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Opioids Epidemic



Opioids Crisis

• 30% of patients misuse 
opioids

• 10% developing an opioid 
use disorder.

• 30% increase in opioid 
overdoses from July 2016 
through September 2017 in 
52 areas in 45 states



van Staaden MJ, Hall FS, Huber R. J 
Mental Health & Clin Psychology 
(2018) 2(3): 8-13

The Deep Evolutionary 
Roots of Addiction

• Addictive plant alkaloids, as 
secondary metabolites, 
evolved primarily to counter 
insect herbivory. 

• Addiction would seem to be an 
odd defense strategy

• Survival of an intoxicated 
herbivore is probably quite 
short. It will either fall off or 
will be an easy prey for the 
predators which are 
abundant in most 
ecosystems.



The Deep Evolutionary 
Roots of Addiction

• Addictive plant alkaloids 
• Affect learning and 

motivation 
• Mechanisms which 

are shared by taxa 
since the early 
evolution of bilateral 
metazoans. 

• Addiction is fundamentally an 
invertebrate phenomenon 

• Humans can be viewed as 
collateral damage in this 
coevolutionary arms race. 

van Staaden MJ, Hall FS, Huber R. J 
Mental Health & Clin Psychology 
(2018) 2(3): 8-13



Addiction is a complex, multigenic, epistatic trait

Environmental components/stress likely plays a role

The combinatorial space that we need to search is 
huge….

Why do we think we can do this?

Because we are already doing it for Bioenergy



Bioenergy Experimental Data Types
• Natural Variation

– Genome Wide Association Studies

– 28 Million SNPs

– ~160,000 Primary Phenotypes

• Morphology/Phenology

• Molecular

• Microbiomes & Metagenomes

• Omics & Meta-omics
– Genomics, Transcriptomics, 

Proteomics, Metabolomics

• All publically available Genomes

• Differential/Time Series 
Expression Studies

• Systems Biology Approach
– Combining datasets across omics

layers, sample sets, and species



Traditional Results



Integrated Vision: From Human & Plant Systems Biology to 3D 
Structural Interactions – From Bioenergy to Opioids Addiction

Structures:
28 million 

compounds



Genome Wide Association Studies (GWAS) 
& 

Quantitative Trait Loci (QTL)



SNP Vectors Phenotype Vectors

Single QTL mapping: 28 million tests per phenotype
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https://en.wikipedia.org/wiki/Manhattan_plot
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Hundreds of Thousands of Manhattan Plots???



Building GWAS Networks

GWAS
Association

Phenotype
Gene
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Deeper Discoveries in Systems Biology:  
The Balance Between False Positives and 
False Negatives (Type 1 vs Type 2 Error)
Our ability to reconstruct the entirety of a 
complex biological system improves as the 
number of population-scale endo-, meso-
and exo-phenotypes are measured and 
combined with deep layers of 
experimental data collected on individual 
genotypes.

Pleiotropic and Epistatic Network-Based 
Discovery: Integrated Networks for Target 
Gene Discovery.  Deborah Weighill , Piet Jones, 
Manesh Shah, Priya Ranjan, Wellington Muchero, 
Jeremy Schmutz, Avinash Sreedasyam, David 
Macaya Sanz, Robert Sykes, Nan Zhao, Madhavi
Martin, Stephen DiFazio, TImothy Tschaplinski, 
Gerald Tuskan, Daniel Jacobson.  Front. Energy 
Res. - Bioenergy and Biofuels, DOI: 
10.3389/fenrg.2018.00030 



GWAS: Single QTL/SNP Mapping

• Very Powerful
•Misses a significant portion (often the 

majority) of the genetic signal
–Rare Variants
• MAF filters

– Environmental impact
• Exposome

–Often does not find complete genetic 
architectures for complex phenotypes
• Epistasis



Genome-wide variants

GWAS

Stringent P-value 
threshold

Filter out rare variants
e.g. MAF < 0.01



Genome-wide variants

GWASRare Variants Epistasis

Relaxed threshold

Biological filter

Environmental Impact: 
Exposome



Genome-wide variants

GWASRare Variants Epistasis

Relaxed threshold

Biological filter

Environmental Impact: 
Exposome



Set-based Methods in Action:

Finding genetic architectures responsible for 
climate adaptation

Genome Wide Association of Time Series
(GWATS)

From nucleotides to Climate…





Raster Layers, 
Geographic Information Systems (GIS),
And Environmental Data….



What does a plant think its season is?
Seasons start and end at different times at each geographic location 
BioClim doesn’t provide enough information

BIO1 = Annual Mean Temperature
BIO2 = Mean Diurnal Range (Mean of monthly (max temp - min temp))
BIO3 = Isothermality (BIO2/BIO7) (* 100)
BIO4 = Temperature Seasonality (standard deviation *100)
BIO5 = Max Temperature of Warmest Month
BIO6 = Min Temperature of Coldest Month
BIO7 = Temperature Annual Range (BIO5-BIO6)
BIO8 = Mean Temperature of Wettest Quarter
BIO9 = Mean Temperature of Driest Quarter
BIO10 = Mean Temperature of Warmest Quarter
BIO11 = Mean Temperature of Coldest Quarter
BIO12 = Annual Precipitation
BIO13 = Precipitation of Wettest Month
BIO14 = Precipitation of Driest Month
BIO15 = Precipitation Seasonality (Coefficient of Variation)
BIO16 = Precipitation of Wettest Quarter
BIO17 = Precipitation of Driest Quarter
BIO18 = Precipitation of Warmest Quarter
BIO19 = Precipitation of Coldest Quarter



Environmental 
Gradient

Isolation By Distance/
Population Structure

K1

K2

K3



Interpolate Climate Data to a full year
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GWAS across a whole year
Example of Manhattan plot across time
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> 9500 Environmental Variables

• Mean Temperature

• Temperature Range

• Min Temperature

• Max Temperature

• Mean Humidity

• Max Humidity

• Min Humidity

• Humidity Range

• Mean Aridity Index

• Vapor Pressure (kPa)

• Wind Speed (m/s)

• Solar Radiation (kJ/m2)

• Mean Solar hours

• Precipitation Quantity

• Precipitation Chance

• Soil Water Capacity

• Light Hours (4 layers): UV, Red, Blue, Far-Red Light 
Hours

• Light Intensity (4 layers) UV, Red, Blue, Far-Red

• Cloudiness Chance

• Percent Cloud Cover

• Mean Annual Temperature (Bio1)

• Mean Diurnal Range (Bio2)

• Isothermality (mean monthly) * (annual range).  (Bio3)

• Temperature Seasonality (standard deviation * 100). 
(Bio4)

• Max Temperature Warmest Month (Bio5)

• Min Temperature coldest month (Bio6)

• Temperature Annual Range (Bio7)

• Mean Temperature of Wettest Quarter (Bio8)

• Mean Temperature of Driest Quarter (Bio9)

• Mean Temperature Warmest Quarter (Bio10)

• Mean Temperature Coldest Quarter (Bio11)

• Annual Precipitation (Bio12)

• Precipitation of Wettest Month (Bio13)

• Precipitation of driest Month (Bio14)

• Precipitation Seasonality (Bio15)

• Precipitation of Wettest Quarter (Bio16)

• Precipitation of Driest Quarter (Bio17)

• Precipitation of Warmest Quarter (Bio18)

• Precipitation of Coldest Quarter (Bio19)

26 Time-Fluctuating 
Variables 

(365 days across year) 
37 Non-time dependent 
Variables

• Soil Water Retention (Mean)

• Soil Cultivation

• Soil Salinity

• Soil Nutrient Availability

• Nutrient Retention

• Oxygen Availability

• Excess Salts

• Rooting Conditions

• Workability (general particle size)

• % Grassland

• % Forest Land

• % Herbaceous Cover

• % Desert

• Elevation

• Aspect  (4 layers)

• Slope    (8 Layers)

• Proximity to water body (custom layer)

• Snow Cover



120

2

Aridity
Score

-lo
g(

p-
va

lu
e)

 >
 8

Days of the Year
-90 New year New yearMid-Summer +90

99
3 

Lo
ca

tio
ns

Wax-related Gene Across Season



Mean Daily
Wind Speed

99
3 

Lo
ca

tio
ns

1.5
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leaf development 
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Possibilities

• Time Accurate to One Day of the Year Variants are Potentially 
Important for Climate Stress

• Many Different Climate Variables can be used such as Aridity, Heat 
Stress, Drought Stress

• Variants that are Important for Specific Climates Can be used for 
Selective Breeding to improve Yield Traits per region

• Epistatic and Pleiotropic interactions will also be determined

• Exposome Networks become another layer of data for LOE
– Better understanding



Addiction is a complex, multigenic, epistatic trait

The combinatorial space that we need to search is 
huge….

Why do we think we can do this?

We have learned a lot of lessons and developed methods to find 
increasingly complex patterns

We population-scale have observational datasets

We are developing population-scale experimental systems



Obervational Data: MVP CHAMPION: DOE-VA 
Collaboration

• Clinical records for 23 million patients, 
past 20 years at ORNL

• 600,000 genotypes --> 2 million 
genotypes

• Unprecedented clinical genomics 
resource

• Amy Justice: Expert co-PI in drug use and 
epidemiology in the VA population



Experimental Data: Integrated, Scalable Drosophila
Phenotyping

Intoxication: 
• Impaired motor coordination 

(ARC)
• Reduced responsiveness to 

external stimuli (ARC, Activity)
• Coma/Sleep (ARC, Activity)

Psychostimulation/depression: 
• Changes in activity (ARC, 

Activity, Treadmill)
• Changes in space utilization 

(ARC, Activity)
• Disruption of circadian 

patterns (ARC, Activity)

Opioid-sensitive changes in 
learning and memory: 
• Conditioned place preference 

(Memory)
• Aversive cue learning and 

analgesic effects (Memory)
• Changes in motivation to seek 

out drug-paired cues (Treadmill)

Extinction, withdrawal, and 
reinstatement:
• Motor effects of drug cessation 

(ARC, Activity)
• Changes in conditioned place 

preference (Memory)
• Compulsive behaviors (ARC, 

Activity, Treadmill)



Genome-wide variants

GWASRare Variants Epistasis

Relaxed threshold

Biological filter

Environmental Impact: 
Exposome



Genome-wide variants

GWASRare Variants Epistasis

Relaxed threshold

Biological filter

Environmental Impact: 
Exposome



Epistatic Interactions

• Additive and epistatic
contributions

• For phenotype ! and QTL "#, 
where # represents a locus in 
the genome, we want to 
determine $# ∀#.

• Epistasis may be important to consider in genomic 
association studies, as a gene with a weak main effect may 
be identified only through its interaction with another gene 
or other genes

• This requires a test to be done (with permutations) for all 
possible pairs of SNPs.



Epistatic Example: Transcription Initiation Complex



The Need for Speed
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Breaking the curse of dimensionality

10M Genetic 
Variants in 
20k - 40k 

genes

Genes do not work 
in isolation: 10170

potential 
interactions among 

variants

Linking genetic 
variants to phenotypes 

requires the 
exploration of an 
enormous space

To obtain accuracy and 
insight, we are 
developing procedures 
to detect interactions of 
any form or order at the 
same computational cost 
as main effects

Set-based thinking
• SNP Correlation 

Networks
• Explainable-AI
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Co-evolution Networks: SNP Correlations

• Identify SNPs which have become fixed relative to 
one another
– Linkage Disequilibrium
– Selective pressure
– Potentially co-evolving
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Co-evolution: Big data and high performance computing 
reveals the underlying biological signatures

One connected component of the SNP Correlation Network

SNPsSNP Correlations

• 85 million SNPs

• 600,000 Genotypes

• 3.6 x 1015 allele-specific SNP 
correlations calculated

• Billions of significant correlations

• Results modeled as a co-evolution 
network

• Network topology reflects the 
underlying biology

– Genes under the same or similar 
selective pressures tend to co-evolve 
– which is reflected in SNP 
correlations and therefore, network 
topology
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SNP Correlation/Co-evolution – Leading the Way to Exascale

• Thus far we have achieved 2.36 
ExaOps (mixed precision 
ExaFlops) at 4,560 nodes (99% 
of Summit) using the Tensor 
Cores

• Equivalent to 86.4 TF per GPU 
for the whole computation 
(including communications and 
transfers) at 4,560 nodes 

• Excellent scaling made possible 
by Summit fat tree network with 
adaptive routing

• > 15,000X faster than the closest 
competing code

Gordon Bell Prize
First ever for Genomics or Systems 

Biology
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SNP Set 1

SNP Set 2

SNP Set N

P1

P2

PN

Genome-Wide SNPS

inputs define sets associate filterinputs define sets association 
test

LOE Biological 
filter

High scoring 
Sets/genes

FAD/NAD(P)-binding oxidoreductase

phosphoprotein phosphatase inhibitors

Chaperone DnaJ-domain superfamily protein

Calcium-dependent lipid-binding (CaLB domain) 
family protein 

Serine protease inhibitor, potato inhibitor I-type 
family protein 

Protein of unknown function (DUF3506)

Nucleic acid-binding, OB-fold-like protein

cofactor assembly of complex C

Syntaxin/t-SNARE family protein
Ribosomal protein S21 family protein

golgi nucleotide sugar transporter 1

DHFS-FPGS homolog B

DHFS-FPGS homolog B

Got1/Sft2-like vescicle transport protein family

ZIP metal ion transporter family

Tetratricopeptide repeat (TPR)-like superfamily 
protein 

Esterase/lipase/thioesterase family protein

LAG1 homologue 2

Rad21/Rec8-like family protein

ubiquitin-conjugating enzyme 5

hypothetical protein 1

Late embryogenesis abundant protein (LEA) family 
protein 

Ribosomal protein L18ae family

Glycosyl hydrolase family 47 proteinRNA-binding KH domain-containing protein novel plant snare 11peroxin 19-1acyl activating enzyme 5 vacuolar ATPase subunit F family proteinPlant protein of unknown function (DUF827)ribosomal protein S2

transducin family protein / WD-40 repeat family 
protein 

Serine/threonine-protein kinase Rio1

tRNA synthetase class I (I, L, M and V) family 
protein 

SMAD/FHA domain-containing protein

P-loop containing nucleoside triphosphate 
hydrolases superfamily protein 

BSD domain-containing protein

Membrane insertion protein, OxaA/YidC with 
tetratricopeptide repeat domain 

O-acetyltransferase family protein

shaggy-like protein kinase 32

RING/U-box protein with domain of unknown 
function (DUF 1232) 

Histidine kinase-, DNA gyrase B-, and HSP90-like 
ATPase family protein 

nodulin MtN21 /EamA-like transporter family 
protein 

peptidase M20/M25/M40 family protein

SNARE-like superfamily protein

CTC-interacting domain 9

apurinic endonuclease-redox protein

Protein of unknown function, DUF547

Syntaxin/t-SNARE family protein

Plant protein of unknown function (DUF639)

Protein of unknown function (DUF3755)

CDPK-related kinase 1

peroxin 19-1

proteasome subunit PAB1

ACT-like protein tyrosine kinase family protein

acyl-CoA oxidase 4

ubiquitin-specific protease 15

Actin-like ATPase superfamily protein

sucrose transporter 2

Protein of unknown function (DUF1336)

OTU-like cysteine protease family protein

selenoprotein family protein

maternal effect embryo arrest 12
ARM repeat superfamily protein

5\'-3\' exonuclease family protein

prohibitin 6

peptide transporter 2

Protein kinase superfamily protein

DNAse I-like superfamily protein

Transducin family protein / WD-40 repeat family 
protein 

CAAX amino terminal protease family protein

transducin family protein / WD-40 repeat family 
protein 

RNA-binding (RRM/RBD/RNP motifs) family protein

ATP-dependent Clp protease

Phosphoinositide phosphatase family protein

ATP binding;GTP binding;nucleotide 
binding;nucleoside-triphosphatases 

NAD(P)-binding Rossmann-fold superfamily 
protein 

purin-rich alpha 1 PTEN 2TPX2 (targeting protein for Xklp2) protein familySNARE-like superfamily protein

Ubiquitin-like superfamily protein Leucine-rich repeat (LRR) family proteinF-box and associated interaction 
domains-containing protein YELLOW STRIPE like 6Mitochondrial substrate carrier family protein

MSCS-like 3 UDP-glucosyl transferase 85A3receptor like protein 12

Uncharacterised protein family (UPF0497)

RNA cyclase family protein

Uncharacterized protein family (UPF0016) Major facilitator superfamily proteinubiquitin-specific protease 19 Protein prenylyltransferase superfamily protein

histidine kinase 1RNA polymerase Rpb7 N-terminal 
domain-containing protein 

ferrochelatase 2

holocarboxylase synthase 1

ARM repeat superfamily protein

Tetratricopeptide repeat (TPR)-like superfamily 
protein 

SIGNAL PEPTIDE PEPTIDASE-LIKE 1

Class II aaRS and biotin synthetases superfamily 
protein 

myb domain protein 68

RING/FYVE/PHD zinc finger superfamily protein

Plant calmodulin-binding protein-related

RING/U-box superfamily protein

SNARE-like superfamily protein

basic leucine-zipper 44

Duplicated homeodomain-like superfamily protein

WRKY DNA-binding protein 70

P-loop containing nucleoside triphosphate 
hydrolases superfamily protein 

SHV3-like 5

with no lysine (K) kinase 4

Galactosyltransferase family protein

nodulin MtN21 /EamA-like transporter family 
protein 

ovate family protein 17

global transcription factor group B1

sucrose synthase 6

beta glucosidase 46
Auxin efflux carrier family protein

beta glucosidase 46

P-loop containing nucleoside triphosphate 
hydrolases superfamily protein Uncharacterised conserved protein UCP022280

P-loop containing nucleoside triphosphate 
hydrolases superfamily protein 

Ubiquitin domain-containing protein

alpha-L-arabinofuranosidase 1

proteasome family protein

Ribonuclease III family proteinDomain of unknown function (DUF543)

alpha-glucan phosphorylase 2

Leucine-rich repeat transmembrane protein 
kinase protein zinc knuckle (CCHC-type) family protein

protein phosphatase 2A  subunit A2NHL domain-containing proteingalacturonosyltransferase 14

IQ-domain 12

Glycosyl hydrolase superfamily protein exocyst complex component sec10

NAC domain containing protein 25Protein kinase superfamily protein

beta-hydroxylase 1

P-loop containing nucleoside triphosphate 
hydrolases superfamily protein 

Tetratricopeptide repeat (TPR)-like superfamily 
protein 

Surfeit locus 1 cytochrome c oxidase biogenesis 
protein 

RHOMBOID-like protein 12

Polynucleotidyl transferase, ribonuclease H-like 
superfamily protein 

actin-related protein C3

F-box family protein

Eukaryotic rpb5 RNA polymerase subunit family 
protein 

serine carboxypeptidase-like 25

Bifunctional inhibitor/lipid-transfer protein/seed 
storage 2S albumin superfamily protein 

homolog of yeast FIP1 [V]

Clp amino terminal domain-containing protein

Ubiquitin-conjugating enzyme family protein

RNA-binding CRS1 / YhbY (CRM) 
domain-containing protein Phosphoglycerate mutase-like family protein

SNF2 domain-containing protein / helicase 
domain-containing protein / HNH endonuclease 

domain-containing protein 

ubiquitin-specific protease 8 Target of Myb protein 1

carotenoid cleavage dioxygenase 1

P-loop containing nucleoside triphosphate 
hydrolases superfamily protein 

Tic22-like family protein

26S proteasome regulatory subunit, putative 
(RPN5) 

Translation initiation factor 3 protein
bromo-adjacent homology (BAH) 

domain-containing protein Pentatricopeptide repeat (PPR) superfamily protein

Ribosome recycling factor

signal peptide peptidase

shoot gravitropism 2 (SGR2)

zeta-carotene desaturase

malonyl-CoA decarboxylase family proteinSH2 domain protein B

Histidine kinase-, DNA gyrase B-, and HSP90-like 
ATPase family protein 

low psii accumulation2RNA-binding KH domain-containing protein

Transducin/WD40 repeat-like superfamily protein

Proteasome component (PCI) domain protein

squamosa promoter binding protein-like 7

Peptidase M20/M25/M40 family protein calcium-dependent protein kinase 13

Major facilitator superfamily protein

ATP binding microtubule motor family protein

Ubiquitin carboxyl-terminal hydrolase-related 
protein 

DEAD/DEAH box RNA helicase family protein

anaphase promoting complex 6

RNA polymerase I specific transcription initiation 
factor RRN3 protein 

ARM repeat superfamily protein

glutamate-cysteine ligase

S-adenosyl-L-methionine-dependent 
methyltransferases superfamily protein 

binding;calmodulin binding

Tudor/PWWP/MBT superfamily protein

translocase outer membrane 20-2

2-oxoglutarate (2OG) and Fe(II)-dependent 
oxygenase superfamily protein 

Acyl-CoA N-acyltransferase with 
RING/FYVE/PHD-type zinc finger protein 

Protein of unknown function (DUF668)

Endoplasmic reticulum vesicle transporter protein

DNA polymerase delta small subunitTransducin family protein / WD-40 repeat family 
protein 

Polynucleotidyl transferase, ribonuclease H-like 
superfamily protein Chaperone DnaJ-domain superfamily protein

emp24/gp25L/p24 family/GOLD family protein

G

G

G

G

8

6

5

5
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Other Approaches to Epistasis: 
Machine and Deep Learning Algorithms

• Great at classification
• Essentially black boxes

• Don’t reveal the interactions between 
variables that lead to the classification

• Need Explainable AI
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Finding Higher Order Combinatorial 
Interactions in Complex Systems

• X matrix and Y vector
• Iterative Random Forests



iRF Workflow

Weighted
Random 
Forest

Training 
Data

Tree 
Ensemble

Test 
Data

Node 
Filtering

Random 
Intersecti
on Trees

Feature 
Interactions

Interactions
(refined)

Prediction
Accuracy

Bootstrap 
Aggregation 
(Bagging)

Interactions
(stabilized)

Feature
Importance

X2> 
0.9

X11> 
0.5

X7> 
0.1

X11> 
0.7

X10< 
0.5

X11< 
0.7

X3> 
0.1

X3< 
0.1

X9< 
0.5 X9> 

0.5

X7< 
0.1

X2> 
0.3

X2< 
0.3

X11< 
0.5

X2< 
0.9

X10< 
0.5

{X2, X11}          {X11}           { }    …   …    
…        …

{X2, X11, X7}

{X2, X11, X1} {X9, X3}

{X9, X11, 
X10}{X2, X11}

{X3, X9, X10}     {X9, X3}  …   {X2, X11, X1}  ...  
{X2, X7, X11}

Collaboration: Ben Brown - LBNL
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iRF – X Matrix and 1 Y Vector

SNP Vectors Phenotype Vectors
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iRF – X Matrix and 1 Y Vector

SNP Vectors Phenotype Vectors

9-way combination = 1000 CPU hours per phenotype (160,000 phenotypes)
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Epistatic GWAS
Metabolic Phenotypes



Epistatic GWAS
Metabolic Phenotypes
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TiRF – Any Set of Matrices or Tensor 
Dimensions Simultaneously

• Spatial and temporal/longitudinal information
• Different Omics layers (genome, transcriptome, proteome, 

metabolome, microbiome…)
• Quantum chemical tensors



55 Presentation name

Tensors: Matrices    Cubes



Tensors: Matrices    Cubes    Polytopes
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From data matrix to cube to polytopes.

Machine 
Learning:

TiRF



Tensor iterative Random Forests (TiRFs)
• Effectively build forests that can be mined for interactions within a multi-

dimensional X, a multi-dimesional Y and interactions between multiple 
dimensions in X and Y, all at the same time. 

• Applications in Systems Biology
– Plants
– Microbes
– Humans

• Applications in Text Mining
– Electronic Health Records
– Scientific Literature

• Simulation Models
– Combinatorial parameter sweeps (X) model output (Y)

• Any domain with high a dimensional set of  matrices
Iterative Deep Neural Networks (iDNNs)
• Unpacking the black box
• Discovering the interactions encoded in DNNs 
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High Order Interactions: 
Exposome
Explainable AI: Machine and Deep Learning Integration

E-AI

DNNs

MIPs
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Infrastructure
• This is being achieved as a collaboration between 

Biosciences, and the Oak Ridge Leadership Computing 
Facility (OLCF) and the Compute & Data Environment for 
Science (CADES)
– Large clusters

• ~200,000 CPU cores
• 27,000 GPUs 

– Storage platform
• 250 Petabytes of storage

– Large Memory Platforms
• SGI 24 Tbyte Memory

– Map Reduce/Hadoop Systems
• Cray Urika XA

Future Projects: Exploring Higher Order 
Combinatorial Complexity

~2 Billion (Titan) CPU hours

• 340,000 years on a single computer

• 17 days
– Summit
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Collaborations anyone?
• Machine Learning

• TiRFs
• Deep Learning

• iDDNs
• GPU Implementations
• Applied Mathematics
• Systems Biology
• Bioenergy
• Microbiomics (Plants, Insects, Mice)
• Neuroscience
• Human Health
• Clinical Genomics
• Evolutionary Ecotoxicology



Questions?


