedifertilization

Q. glauca Flowering _ Fertilization

1cmé—é
D (6
v

Ovules develop quickly in Qg.
Ovules are immature until next
spring in Le.

Delayed activation of PC3 genes

may regulate delayed fertilization.

Ovules are
mature.

Ovules start
developing

Fertilization

L. edulis ~
Flowering )
Le |
V4




JAncestraljtraitiestimationfsuggests

firmlgeneticlbasis!foridelayed!fertilization

The anceStI’a| tralt |S 2-year fruiting 1-year fruiting
more likely to be 2-year fruiting 0.65 " 0.35
M 1-year fruiting
M2-year fruiting - /
" ——3 -;" o; P o2 = o oo :o 5 S 0% gj."ii;%;:o% °830 I
A28 Gogen, o ng o, 128 e | %&%8’%°$%°&°6&”‘6&9% ALAgm M e AR

llex
Lobatae Protobalanus Quercus Virentes Cyclobalanopsis Cerris
a1stanopsis Quercus Lithocarpus_/ChrysoIepsis/
Castanea Notholithocarpus
(11 d12
30.7 69.3 2-year fruiting 1-year fruiting 1-year fruiting 2-year fruiting
: : = e - -
T | e > g0
1.2 92.8

Evolutionary transition rate from 2-year to 1-year fruiting type

is higher than the opposite.
PC3 genes can be the candidates for the genetic basis of delayed fertilization.
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Euturelperspectives

Comparative molecular phenology
_|_

Genome resources
+

Development of predictive models

\

= Evolution of phenotypic diversity
- Forecasting future flowering phenology
under changing environments
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There are two
flowering peaks:
April and
October.
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" Flowering
1l|3l]ll1lél1l1l .Illllflllél.ll‘lr -II[lI il?llgl1l1l

W Fruiting

1III1III9II1I1I 1IrIIIIII9II1I1I 5llllllg||.||1| )
Month Month Month Month
Meliacea Moraceae Myrtaceae Sapotaceae

1357 911
Month Month Month Month




© > 30- —
= - °
8% 254 [ ]-Fal  Spring |||  227C
D 20 I B : W —
€0 5] = Winter — o
s L 0 A
c N B
© o g
L o
o od
56a6b7 8 91011121 2 3 45a5b 6 7 8 9 1011121 2 _
2017 2018 2019
R T T o o — e
£ 12 — _ || —
T 10
Q _
s 8
g o
IS
x 27 IIII III
(o J ) S | S |
56a6b7 8 91011121 2 3 45a5b 6 7 8 91011121 2
- 2017 2018 2019
5 & 14+
= 2 12+
S E —
S E'T _
S 9 g
A
85 2 I Nooc | [Joom
S ¢ oJ m_U_H=m Dol _=Us0OE_H
o 56a6b7 8 91011121 2 3 45a5b 6 7 8 9 101112 1 2

2017 2018 2019



Modelling gene regulatory dynamics

T t T
e_mpera e ( ) Dynamics for FLC and FT transcript levels
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What happens in a warmer world?

Relative expression

aoep Dot NWov Dec Jan Feb Mar Apr May Jun Jul  Aug  Sep

Satake et al. 2013
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— Q. glauca
- L. edulis

Q. glauca Flowering

icm

Month 4

L. edulis .

Flowering Fertilization




/ 7 7
A. 2 A BEZEHETH
B.¥BTL—L7REMMK
1 C.RILAR A BRFEMA
§u¢§ﬂu?>aym§mn

[ N i~

[EIRER %%

L/
)

BEERANV B
ﬂ.

FIEE= DR
Y X7 DK
H DA B AIREME

0.20+
0.154
0.10-
0.054

0.00-
0.20-

[T o.15-
\

}4X 0.10-
% 0.05.-
1)

3> 0.004
T 0.20-

518X =") LD
2T E S, —7 8l

1976—-1996

» O
WP S S PRI

A

Joal
1 v

h:iiéijkimmjilﬁﬁﬁtlm-
C

Numata et al. 2022 Commun Biol

2050-2099

O RCP 2.6
B RCP 8.5

FRCArfrErEC

F{EEE DB
) R oM

YR

WP I PP P S

A



- 3 pairs of leaf and bud were sampled
every two weeks from 3 individuals.

- RNA sequence (Illumina Hiseq2500)
using samples from May to Dec.

- Probe design for DNA microarray.

\Quercus glauca Lithocurpus ea’u/i}v
Qg (n=3) Le (n=3)
Spring Summer  Fall Winter ---
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