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How do plants evolve in response to 
complex environments?



How do plants evolve in response to 
complex environments?
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ability to persist in or adapt --- genetic underpinning

current patters and future dynamics

in order to address this question I worked with loblolly pine. .. . 



Loblolly pine (Pinus taeda)  
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Good system in which to study the genetic basis of adaptive traits

are a lot of existing genetic resources



C Soil nutrients
Water

http://static1.1.sqspcdn.com/

mycorrhizal fungi



Ectomycorrhizal fungi  Plants

Alter competitive interactions 
among  plants

Multiple fungal species per host 
plant

Vary in benefit to host plant
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also other processes like soil nutrient cycling



Morphotyping and fungal identification
Root tips colonized by ectomycorrhizal fungi grouped by 
similar phenotypic characteristics (color, texture, emanating 
hyphae)



Morphotyping and fungal identification
Root tips colonized by ectomycorrhizal fungi grouped by 
similar phenotypic characteristics (color, texture, emanating 
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Understanding the genetic basis of mycorrhizal traits
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What we were interesting in is to what extent the myc comm is influenced by host plant genetics
-- help us understand the ability of these traits to evolve

Gen corr --- because that opens up the potential for indirect selection



Evidence for genetic correlations between mycorrhizal and 
other plant traits 

Modern wheat vs older cultivars
(Zhu et al., 2001)

Cultivated tomato vs wild strains
(Bryla & Koide, 1990) 

Herbivore resistant Pinyon pine 
(Sthultz et al., 2009) 
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So, in order to address question of genetic determination of myc traits and gen corr btwn traits. . . 

we designed three complimentary studies. . . 





/hosf/fusrust.htm

Pine decline  
Leptographium and Grosmannia

/hosf/fusrust.htm

from Eckhardt et al., 2007

Fusiform rust 
Cronartium
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We are interested in. . .. 

how does selective breeding influence fungal community?
How might that be affected by geographic variation ----




Fungal pathogen tolerance and geographic variation influence 
ectomycorrhizal traits of loblolly pine

Q1:  Do different locations within the natural range of loblolly pine yield 
different mycorrhizal fungal communities?   

Q2:  Do individual EM fungi respond differently to host genetic variation 
in pathogen tolerance and does this response depend on origin of the 
fungal community?  



Seedlings from loblolly pine families either tolerant or susceptible to
Pine decline (PD) or Fusiform rust (FR)

Tolerant Susceptible



3 soil sources



seedlings: 4 categories
Fusiform rust:  t or s

Pine decline:  t or s
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Fungal pathogen tolerance and geographic variation influence 
ectomycorrhizal traits of loblolly pine

Q1:  Do different locations within the natural range of loblolly pine yield 
different mycorrhizal fungal communities?   

Q2:  Do individual EM fungi respond differently to host genetic variation 
in pathogen tolerance and does this response depend on origin of the 
fungal community?  



Different locations within the natural range of loblolly pine yield 
different dominant mycorrhizal fungal communities   
(F2,560 = 36.754,  p= 0.01) 



Three of the four dominant fungal colonizers respond only to soil
inoculation source  
Rhizopogon (F2,532= 19.342, p = 7.787 e-09), Cenococcum (F2,532= 120.840, p = <2.0 e-16), and Thelephora (F2,532= 12.5084, p = 4.91e-06) 



Colonization of Thelephora determined by interaction of plant 
family resistance category and soil inoculation source 
(F6,536 = 3.691, p = 0.00132)
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This is evidence of genetic correlations between PD tolerance and colonization by thelephora (which sets the stage for indirect selection), 
but we are also seeing that the outcome of this genetic correlation has a geographic component – 



Colonization of Thelephora determined by interaction of plant 
family resistance category and soil inoculation source 
(F6,536 = 3.691, p = 0.00132)



Relative growth rate of seedlings determined by interaction of 
plant family resistance category and soil inoculation source 
(F6,532 = 3.342, p = 0.0031 )



Relative growth rate of seedlings determined by interaction of 
plant family resistance category and soil inoculation source 
(F6,532 = 3.342, p = 0.0031 )



Conclusions 

• Evidence of genetic correlations between fungal pathogen tolerance and 
Thelephora

• Evidence of genetic correlations between fungal pathogen tolerance and 
relative growth rate

• outcome of genetic correlations differs among soil environments
• Loblolly pine interacts with EM species differently
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suggesting a selection mosaic where loblolly pine coevoultion with its pathogens may proceed differently in different environments




Association mapping of ectomycorrhizal traits in loblolly pine



modified from Echt et al., 2011

Ectomycorrhizal traits 
mapped to loblolly pine 

genome

Percentage of phenotypic 
variance in mycorrhizal

traits attributed to 
marker effects (R2) 

ranged from 13% to 55%



Host plant cell structural components influence 
abundance of certain EM fungi

Trait Annotation Putative function

Rhizopogon3

Protein domain 
found in the 
Ovate family 
protein (OFP)

In Arabidopsis, OPF4 has a role in 
regulating secondary cell wall formation

(Li et al., 2011) 

Rhizopogon3
Glycosyl

transferase, family 
8 (GT8) 

In Arabidopsis, the activity of three 
members of the GT8 family are involved in 
the synthesis of xylan (Rennie et al., 2012), 
an integral component of plant secondary 

cell walls

Tomentella Actin family of 
proteins

Involved in formation of filaments that are 
a major component of the cytoskeleton

http://alevelnotes.com/
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secondary cell wall usu developed when cell is mature





Conclusions 

• Evidence of genetic correlations between fungal pathogen tolerance and 
Thelephora

• Evidence of genetic correlations between fungal pathogen tolerance and 
relative growth rate

• outcome of genetic correlations differs among soil environments
• Loblolly pine interacts with EM species differently

• association analysis suggests fewer genes of large effect
• mycorrhizal traits associated with host plant cell structural components
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suggesting a selection mosaic where loblolly pine coevoultion with its pathogens may proceed differently in different environments




• Carbon sequestration
• Water stress mitigation

Mycorrhizal fungi influence



“Our results demonstrated that eCO2 increased 
mycorrhizal plants biomass (+26.20%) . . . and 
mycorrhizal fungal growth (+22.87% in extraradical 
hyphal length and +21.77% in mycorrhizal fungal 
biomass)”
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Conclusions 

• association analysis suggests fewer genes of large effect
• shared chromosome regions confirmed by quantitative genetic analysis
• mycorrhizal traits associated with host plant cell structural components

• environmental variation has more influence on mycorrhizal community than 
genetic variation

• genetic correlations between mycorrhizal traits and other traits
****** New analysis needed with corrected pedigree!



1: Heritability and genetic correlations of above- and 
belowground traits in loblolly pine

2: Association mapping of ectomycorrhizal traits in 
loblolly pine

3: Current work at College of Charleston



What happens when roots die?
Fine root senescence is understudied 

• Soil carbon pools are much larger than most other carbon 
pools on the planet 

• Fine root turnover represents the most significant mode 
of carbon flux from plants into these pools, outstripping 
the role of leaves and other aboveground litter. 



What happens when roots die?
Fine root senescence is understudied 

• To track fine roots through time and access them for 
manipulations in the field, we have installed 100 
30x30cm plastic “root windows” at a site in coastal SC



What happens when roots die?
Fine root senescence is understudied 

• Toobis (tractable observation of biotic interactions*)



What happens when roots die?
Fine root senescence is understudied 

• Steam girdling as a method to induce root senescence 



Conclusions 

• association analysis suggests fewer genes of large effect
• shared chromosome regions confirmed by quantitative genetic analysis
• mycorrhizal traits associated with host plant cell structural components

• environmental variation has more influence on mycorrhizal community than 
genetic variation

• genetic correlations between mycorrhizal traits and other traits



Synthesis 
• Loblolly pines evolve independently in their interactions with 

different EM fungi

• Genetic correlations exist both among EM traits and between EM 
and other traits

• There is variation in the expression of genetic correlations

• Genetic determination of EM traits may be linked to cell 
structure



Quantitative genetic analysis SNP association analysis

Chromosome trait - trait Pearson's r p value

1 Tylospora - Thelephora2 0.27 0.00011
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1 Tylospora - Thelephora2 0.27 0.00011

5 Tomentella - Rhizopogon3 0.34 1.02 E -6

Coltricia - Rhizopogon3 0.19 0.00011

Coltricia - Tomentella 0.28 8.5 E -5
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Coltricia - Tomentella 0.27836 8.5 E -5
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Genetic correlations between traits in loblolly pine
Pearson’s r shown for all significant correlations (p < 0.05)



Genetic correlations between fusiform rust infection and 
mycorrhizal colonization in loblolly pine



Morphotyping and fungal identification
Root tips colonized by ectomycorrhizal fungi grouped by 
similar phenotypic characteristics (color, texture, emanating 
hyphae)















VP = VA + VD + VI + VE

VG = VA + VD+ VI

VA -> represents the cumulative effect of individual loci;
the overall mean is equal to the summed contribution of      
these loci

• resemblance between relatives is caused primarily by
additive variation

• most important for sexually reproducing species

VD -> interaction among alleles at a single locus

VI -> interaction among genes at different loci (epistasis)



Heritability

H2 = VG / VP          (broad sense)

h2 = VA / VP           (narrow sense)

VP = VA + VD + VI + VE

VP = VG + VE

Calculating narrow-sense heritability is important for predicting how a 
trait will respond to selection



Loblolly Pine, Pinus taeda

Estimating additive genetic variation in loblolly pine







Chapter 1: Genetically determined pathogen resistance interacts 
with geographic variation to influence mycorrzhizal community

Bridget J. Piculell, Lori G. Eckhardt, and Jason D. Hoeksema





Fusiform rust: Cronartium
Pine decline:  Leptographium and Grosmannia
(Singh et al., 2014; Lori Eckhardt, pers comm) 



1: Heritability and genetic correlations of above and below ground 
traits in loblolly pine



= +

phenotype genotype                   environment

Partitioning variance between genetic and environmental effects 



Phenotype = Genotype + Environment

Partitioning variance between genetic and environmental effects 

P = G + E  (individual)



Phenotype = Genotype + Environment

Partitioning variance between genetic and environmental effects 

P = G + E  (individual)

VP = VG + VE   (population)

height

fr
eq
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y



VP = VA + VI + VE

additive    non additive

VP = VG + VE

Partitioning variance between genetic and environmental effects 

VA represents the cumulative effect of individual loci

VI interaction among alleles at a single locus
interaction among genes at different loci



VP = VA + VI + VE

additive    non additive

VP = VG + VE

Partitioning variance between genetic and environmental effects 

• narrow-sense heritability, h2 = VA / VP
• broad-sense heritability, H2 = VG / VP
• additive genetic correlations



Heritability and genetic correlations of above and below ground 
traits in loblolly pine

Q1: How much of the phenotypic variation in a suite of loblolly pine traits is 
genetically determined?

Q2: Are there additive genetic correlations between mycorrhizal traits of   
loblolly pine and other traits?

Presenter
Presentation Notes
. . . and how much of the genetic variation is due to either additive genetic variation or interactive genetic effects such as dominance and epistasis



Harrison Experimental Forest (HEF), Southern Institute 
of Forest Genetics (USDA), Saucier MS



Fungal colonization 
(tips/cm)

Fusiform rust 
infection

Pine tip moth

Height

480 trees

160 genotypes 
(x3)

30 families

Loblolly pine pedigreed population

Phenotypic traits measuredSampling scheme

Presenter
Presentation Notes
underlying pedigree associated with the individuals that I sampled, use that to inform the analysis and estimate genetic parameters



Heritability and genetic correlations of above and below ground 
traits in loblolly pine

Q1: How much of the phenotypic variation in a suite of loblolly pine traits is 
genetically determined?

Q2: Are there additive genetic correlations between mycorrhizal traits of   
loblolly pine and other traits?



H2 h2

Height 0.179 0.179
Rust 0.0292 0.0292

Tip Moth 0.0791 0.0297

Heritability estimates for selective traits of loblolly pine

Broad sense heritability,  H2 = VA + VI / VP
Narrow sense heritability,  h2 = VA / VP



Heritability estimates for mycorrhizal traits of loblolly pine

Broad sense heritability,  H2 = VA + VI / VP
Narrow sense heritability,  h2 = VA / VP

H2 h2

Athelioid 0.0119 < 0.001
Tylospora 0.0143 0.0132

Cenococcum 0.00378 0.00378
Thelephora 0.0197 0.0197
Thelephora2 0.109 < 0.001
Rhizopogon < 0.001 < 0.001
Tomentella < 0.001 < 0.001
Lactarius < 0.001 < 0.001
Russula < 0.001 < 0.001

Amphinema < 0.001 < 0.001
Coltricia < 0.001 < 0.001

Rhizopogon2 < 0.001 < 0.001
Rhizopogon3 < 0.001 < 0.001
Rhizopogon4 < 0.001 < 0.001

Tot. tips/cm root < 0.001 < 0.001



Heritability and genetic correlations of above and below ground 
traits in loblolly pine

Q1: How much of the phenotypic variation in a suite of loblolly pine traits is 
genetically determined and how much of the genetic variation is due to either 
additive genetic variation or interactive genetic effects such as dominance 
and epistasis?

Q2: Are there additive genetic correlations between mycorrhizal traits of   
loblolly pine and other traits?



Genetic correlations between traits in loblolly pine
Pearson’s r shown for all significant correlations (p < 0.05)



Genetic correlations between traits in loblolly pine
Pearson’s r shown for all significant correlations (p < 0.05)

Presenter
Presentation Notes
take home:  genetic correlations – potential for  indirect selection
fungal sp don’t all behave the same way



Conclusions 

• environmental variation has more influence on mycorrhizal community than 
genetic variation

• genetic correlations between mycorrhizal traits and other traits



2: Association mapping of ectomycorrhizal traits
in loblolly pine
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Pedro!




Harrison Experimental Forest (HEF), Southern Institute 
of Forest Genetics (USDA), Saucier MS



Illumina Infinium SNP chip
2923 SNPs  (1420 informative)

160 genotypes (152 successful)
20 loblolly pine traits: 
Height
Rust
Tip moth 
Fungal colonization traits

SNP Associations with loblolly traits
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MLM analysis performed in TASSEL




Association mapping of ectomycorrhizal traits
in loblolly pine

Q1: What can we say about the number and effect of genes involved in 
mycorrhizal traits in loblolly pine?

Q2: Can we determine a genetic basis for the correlations detected in the 
quantitative genetics study?

Q3:  Can we ascribe putative function to any of the relevant SNPs?



Q1: What can we say about the number and effect of genes involved in 
mycorrhizal traits in loblolly pine?

Q2: Can we determine a genetic basis for the correlations detected in the 
quantitative genetics study?

Q3:  Can we ascribe putative function to any of the relevant SNPs?

Association mapping of ectomycorrhizal traits
in loblolly pine



33 significant associations
at p ≤ 3.5 x 10-5

SNP Associations with loblolly traits

Rhizopogon3 9

Coltricia 7

Cenococcum 4

Rhizopogon4 3

Tomentella 3

Rhizopogon2 2
Thelephora2 2

Tylospora 2
Rust 1

Presenter
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Rust --- only 1?



Many genes of small effect or few genes of large effect?

The number of loci controlling a trait can affect the degree and frequency of 
local adaptation (Nuismer et al., 2007; Savolainen et al., 2013)



Many genes of small effect or few genes of large effect?

The number of loci controlling a trait can affect the degree and frequency of 
local adaptation (Nuismer et al., 2007; Savolainen et al., 2013)

Percentage of phenotypic variance 
in mycorrhizal traits attributed to 
marker effects (R2) ranged from 

13% to 55%



Quantitative genetic analysis
• low genetic variation

SNP association analysis
• high genetic variation
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Quantitative genetic analysis
• low genetic variation

SNP association analysis
• high genetic variation
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Chapter 3: Association mapping of ectomycorrhizal traits
in loblolly pine

Q1: What can we say about the number and effect of genes involved in 
mycorrhizal traits in loblolly pine?

Q2: Can we determine a genetic basis for the correlations detected in the 
quantitative genetics study?

Q3:  Can we ascribe putative function to any of the relevant SNPs?



Can we use the SNP data to determine a probably genetic basis for 
the correlations detected in the quantitative genetics study?     
Sadly, no.



Thelephora Cenococcum Rhizopogon

The abundance of three of the four major fungal colonizers was 
determined solely by soil inoculation source 
Rhizopogon (F2,532= 19.342, p = 7.787 e-09), Cenococcum (F2,532= 120.840, p = <2.0 e-16), and Thelephora (F2,532= 12.5084, p = 4.91e-
06) 
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Discussion

Comparison with Monterey Pine

• five sampling  locations
• few dominant fungal sp
• differed among soil AND plant

(Hoeksema et al Ecology 2012) 

Monterey Pine



Discussion

Monterey Pine

Loblolly Pine

Both show
• variation in soil fungal community

Different population 
structures
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