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Response to environmental cues reveals plant phenotypic plasticity 
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Interaction of environmental cues 
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Understanding plastic responses to environmental cues crucial for 
predicting and managing effects of climate change 



 
Gas exchange measurements and sampling in 50 

year old trees in the field 



Controlled environments 

Factorial experiments simulating future climate in growth 
chambers  at UTM with white pine seedlings 



Photos: http://www.ppsystems.com/, Jon Lloyd and John Gamon 

• Photochemical reflectance index (PRI) 
• Based on changes in two narrow wavebands 

• Indicates de-epoxidation of xanthophyll cycle pigments (531 nm) 
and reference band (570 nm) 

PRI = R531 – R570 / R531 + R570 

Longterm monitoring sites 
 

PRI – a leaf reflectance index for remote sensing of photosynthetic efficiency and vegetation productivity is 
based on xanthophyll cycle dynamics and non-photochemical quenching 

http://www.ppsystems.com/


Phenology - Spring 
onset of 

photosynthesis in 
Scots pine 
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preceeded by increases in 
photochemical and decreases 
in non- photochemical 
processes 



Response to increased 
air temperature 

Response of Eastern white pine 
provenances to experimental warming, 

UofT’s Koffler Scientific Reserve 
(6 heated + 6 unheated control plots) 

  Christine Chang      Emmanuelle Frechette 



Response of gene expression to increased 
autumn temperature 

22°/18°, 
15 h light 

 
LDHT 

22°/18°, 
8 h light 

 
SDHT 

7°/5°, 
15 h light 

 
LDLT 

7°/5°, 
8 h light 

 
SDLT 

 SDLT/  LDLT/  SDHT/ 
 LDHT   LDHT   LDHT 
 

989 differentially expressed genes 
 (p < 0.001) in at least one contrast in 
response to daylength and temperature 

10k genes on microarray (2005) 



Transcriptome 
responses and 

enrichment of GO 
categories revealed 
by Next Generation 
RNA Sequencing 

35k genes from whole 
transcriptome analysis 
(2015) 



Outline 
1. DougAdapt 

– De Novo transcriptome assembly of drought stressed 
Douglas-fir seedlings 

– Provenance specific physiological and transcriptome 
responses to a complex environment in the field 

2. Eastern White Pine 
– Response to elevated temperature 
– Tissue specific De Novo transcriptome assembly 

3. Conclusions and Perspectives 
 
 



Adaptation of forest trees to climatic change: Diversity of drought 
responses in Douglas-fir provenances 

• Identify drought responses in tree provenances 
(gene expression, isotopic signature, growth responses, isoprenoid 
metabolism, nitrogen metabolism, stress metabolites) 

• link phenotypic and physiological variation (e.g. growth 
responses, isotopic discrimination) and 

• allelic variation in candidate genes using an association genetics 
approach. 



Linking phenotypic variation with allelic 
variation in candidate genes 

Discovery of candidate genes for drought sensitivity 

Candidate genes „drought“ 

Project 1 

„Genotyping“ 

Project 1 
Allelic variation in candidate genes 

Association validation of candidate genes of drought sensitivity  

„Association mapping“ 

Project 1 with all information from Projects 2, 3, 4 

„Screening field populations“ 

Large scale field evaluation of drought sensitivity 
Project 1 

Projects 2, 3 and 4 
 

Physiological validation of 
drought sensitivity on 
different time scales 
 
 „Phenotyping“ 



DougAdapt Project 

Laura Junker 
Drought stress & 
photoprotective 
isoprenoids 

Moritz Hess 
Transcriptome 
Response to 
drought & elevated 
temperature 

Karl Schmid & 
Thomas  
Müller, U 
Hohenheim 
Transcriptome & 
SNP analysis 

Jurgen Kreuzwieser, Anita 
Kleiber 
U Freiburg 
Volatile isoprenoids 

Uli Kohnle 
FVA Freiburg 
Growth 
dynamics 
 

Arthur Gessler & Kirstin 
Jansen 
ZALF, Berlin (now WSL 
Birmensdorf, SUI) 
Isotope signature 

Henning Wildhagen 
FVA Freiburg (now 
U Goettingen) 
Transcriptome 
analysis 
 



DougAdapt 

De Novo transcriptome assembly of drought 
stressed Douglas-fir seedlings 
 

Howe G, Yu J, Knaus B, Cronn R, Kolpak S, 
Dolan P, Lorenz W, Dean J (2013) A SNP 
resource for Douglas-fir: de novo 
transcriptome assembly and SNP detection 
and validation. BMC genomics 14: 137 



Drought stress experiments – Physiological states and 
genetic backgrounds used for reference library 
construction 

Control 
(watered) 

Mild 
drought 
stress 

Severe 
drought 
stress 

Three levels of water availibility       18 provenances 



De novo assembly of unigene set for Douglas-fir 

RNA 

12 cDNA libraries 
 (wood, needles, coastal, interior, transitional, control, mild stress, severe stress) 

Pooling,  
synthesis 

Control 
(watered) 

Mild 
drought 
stress  

Severe 
drought 
stress  

x 

1: int. Douglas-fir,control; 2: int. Douglas-fir, mild stress; 3: int. Douglas-fir severe, stress; 
 
4: coast. Douglas-fir, control; 5:coast. Douglas-fir, mild stress; 6: coast. Douglas-fir, severe stress  

amplified cDNA before normalization Amplified cDNA after normalization 



Figure 8: Schematic example of contigs, isotigs, and isogroups produced by Newbler  
(Used Velvet in beginning). Single reads (black lines) are assembled to contigs. The dotted lines 
represent subsets of reads implying connections between the contigs. The red, blue, and green line 
represent the consensus sequence of the contigs.  
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De novo assembly of unigene set for Douglas-fir 
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Distribution of the top hits species of the 
BLASTX search of the PUTs from the assembly 
against NCBI’snr database 
~ 20,000 unique PUTs 
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Functional annotation to GO-Slim 
categories. Comparison of the distribution 
of the GO-Slim categories of the Douglas- 
fir PUT set versus Picea sitchensis and 
Arabidopsis thaliana at GO level 2. 
Transcriptome data of P. sitchensis and  
A. thaliana were obtained from NCBI  
and TAIR databases, respectively 
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Identification of treatment specific PUTs 



De novo assembly of unigene set for Douglas-fir 
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SNP identification 

Number of SNPs. Number of SNPs identified by 
the SNP detection tools GSMapper, ssahaSNP, 
and bwa/SAMtools. 27,688 SNPs were 
detected by all three tools and are considered 
to be the most reliable SNPs 
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Outline 
1. DougAdapt 

– De Novo transcriptome assembly of drought stressed 
Douglas-fir seedlings 

– Provenance specific physiological and transcriptome 
responses to a complex environment in the field 

2. Eastern White Pine 
– Response to elevated temperature 
– Tissue specific De Novo transcriptome assembly 

3. Conclusions and Perspectives 
 
 



Wiesloch Schluchsee 

Elevation 
a.s.l. 105 m 1050 m 

Precipation 
(annual sum) 660 mm 1345 mm 

Mean annual 
temperature 9.9°C 6.1°C 

Dry Humid 

Two contrasting field sites in Southern Germany 

From Muller et al. (2014) 

Wiesloch 

Schluchsee 

50 year old 
trees in 
international 
Douglas-fir 
provenance 
trial 

Physiology: 4 provenances 
sampling in May and Juli 2010 & 2011 

Transcriptome: 2 Provenances 
sampling in May, June, July, September 2010 



Origin of provenances 

British Colombia 

Washington 

Oregon 
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(Map: Aas 2008, modified) 

Physiology: 4 provenances 
sampling in May and Juli 2010 & 2011 

Transcriptome: 2 Provenances (1+2) 
sampling in May, June, July, September 



Gas exchange measurements and tissue sampling in the 
canopy of 50 year old trees of a common garden 

experiment 



Temperature, Soil Water Availability and 
Sunshine Duration at the two field sites 
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Effect of provenance, site and climatic parameters 
on physiology 

No provenance 
effect on 
fluorescence and 
VOC emissions 

Provenance effects 
assimilation, 
isotopic 
discrimination, 
pigments, stored 
monoterpene pools 



Provenance effects on 
assimilation, stomatal 
conductance, water 
use efficiency and 
chlorophyll content of 
50 year old Douglas-fir 



Provenance effects on assimilation, stomatal 
conductance, water use efficiency and chlorophyll 
content of 50 year old Douglas-fir 
 



Outline 
1. DougAdapt 

– De Novo transcriptome assembly of drought stressed 
Douglas-fir seedlings 

– Provenance specific physiological and transcriptome 
responses to a complex environment in the field 

2. Eastern White Pine 
– Response to elevated temperature 
– Tissue specific De Novo transcriptome assembly 

3. Conclusions and Perspectives 
 
 



Gene expression (2 provenances, 2 field sites, 4 
sampling points) in a complex environment with 

variation in environmental parameters 
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Pipeline Transcriptome Analysis 



Differentially expressed genes 
(F-Test p<0.01) 

 
 
Temperature   Provenance 

Use of environmental parameters (as proxies 
for campaign) and provenance as predictors for 

expression of PUTs 



Effect of E on PUT normalized expression on Salmon Arm 
(Interior) or Cameron Lake (Coastal) 

 
Up Up Up 

Down Down Down 

Hess et al. (in preparation) 



Effect of G x E interaction on normalized PUT expression 

 SWA x Provenance up dAIC < -10, dR2 > 0.1  Day. x Proven. up dAIC < -10, dR2 > 0.1 

Temp. x Proven. down dAIC < -10, dR2 > 0.1 

Temp. x Proven. up dAIC < -10, dR2 > 0.1 

 SWA x Proven. down dAIC < -10, dR2 > 0.1  Day. x Proven. down dAIC < -10, dR2 > 0.1 

 Soil water availability (%) 

 Soil water availability (%) 

 Temperature centered (°C) 

 Temperature centered (°C) 

 Daylength centered (h) 

 Daylength centered (h) 



GO Enrichment 
(E or G effects) 

Temp. Dayl.   TAW   Provenance 

Response to heat 

Response to light and photosynthesis 

Response to light and photosynthesis 

Pigment biosynthesis and isoprenoids 



Outline 
1. DougAdapt 

– De Novo transcriptome assembly of drought stressed 
Douglas-fir seedlings 

– Provenance specific physiological and transcriptome 
responses to a complex environment in the field 

2. Eastern White Pine 
– Response to elevated temperature 
– Tissue specific De Novo transcriptome assembly 

3. Conclusions and Perspectives 
 
 



White pine project – Phenology and response to 
elevated temperature 

Christine Chang - 
Elevated 
temperature, 
autumn cold 
acclimation & 
senescence 

Leaf spectral reflectance and carbon cycling 

Emmanuel 
Frechette - 
Xanthophyll cycle 
dynamics, leaf 
spectral 
reflectance & PRI 

John 
Gamon Altaf Arain 

Chris Wong – Leaf 
spectral reflectance, 
carbon cycling (and 
remote sensing) 

Claire Depardieu-
Rasheed -  
Transcriptomics and 
bioinformatics 

Regulation of Photosynthesis & carbon 
metabolism 

Shawn Mansfield     Faride Unda 



Establish a catalog of Eastern White Pine unigenes 
and identify genes involved in response to drought, 

cold and photoperiod 

  

Chang et al. (in preparation) 



Experimental design 

Winter 
control 



Workflow for the generation of the EWP 
transcriptome 

CW: Winter control 
SW1: Simulated winter 
SG: Simulated spring 
SR: Simulated summer 
SW2: Simulated winter 
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SEQUENTIAL ASSEMBLY & ANNOTATION 
• Tissue specific de novo assembly of 759,136,189 clean reads produced 925,872 

transcripts 
• Fragmentation of tissue specific transcripts produced 56,136,189 paired-end reads (100 

bp) 
• Super assembly using 100 bp fragments produced 339,371 transcripts (unfiltered). 

Filtering removed more than 200,000 transcripts 
• Upon filtering, 119,409 high quality transcripts were obtained through sequential de novo 

assembly 
• For 76,685 (64.2%) of the high quality transcripts a significant hit was detected in the 

Pinus taeda database  



GO TERM DISTRIBUTION 
• GO terms were assigned to 45,627 transcripts 

• GO term distribution shows great similarity with other conifer species, 
indicating that the majority of transcriptome has been tagged reliably 



TISSUE & PHASE SPECIFIC RESPONSES 
 

14,674 unigenes present in all tissues 

A large number of unigenes detected only in one tissue during all phases 



• Expression of unigenes dependent on seasonal phase 
• Members of the MYB transcription factor family reveal differences 

between tissues, but also vary during simulated seasonal phases 

Winter 
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TISSUE & PHASE SPECIFIC RESPONSES 
 



Conclusions 
Douglas Fir 
• Assessed provenance specific responses of physiology 

and gene expression in complex field environment 
• Observed changes in physiology linked to TAW; 

signature of provenance detected in isotopic signature, 
pigments, VOC pools, but not in VOC emissions 

• Mixed linear models for each PUT allowed identification 
of DE and assessing effects of G, E on gene expression 

• Provenance specific differential expression of many GO 
categories consistent with physiological data 

• Association study is underway (Karl Schmid, U 
Hohenheim, Germay) 



Conclusions 
White pine 
• Used a sequential assembly approach to generated a 

draft  Pinus strobus transcriptome  
• Unigenes represent tissue and seasonal phase specific 

transcriptome responses 
• Majority of transcripts have best hits in Pinus taeda 

database 
• Comparison of GO term distribution between Pinus 

strobus unigenes and other conifers indicates reliable 
functional annotation  

• The draft assembly and annotation of Pinus strobus 
transcriptome is a resource for further gene expression 
analysis, and for understanding cold-acclimation, de-
acclimation and the development of frost tolerance 

 
 



Perspectives 
Phenotyping bottleneck (seedlings, trees) 
• Use of vegetation indices to assess 

phenology of individual plants 
• Use of vegetation indices to assess drought 

stress 
• Use of imaging PAM fluorescence 

to assess freezing damage 
 
 
 
 



Perspectives 
Phenotyping bottleneck  

Junker et al. (submitted) 



Perspectives 
Characterization of gene function by comparison 
• Characterization of gene families and transcription 

factors 
• Co-expression analysis and identification of tree 

specific genes 
• Gene browser 
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