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Boer et al. 2007

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

Linear mixed-effect Model with G x E

!"#$ = & +(
)*+

,

-,)∆,#$) +(
/*+

0

-012/012#/ +(
)*+

,

(
/*+

0

-012/3,)012#/∆,#$)

∆,#$)= ,#$) − ,#$)
• Predicts static traits
• Predicts complex traits
• Limited application in training locations
• Linear response to environmental factors



Gene-based	modeling:	Crop	growth	models
Crop Growth ModelsPlant Breeding
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Gene-based	modeling:	Modifying	breeding	models

Plant Breeding Crop Growth Models

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

• Linear response to environmental factors

• Dynamic simulations
• Simulate component traits
• Non-linear environmental response

Non-linear, dynamic breeding models
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Data:	Crop	information

I. Common bean (Phaseolus vulgaris L.)
a. Calima (Parent A)

I. Determinate, Andean
II. Sensitive to photoperiod

b. Jamapa (Parent B)
I. Indeterminate, Mesoamerican
II. Insensitive to photoperiod

c. Recombinant Inbred Lines (RILs)
I. 184 individuals (F11: 14)
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Data:	Site	information

I. Environmental factors
a. Temperature, °C

I. Mean, max, min, day, night, day-night-difference

b. Day length, hr

Location Day length (h) Year Temp [°C]

Citra (CT) 12.5~13.5 10’~11’ 30/15

Fargo (ND) 13.5~15.6 12’ 23/14

Palmira (PA) 12.0~12.1 11’~12’ 29/19

Popayan (PO) 12.1~12.2 12’ 22/16

Isabella (PR) 11.5~12.4 12’ 29/19
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Data:	Genetics

QTL Markeri

same recombination pattern with at least one other marker included in the map. In contrast,
MapMaker 3.0 generated a map with 513 unique loci covering 943 cM. The JOIN HAPLO-
TYPE command of MapMaker 3.0 identified and removed from the analysis 739 markers that
belonged to recombinationally indistinguishable groups of markers while selecting the most in-
formative one from each group to be included in the map. An additional set of 89 markers was
not included in the map because they could not be assigned a position on the map with an
LOD threshold of 3.00. Inserting these markers into the map increases both the total map dis-
tance and the chances of placing them at the wrong position. The final MapMaker 3.0 linkage
map includes 442 SNP loci (DiM), 66 RFLP-based markers, three soybean-derived SNP mark-
ers, and two phenotypic marker loci (Fig. 2, S1 and S2 Table). Although both mapping pack-
ages generated similar linear marker orders for each linkage group, alignment of these maps to
the physical map identified the MapMaker 3.0 map as the most accurate (see section below),
and for this reason it was selected for further analysis.

The relative position of each marker in their respective linkage group was verified by two
methods. First, no linear order errors were detected after testing the results with the RIPPLE
command using a LOD threshold of 3.0 and a window of five marker loci. In addition, the
CheckMatrix software produced a visual (heat map) representation of the linkage relationships
a marker has with all the other markers from the entire linkage map. CheckMatrix utilizes red
to denote strong positive linkage and blue for no linkage. A robust linkage map produces a
strong red diagonal (top-left to bottom-right) indicating a strong linkage of a particular marker

Figure 2. Linkagemap (LOD 3.0) of Phaseolus vulgaris L. with 513 uniquemarker loci distributed among the 11 chromosomes with an average
inter locus distance of 1.84 cM.

doi:10.1371/journal.pone.0116822.g002

Genomic Distribution of Recombination
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I. Linkage map (Bhakta et al. 2015)
a. 513 QTL markers
b. Average interlocus distance of 1.9 cM



I. Fitting
a. 171 RILs grown across 5 sites

II. 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

I. March sowing (CT16-1) 
II. May sowing (CT16-2) 

Data:	Model	fitting	&	evaluation



Multi-stage	phenology	model
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Figure 3-4.  Representation of key pod wall and unit seed growth events during reproductive development of Phaseolus 
vulgaris (RIL-135) plants. (•) and the solid blue line represent observed  (mean ± SEM, n=7-10) and predicted 
(Gompertz) unit seed dry weights. The top panel represents an idealized color transition of pod walls through 
key reproductive development stages: Anthesis (R1), First pod larger than 2.5 cm (R3), Beginning of rapid seed 
growth (R5), physiological maturity (R7), harvest maturity (R8). USW= unit seed weight, Ws= maximum 
(asymptotic) unit seed weight parameter of the Gompertz equation, DW= dry weight.

Phenology:	Stages	of	bean	development

I. Planting

II. Emergence (VE)

III. Flowering (R1)

IV. Seed filling (R5)

V. Seed maturity (R7)

Clavijo Michelangeli et al. 2013



Phenology:	Stages	of	bean	development
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QTLs	associated	with	phenological stages
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Additive	Nonlinear	Rate	Modules
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Figure 3-4.  Representation of key pod wall and unit seed growth events during reproductive development of Phaseolus 
vulgaris (RIL-135) plants. (•) and the solid blue line represent observed  (mean ± SEM, n=7-10) and predicted 
(Gompertz) unit seed dry weights. The top panel represents an idealized color transition of pod walls through 
key reproductive development stages: Anthesis (R1), First pod larger than 2.5 cm (R3), Beginning of rapid seed 
growth (R5), physiological maturity (R7), harvest maturity (R8). USW= unit seed weight, Ws= maximum 
(asymptotic) unit seed weight parameter of the Gompertz equation, DW= dry weight.

Clavijo Michelangeli et al. 2013

Rate	modules

I. Planting

II. Emergence (VE)

III. Flowering (R1)

IV. Seed filling (R5)

V. Seed maturity (R7)

I. Planting
a. RPLEM = (VEDAP)-1

II. Emergence (VE)
a. REMFL = (R1DAP - VEDAP)-1

III. Flowering (R1)
a. RFLSD = (R5DAP – R1DAP)-1

IV. Seed filling (R5)
a. RSDSM = (R7DAP – R5DAP)-1

V. Seed maturity (R7)



Rate	modules
Accumulating	daily	rates	of	progress
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Rate	modules
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Temperature	response	profiles

chr: 3 (DiM_3.47) chr: 4 (DiM_4.12) chr: 7 (DiM_7.3) General Response

chr: 1 (Fin) chr: 11 (DiM_11.2) chr: 3 (Bng164) chr: 3 (DiM_3.27)

chr: 1 (DiM_1.16) chr: 1 (DiM_1.22) chr: 1 (DiM_1.28) chr: 1 (DiM_1.31)
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PP	effects	for	Calima

chr: 4 (DiM_4.12) chr: 7 (DiM_7.3) General Effect
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Fitted	trait	module	performance	
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Phenology	model	evaluation	

Site Stage R2 RMSE Site Stage R2 RMSE

NSF

VE 0.89 1.06

CT16-1

VE 0.01 1.46

R1 0.89 3.32 R1 0.19 3.91

R5 0.90 3.96 R5 0.02 5.02

R7 0.85 4.19 R7 0.95 9.06

PA16

VE 0.10 1.8

CT16-2

VE 0.05 1.64

R1 0.60 3.51 R1 0.33 3.46

R5 -- R5 0.02 8.66

R7 -- R7 0.01 15.45

* Each module is initialize at simulated DAP of previous stage



Phenology	model	evaluation	
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Conclusions	&	What’s	next
I. Limitations

a. Assumptions in temperature function (Tref & Toff)
I. 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)

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

III. Next steps
a. Implementation in DSSAT CROPGRO
b. Extension to other reproductive development traits
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Questions	&	Suggestions



Environment Effects

Genetic Effects

G x E EffectsEnv

Modeling

Gene-based	Modeling



Gene-based	modeling

Phenotype Distribution



Gene-based	modeling

Environment Effects
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Gene-based	modeling

Genetic Effects
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Gene-based	modeling

G x E EffectsEnv



Gene-based	modeling

G x E EffectsEnv
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Gene-based	modeling

Environment Effects

Genetic Effects

G x E EffectsEnv

Modeling

G, G x E

E



Gene-based	modeling:	Genetic	markers

gene

gene

Quantitative Trait Locus (QTL) 

Single Nucleotide Polymorphism (SNP)



Boer et al. 2007

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

Linear mixed-effect Model with G x S
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• Predicts static traits
• Predicts complex traits
• Limited application in training locations
• Linear response to environmental factors



Gene-based	modeling:	Crop	growth	models
Crop Growth ModelsPlant Breeding

Photothermal accumulation	functions
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Model	conversion
Base	linear	mixed	effect	model
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Model	conversion
Convert	to	dynamic	model
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Non-linear	E	response	functions
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