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Population growth & food security

Plant Breeding Crop Growth Models
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Gene-based modeling: Linear regression models

Plant Breeding

Linear mixed-effect Model with G x E

E Q
VYgr = 1+ 2 PE,AE 410 + 2 Bor.,QTLgyq + 2 Z BorL,xe, QTLgqAE g,

* Predicts static traits
* Predicts complex traits
* Limited application in training locations
* Linear response to environmental factors

Boer et al. 2007
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Gene-based modeling: Crop growth models

Crop Growth Models

Photothermal accumulation functions

phys_days(t) < Threshold
phys_days(t) = z |fr(Temp, Th, Topt, ...) * f,,(CSDL, PPSEN)At]|
t=1

I Jop m = PPSEN

Tb Topt Tceil Temp CSDL DL
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Gene-based modeling: Modifying breeding models ——

Plant Breeding Crop Growth Models

e Predicts static traits — * Dynamic simulations
* Predicts complex traits — e Simulate component traits

* Limited application in training locations — * Non-linear environmental response
* Linear response to environmental factors

|

Non-linear, dynamic breeding models
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Data: Crop information

.  Common bean (Phaseolus vulgaris L.)
O 2. Calima (Parent A)

. Determinate, Andean
Il. Sensitive to photoperiod

@ b. Jamapa (Parent B)

l. Indeterminate, Mesoamerican
Il. Insensitive to photoperiod

c. Recombinant Inbred Lines (RILs)
l. 184 individuals (F11: 14)

UF [FLORIDA

JAMAPA

Seed Diversity within RiLs

Source: Clavijo Jose, NSF Presentation, 2014
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Data: Site information

Location Day length (h) Year

Field Sites
Citra (CT) 12.5~13.5 10’~11 30/15 J
Fargo (ND) 13.5~15.6 12’ 23/14 Fargo
Palmira (PA) 12.0~12.1 11'~12’ 29/19 9 Paimira
Popayan (PO) 12.1~12.2 12’ 22/16 ' 9 Popayan
' Isabela
Isabella (PR) 11.5~12.4 12’ 29/19

. Environmental factors
a. Temperature, °C

l. Mean, max, min, day, night, day-night-difference G’

b. Day length, hr
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Data: Genetics

. Linkage map (Bhakta et al. 2015)
a. 513 QTL markers
b. Average interlocus distance of 1.9 cM
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—’— Data: Model fitting & evaluation

l.  Fitting
a. 171 RILs grown across 5 sites

Il. Evaluation
a. 2 parents left out 16 RILs across 5 sites
b. 2 parents 7 RILs planted in 2016 at Palmira, Colombia (PA16)

c. 2 parents 106 RILs planted in 2016 at Citra, FL
l.  March sowing (CT16-1)
II.  May sowing (CT16-2)
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Multi-stage phenology model
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l.  Planting

Il. Emergence (VE)
Ill. Flowering (R1)
V. Seed filling (R5)

V. Seed maturity (R7)

UF [FLORIDA

Phenology: Stages of bean development

Unit Seed DW (g)

R1 R3 R5 R7 R8
Pod color change - I
FUIYY
: L
0-4 | ‘i%agﬁ "‘ .‘
0.3 A
0.2 1

0.26 g USW (~90%)

<—— 0.02 g USW (~5% of Ws)

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 55
Days after anthesis
Clavijo Michelangeli et al. 2013
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Phenologyv: Stases of hean develonment
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QTLs associated with phenological stages
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Additive Nonlinear Rate Modules
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Rate modules

R1 R3 R5 R7 R8
Pod color change - N D

a. RPLEM = (VEDAP)! ' - raom [ng )|

a. REMFL = (R1DAP - VEDAP)!

a. RFLSD = (R5DAP —R1DAP)! 0.26 g USW (~90%)

a. RSDSM = (R7DAP — R5DAP)*

<—— 0.02 g USW (~5% of Ws)

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 55
Days after anthesis
Clavijo Michelangeli et al. 2013
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Rate modules
Accumulating daily rates of progress

Yois = 2 max|0, rate,s(d)|Ad
d = DAPs_4
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Rate modules
Computing daily rates of progress

Yois = 2 max|0, rate,s(d)|Ad
d = DAPs_4

rateg(d) = a; +
Zq ﬁQTquQTqu

PLEM EMFL FLSD * Denotes QTL x L
1 2 3 4 6 7 1"
10 2140 370 470 6q0 o0 117940
10 10 +10 10 10 10 n ‘lOn
20-. 20 20 20 20 20 H . +20 N
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Eblee | o e [ -
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Rate modules
Computing daily rates of progress

Yois = Z max|0, rate,s(d)|Ad
d = DAPs_4

rateys(d) = a5 + Yy |[TEmaxgofr(Tempy, Tpear,,)Ah] +
Zq ﬁQTquQTqu +

Yq2h lTEmaxSq QTL,,fr (Templh, Tpeaksq) Ah]

Proportion of maximum response [-]

UF [F1.ORIDA Temp [°C]




Rate modules
Computing daily rates of progress

Yois = 2 max|0, rate,s(d)|Ad
d = DAPs_4

rategls (d) = s + Zh[TE"'naxSOfT(Tel'nplh; Tpeakso)Ah] + PPSENS()fPP (Dle, CSDLS) +
Zq ﬁQTquQTqu +
Zq 2h lTEmaxquTqufT (Temp]h, Tpeaksq) Ah] +

Yq PPSEN ;qQTLygqofpp(DLyg, CSDL)

Effective PP [hr]

UF |FL. ORIDA PP [hr]




Temperature response profiles

chr: 1 (DiM_1.16) chr: 1 (DiM_1.22) chr: 1 (DiM_1.28) chr: 1 (DiM_1.31)

1.00 1

0.754

0.504

0.25+

0.004

chr: 1 (Fin) chr: 11 (DIM_11.2) chr: 3 (Bng164) chr: 3 (DiM_3.27)

1.00 -
Model
0.751 —— RPLEM
— REMFL
RFLSD
—— RSDSM

0.50 1

0.25 +

0.00 ‘ L

chr: 3 (DiM_3.47) chr: 4 (DiM_4.12) chr: 7 (DIM_7.3) General Response

= All_traits

Proportion of maximum response [-]

1.00 1

0.75 1

0.50 1

0.25 1

UNIVERSITY Of 0.004 T T T T T T T T T T T T T T T T T T T T foa, A T \/‘/“Fr‘u.u
UFlFLORIDA 0 10 20 30 40 0 10 20 30 40 O 10 20 30 40 O 10 20 30 40 %@Q‘Sﬁ!?‘ 4=, FEEDiFUTURE 1A

Temperature [°C]



PP effects for Calima

chr: 1 (DiM_1.16) chr: 1 (DiM_1.22) chr: 1 (DiM_1.28) chr: 1 (DiM_1.31)

0.02 1
0.01 A /
0.00 1
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-0.02 1
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chr: 1 (Fin) chr: 11 (DIM_11.2) chr: 3 (Bng164) chr: 3 (DiM_3.27)
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0.01 4

- Model
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~0.01 RFLSD
== RSDSM

-0.02 1

-0.03 1
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chr: 4 (DiM_4.12) chr: 7 (DIM_7.3) General Effect

0.02 1

Photoperiod effect on daily rate of progress [1/day]

0.01 4

—-0.01 4

-0.02 1
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RPLEM module

90+

60+

Observed DAP

R”A2 =0.88
RMSE = 1.26
Bias = 0.65
d-stat = 0.96

UF|FLORIDA

60 90

901

Observed

301

o
Q

REMFL module
90
©
260
(]
3
O
RA2 = 0.91 30
RMSE = 3.26
Bias = 1.71
d-stat = 0.97
0
30 60 90

Fitted trait module performance

* Each module is initialize at observed DAP of previous stage

RFLSD module

R*2 =0.96
RMSE =2.94
Bias = 1.81
d-stat = 0.98

0

30 60 90

Simulated DAP

90+

Observed

30+

RSDSM module

2]
o

Factor
e CT
° ND
PA
e PO
e PR
R =0.9
RMSE = 3.27
Bias = 1.95
d-stat =0.96
0 30 60 90
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Phenology model evaluation

* Each module is initialize at simulated DAP of previous stage

Site Stage R2 RMSE Site

S
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Phenology model evaluation

RFLSD
0.15
90+
0.10
Q.
LOC g
g T 60y Factor
5 CT16.1 g
N cTi62 5 e CT16_2
0.05 4 3
o °
301 ¢
RA2 =0.02
RMSE = 8.66
0.00 1 RN - Bias = 6.69
30 40 50 60 70 d—Stat = 045
SDDAP N
0 30 60 90

Simulated DAP

UOUA (ZHUSAID i, FEELIRU | UKE )




Conclusions & What's next

|. Limitations

a. Assumptions in temperature function (Tref & Toff)
. Limited G and G x E from training population and sites

b. No soil-water-nutrient dynamics
c. Not a mixed effect model (inflated SSE)

Il. Improved breeding tool
a. Dynamical simulation
b. Non-linear G x E responses
c. Simulate component traits

Ill. Next steps

a. Implementation in DSSAT CROPGRO
b. Extension to other reproductive development traits
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Questions & Suggestions
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Gene-based Modeling
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Gene-based modeling

Phenotype Distribution
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Environment Effects

Node number for a single variety (Calima)

In Palmira

Nodes

In Popayan

Days After Planting
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Gene-based modeling

Genetic Effects

Indeterminate

Days After Planting
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G x E Effects
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Gene-based modeling

Flowering in varying day lengths

52 -

<P

= -

:J — ¢ Determinat
E 441 * Indeterminate
P

3

=

o

40-

T T T
12.25 12.50 12.75

Day length
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Quantitative Trait Locus (QTL)

Single Nucleotide Polymorphism (SNP)

DNA

Adapted from Mational Human Genome Research Institute
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Gene-based modeling: Linear regression models

\:.: » \ .
Plant Breeding

Linear mixed-effect Model with G x S
Q Q
Yij = U+ PsS; +zﬁaxiq+ZﬁQTLxinq5j
q:l q:]_

* Predicts static traits
* Predicts complex traits
* Limited application in training locations

Boer et al. 2007
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Crop Growth Models

C@l a te
ngth, drying

crop fact adiatio n%, ler ture
rop factors radiati ur power
l , 7}.___,'__'13‘_____ B - —— - P

photo | ¢ I S j
synthesis / ,

uptake

+ irrigation
evaporation
- perc olation

soil moisture

soil nutrients

+ fertilization

+ mineralization
- leaching

- immobilization

|
|
|
I | weed:

P P |- - nutrient
soil factors competition

Source: M. van Ittersum L "=~



Model conversion

Base linear mixed effect model

Q Q
Yo =pu+BrAT g + Bp ADLg; + Z Bor1,QTLgyq + z (.BQTquTQTquATgl + ﬁQTquDLQTquADLgl)
q=1 q=1
ATy =(Tgy —T) ADLy = (DLy — DL)
u
Temp
UF [FLORIDA USDA (S)USAID % FEEDIFUTURE A
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Model conversion

Convert to dynamic model

Q Q
rateg(d) = a + BrAT g (d) + Bp ADL g (d) + z Bor1,QTLgyq + z (BQTquTQTquATgl(d) + BQTquDLQTquADLgl(d))
q=1 q=1
AT gi(d) = (Tgy —T*) ADLg(d) = (DLgy — DL")
rateg  (d) rateg (d)

Temp

UNIVERSITY of . . . “/'-:\r{‘
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Model conversion

Non-linear E response functions

Q Q
rateg(d) = @+ BriTgo(d) + FoidDLy(d) + ) Bor,@TLyg + > (Bors xr@TLygAT g1q(d) + o1, pi@TLyghDLy ()

q=1 q=1
24
AT g1q(d) = z fr(Tempgp, Tpeak,) ADLy(d) = f,,(d, CSDL)
h=1

: Temperature Function Photoperiod Function
a .
c
o
Q
(%]
o . —
£ £
=)
£ a
E )
© >
£ =
S £
c (AT
2
T
5 -
8_ 20 prl T 12 3
& Temp [°C] PP [hr]
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