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Chapter 1

General Introduction

Nicotiana attenuata: a model system in Chemical ecology

Chemical communication occurs at all the levels of biological organization, including 

regulation of cells and organs within an organism, as well as ecological interactions among 

organisms. The production of chemical signals in plants and animals is regulated through 

hormones and signal transduction pathways. The field of science that addresses the role of 

these chemical signals in the interaction of organisms with their biotic or abiotic environment

as well as the evolutionary and behavioral consequences of these interactions is termed as 

chemical ecology. This discipline provides the understanding of molecular and genetic 

mechanisms of biological signal transduction controlling several interactions among 

organisms such as the attraction of mates, defense against enemies, competition for resources, 

etc. Among these interactions, the study of chemistry of plant defense strategies is an 

excellent example that is benefitted from the advancement of molecular and chemical biology.

Advances in molecular biology, analytical chemistry and genetics coupled with the increasing 

availability of high throughput “omics” technologies have recently been applied using 

theoretical approaches of systems biology to study the functional basis of plant-insect 

interactions. 

Nicotiana attenuata is a wild tobacco species native to the Great Basin Dessert in 

United States. It germinates in the post fire habitats from long-lived seed banks to form 

monocultures in nitrogen-rich soils (Baldwin and Morse, 1994; Baldwin et al., 1994). After 

germination, the newly emerged seedlings struggle against intense intraspecific competition 

within population and highly variable biotic and abiotic challenges. The perception of fatty 

acid-amino acid conjugates (FACs) in the oral secretions of Manduca sexta, a specialist 

herbivore of N. attenuata, triggers the activation of protein kinases and jasmonic acid (JA) 

biosynthesis and signaling (Figure 1). JA and its metabolites, collectively called as 

jasmonates, mediate profound changes in the expression of regulatory and structural genes 

which in turn elicit both direct and indirect defenses in N. attenuata. In direct defense to 

herbivore attack, plants produce toxic, anti-nutritive and/or anti-digestive compounds such as 

alkaloids, phenolamids and terpenoids (Bennett and Wallsgrove, 1994; Kessler and Baldwin, 

2002; Mithofer and Boland, 2012). In N. attenuata, insect attack or its simulation by the 



Chapter1 – General Introduction

2 
 

application of its OS results in significant reconfigurations in metabolic and growth processes, 

in the de novo production of defense compounds such as nicotine (Steppuhn et al., 2004),

diterpene glycosides (Heiling et al., 2010) and phenopropanoid polyamine conjugates (Kaur et 

al., 2010; Onkokesung et al., 2012). Systemically induced defenses - the accumulation of 

defensive compounds in distal intact systemic leaves during insect herbivory - is also well-

characterized in N. attenuata (Baldwin, 2001; Wu and Baldwin, 2010; Onkokesung et al., 

2012). In addition, the release of volatile organic compounds to attract predators of herbivores

constitute indirect defense traits in N. attenuata (Kessler, 2004; Schuman, 2012). Since the 

production of plant defense traits incurs significant fitness cost, plants have evolved 

mechanisms to balance tolerance and defense. N. attenuata has developed a key tolerance 

strategy in which roots act as a sink tissue for sequestration of partitioned assimilates to 

facilitate re-growth after herbivore attack (Schwachtje et al., 2006).

Figure 1: (A) Nicotiana attenuata is a wild tobacco species native to Southwestern North 

America. (B) A schematic summarizing the information flow that results in the activation of 

defense mechanisms in an herbivore attacked leaf: The perception of herbivore-derived 

elicitors triggers the activation of signaling cascades which translates into large scale 

transcriptional and metabolic reconfigurations that induces direct and indirect defense 

mechanisms. Systemic signaling from the attacked leaf results in the activation of defense 

responses in distal intact (systemic) leaves. (Photos were taken by Danny Kessler)
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N. attenuata is among the few model plants for which “omics” technologies have been 

applied to understand chemically mediated heterotrophic interactions (Halitschke et al., 2003; 

Giri et al., 2006; Kang et al., 2006; Gulati et al., 2013). Vast amounts of data generated 

require the development of techniques such as multivariate analysis (MVA) that can correctly 

frame the extremely complex biological designs into statistical models.

Functional-genomics studies using conjunctive reasoning

Biology has always been a science of complex systems, mainly studied for three 

inherent properties (a) robustness: the ability to adapt to environmental changes and the 

availability of components with redundant functionality (Csete and Doyle, 2002; Kitano, 

2002), (b) modularity: physical and functional insulation of subsystems (Alm and Arkin, 

2003), and (c) emergence: the behavior that cannot be predicted by simply analyzing the 

structure of individual components (Van Regenmortel, 2004, 2004). With advances in 

molecular genetics, research in last three decades has majorly been benefited from the 

application of reductionist approach which is based on the concept that complex biological 

systems are simply a sum of their constituent parts. This approach has also established a niche 

in chemical ecology by identifying regulatory elements that play key roles in chemical traits 

behind physiological responses (Kessler and Baldwin, 2002; Wu and Baldwin, 2010). For 

example, when a gene is disrupted using genetic manipulations, its function can be inferred 

from the phenotype of the organism. However, reductionist approach cannot adequately 

account for the above mentioned properties of a complex biological network (Van 

Regenmortel, 2004; Van Norman and Benfey, 2009).

In the last decade, the emergence of high-throughput technologies has enabled the 

simultaneous detection of a large number of alterations in molecular components of a system

and has caused a major shift from a reductionist to a more holistic or systems biology based 

studies. Systems biology is an inter-disciplinary field of research which studies complex 

biological systems by examining all of the components and their interactions in the context of 

the whole system (Ideker et al., 2001; Ideker, 2004). The implementation of systems biology 

framework starts by defining the components of a biological system, profiling of relevant 

biochemical and genetic data (transcripts, metabolites, proteins, lipids, etc) on a global scale 

and the formulation of an initial model of interactions among elements that regulate the 

observed traits. The next step is to perturb the components of the system and study the results

of the perturbation. Models are further refined based on the inferences which then leads to a 
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set of new testable hypotheses (Joyce and Palsson, 2006). Auffray et al (Auffray et al., 2003)

proposed following four axioms that should be considered while studying systems biology:

1. Contextualization: characterization of objects in context of the associated 

environment in which they function. It also accounts for the associated complexity 

in biological systems when gene function depends on the context such as 

developmental stage or environment, which reductionism fails to incorporate.

2. Relatedness: studying dynamic behavior of interacting objects, that is achievable 

using high throughput multivariate “omics” studies.

3. Conditionality: identifying the rules that determine the behavior of interacting 

objects, which is specifically dependent on axiom 2 since the combination of 

multiple data sets would ease the identification of regulatory mechanism of the 

given trait. 

4. Pertinence: identifying few relevant modules from the large set of interactions, this 

in other terms called as dimension-reduction.

These axioms define a framework for large scale functional genomics studies with the main 

goal of developing system-level understanding of biological systems using conjunctive 

reasoning which implies deducing results from collective “omics” studies. Methods of 

integration for meta-analyses of “omics” data can simply be summarized in three steps:

1. Identification of network scaffolds which represents the connections between cellular 

components.

2. Decomposition of scaffolds into modules which are the portions of the network that 

are most active under a given condition and therefore best explain the observed

behavior. 

3. Predicting network behavior using previously developed system models.

Several efforts have been made in integrating different “omics” data to facilitate the 

functional identification of networks controlling growth and development, and response to 

biotic and abiotic stresses in plants (Joyce and Palsson, 2006; Long et al., 2008; Moreno-

Risueno et al., 2010; Liberman et al., 2012). Earlier work of gene-to-metabolite associations 

studied dynamic response in Arabidopsis during sulphur and nitrogen depletion at global level

(Hirai et al., 2005; Hirai et al., 2007; Sawada et al., 2009). Similar efforts have been made to 

integrate transcripts and proteins to identify potential biomarkers for roots, flowers, leaves, 

and seeds (Baerenfaller et al., 2008). The power of systems approach to understand biological 
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networks is the identification of emergent network properties that is revealed while studying 

interactions among components in different “omics” data sets. For example, A recent large 

scale study of root transcriptional activity identified an emergent property which represents 

root-specific short rhythms that determine the periodicity in lateral root development in 

Arabidopsis (Moreno-Risueno et al., 2010).

Figure 2: (A) Components of “omics” data sets: DNA (genomics) is first transcribed to 

mRNA (transcriptomics) and translated into protein (proteomics), which can catalyze 

chemical reactions that give rise to metabolites (metabolomics). (B) These components are 

profiled for different factorial designed experiments to simultaneously measure their 

abundance, size, type, tissue localization and time of action, for studying evolution, disease, 

development or physiology of an organism.

Central problem of dimensionality in “omics”

With the advancement in data acquisition techniques and computing facilities, 

practical environment of “omics” world has gained several layers of dimension. The first 

increment is the manifold increase in the simultaneous sampling of different experimental 

designs. Figure 2B represents the 5 dimensions of different components (transcriptomics, 

proteomics, metabolomics, etc.) which are commonly incorporated in a complex experiment

to measure parameters such as their abundance, length, localization, time of expression,

different types, influence of genomic variation, etc. while studying development, physiology, 

disease and evolution. At the same time, these “omics” measurements, with attributes –

features (genes, proteins, metabolites etc) and individuals (samples, subjects etc), represent an 

expression scenario with the number of features p being much larger than the number of 

samples n, often described as “large p small n” problem (Johnstone and Titterington, 2009).

However from a statistical point of view, it is desirable that the number of experimental units

n should significantly exceed the number of features p if inference is to be made about the 
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data. Therefore, in order to improve the efficiency and accuracy of data analysis, it is essential 

to reduce the dimension of the data. Dimension Reduction (DR) techniques are often applied 

as a preprocessing step or as part of data analysis to simplify the data model. The strategies of 

identifying low-dimensional representations for the original high dimensional data set are 

majorly of two types:

1. Feature extraction: It involves transferring original features of a data set to a more 

compact set of dimensions while retaining as much information as possible, through

the application of some mapping functions. Well known extraction methods include 

Principal Component Analysis (PCA) and Linear Discriminant Analysis (LDA)

2. Feature selection: It involves a family of techniques that finds a minimum subset of 

the original features set based on some criteria, rather than transforming the data to an 

entirely new set of dimensions. The commonly used methods to identify set of 

interesting features in “omics” data are clustering and statistical modeling. 

Presently, developing effective methods to interpret these high dimensional data sets and 

thereby deriving fundamental and applied biological information about whole systems is one 

of the major challenges of computational biology. The most effective method to derive 

information from complex biological experiments without introducing noise is statistical 

modeling, which is an intuitive method of describing the influence of known variables on the 

observed data. 

Statistical modeling of high dimensional data

Clustering analysis identifies predominant patterns within the data by grouping 

features (genes, metabolites etc) that have comparable patterns of variation across samples. 

However, statistical modeling identifies features affected by a given stimulus and provides 

specific information regarding individual response patterns. This involves modeling the 

dependence of feature’s response on a specific environmental variable such as tissue type, 

timing or treatments, using a set of interpretable parameters. If this representation adequately 

accounts the response pattern of a feature, then the corresponding model parameters may 

describe the timing, magnitude or duration of the response. This strategy is the basis of two 

group comparison for identifying differentially expressed genes/metabolites between normal 

and perturbed conditions. As previously mentioned, high-throughput experiments are now 

designed to study perturbations of biological networks by combination of various factors. 

Therefore, these multifactorial experimental designs require biologically interpretable models 
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that could identify the effect of different treatments on a give feature. While the parameter 

estimation of these models is similar to those of classical factorial experiments, the 

interpretation of parameters account for the duration and magnitude of effects, interactions of 

different treatments and the interactions among features. This extracted information can 

effectively be used in designing “low cost, high impact” experiments.

Additionally, time course molecular profiling has attracted increasing attention in 

biological research to identify dynamic patterns of features. Time course experiments can be 

broadly classified into two types: periodic and developmental. Periodic time course 

experiments are designed to study cell cycles and circadian/diurnal regulation mechanism, the 

processes that are usually observed showing regular temporal patterns. They are often studied 

as one-sample problem where the aim is to identify genes which change over time. On the 

other hand, developmental time courses measure expression levels in a growth and 

developmental processes or after the application of treatments and are often observed with 

arbitrary patterns. They are studied as two or more sample problems, with no assumption of 

the pattern, to identify genes which change differently over time between two or more 

conditions. However, most temporal biological “omics” data sets contain a limited number of 

time points with very few replicates and measured on biological processes which are often 

shifted in time. Classical methods for the study of static “omics” datasets are of limited 

application as they cannot consider specific ordering of time points in the series. Also, 

traditional methods developed primarily to analyze time series data, eg. Auto regressive 

moving average model (ARMA) or wavelet methods are not the preferred choices because of 

the short sampled time series data sets.

Several methods have been specially designed for biological dynamic “omics” that are 

plagued by above mentioned limitations and few broad ideas behind these methods are briefly 

introduced here. An intuitive way of selecting the genes of interests in one-sample case is the 

use of one-way ANOVA that models the gene expression on the time variable as a factor and 

the example is the famous study by Wang et al. that identified genes with different temporal 

profiles in a developmental stage in Caenorhabditis elegans (Wang and Kim, 2003).

Similarly, two or more sample case problems can be analyzed using ANOVA structures that 

include time and biological conditions and their interaction terms in the model (Park et al., 

2003). Several variations of ANOVA approaches have been utilized to model developmental 

time course microarray data sets. (mixed-effect ANOVA (Romagnolo et al., 2002; Wang and 

Kim, 2003), modified ANOVA (Park et al., 2003)). However, a common problem underlying 
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all these attempts was the assumption that samples measured at different time points are 

independently distributed multivariate normal vectors. The commonly used alternatives are 

the permutation based methods that simulate the null distribution of test statistic to estimate 

the false discovery rate (FDR). A method recently developed based on non-parametric 

ANOVA structure to simultaneously analyze more than one factor measured across time 

series using boot-strap is a part of the statistical framework proposed in this thesis (Zhou et 

al., 2010).

Second widely applied class of methods is based on regression models and the most 

commonly used are those fitting continuous curves using B-splines. For example, Breeze et 

al. used splines based clustering to identify temporal profiles of genes sampled over 22 time 

points, in order to understand regulation of leaf senescence in Arabidopsis (Breeze et al., 

2011). However, these methods have been shown unsuitable for short time courses (Bar-

Joseph et al., 2003).

Another class of method was developed primarily to correct the problem associated 

with the inference of large number of false positives (FP) and false negatives (FN) arising

from the above described analyses. This problem arises from the measurements of large 

number of genes compared to the small number of replicates (large p, small n problem) which

then leads to the poor estimation of “within” variances or co-variance matrices. The idea of 

moderation in which the gene-specific variances are corrected by moving it towards a 

common value, estimated from the entire gene set, has been applied extensively to analyze 

microarray data (Tai and Speed, 2006) and it is the basis for the well known tool used in 

microarrays studies – SAM (significance analysis of microarrays) which adjusted t-statistic 

by changing the standard deviation in the data sets (Tusher et al., 2001).

Objective of the thesis

The main objective of my Ph.D. work was to explore regulatory mechanisms 

mediating plant defense against herbivores in N. attenuata using statistical models. I have 

reported and discussed the findings in following six chapters:

Chapter 2: Overview of the manuscripts

Chapter 3: Manuscript I: Tissue Specific Diurnal Rhythms of Metabolites and Their 

Regulation during Herbivore Attack in a Native Tobacco, Nicotiana attenuata.
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Chapter 4: Manuscript II: Deciphering Herbivory-Induced Gene-to-Metabolite Dynamics 

in Nicotiana attenuata Tissues Using a Multifactorial Approach.

Chapter 5: Manuscript III: An integrative statistical method to explore herbivory-specific 

responses in plants.

Chapter 6: Manuscript IV: The roots of plant defenses: Integrative multivariate analyses 

uncover dynamic behaviors of roots’ gene and metabolic networks elicited by leaf herbivory.

Chapter 7: Discussion
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CHAPTER 2

Overview of Manuscripts

MANUSCRIPT I

Tissue Specific Diurnal Rhythms of Metabolites and Their Regulation during Herbivore 

Attack in a Native Tobacco, Nicotiana attenuata

Sang-Gyu Kim, Felipe Yon, Emmanuel Gaquerel, Jyotasana Gulati and Ian T. Baldwin

Published in Plos One 2011, 6: e26214
 

In this manuscript, we studied tissue-specific diurnal rhythms and their regulation in 

the generalized and specialized metabolism of Nicotiana attenuata. We developed a liquid 

chromatography-mass spectrometry procedure to profile metabolites of simulated herbivory-

elicited source leaves and unelicited sink leaves and roots in a time course experiment. We 

identified metabolites with statistically significant diurnal patterns in sink/source leaves and 

roots. We found that roots and leaves had distinct set of oscillating metabolites which mainly 

peaked at dusk or night in roots while leaf metabolites peaked during the day. Many of these 

oscillating metabolites showed more pronounced systemic responses to simulated herbivory 

in un-attacked tissues. With these results, we demonstrated the significance of diurnal 

regulation in metabolic reconfiguration during plant’s responses to herbivore attack.

Sang-Gyu Kim, Ian T. Baldwin conceived and designed the experiments. Sang-Gyu 

Kim, Felipe Yon, Emmanuel Gaquerel performed the experiments. Sang-Gyu Kim, 

Emmanuel Gaquerel, Jyotasana Gulati analyzed the data. Felipe Yon contributed 

reagents/materials/analysis tools. Sang-Gyu Kim, Emmanuel Gaquerel, Ian T. Baldwin wrote 

the manuscript.
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MANUSCRIPT II

Deciphering Herbivory-Induced Gene-to-Metabolite Dynamics in Nicotiana

attenuata Tissues Using a Multifactorial Approach

Jyotasana Gulati, Sang-Gyu Kim, Ian T. Baldwin and Emmanuel Gaquerel

Published in Plant Physiology 2013, 162: 1042-1059

 In this manuscript, we designed a method to explore spatio-temporal dynamics of 

activation of herbivory-induced changes in gene-to-metabolite networks in Nicotiana 

attenuata. We conducted time-series transcriptome and metabolome profiling of simulated 

herbivory-elicited source leaves and unelicited sink leaves and roots. To explore differential 

expression patterns of genes and metabolites which are activated during shoot systemic 

signaling, we analyzed dynamic response patterns obtained by comparing treated versus 

untreated systemic leaves using bootstrap-based nonparametric ANOVA models on the 

projected time-vector space. Using these response patterns, we highlighted branch-specific 

functional organization and transition points in the oxylipin gene network. We also studied 

nonlinearities in gene-metabolite associations involved in the acyclic diterpene glucoside 

pathway, which is highly activated in systemic tissues during herbivory, after selectively 

extracting modules obtained by self-organizing maps based spatio-temporal resolution of 

induced molecular processes. 

Jyotasana Gulati designed the research and data analysis, performed research, 

interpreted results and wrote the manuscript. Sang-Gyu Kim designed and performed the 

experiment. Ian T. Baldwin designed the experiment and wrote the manuscript. Emmanuel 

Gaquerel designed the research and data analysis, performed the research, interpreted results 

and wrote the manuscript.
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MANUSCRIPT III

An integrative statistical method to explore herbivory-specific responses in plants

Jyotasana Gulati, Ian T. Baldwin and Emmanuel Gaquerel

Accepted for Publication in Plant Signaling & Behavior 2013, 8:e25638; PMID: 23857359

In this manuscript, we reviewed our newly developed approach to analyze whole-plant 

molecular responses in a time course multivariate data-set by combining an extended self-

organizing map (SOM) based dimensionality reduction method with bootstrap-based non-

parametric ANOVA models. We extended the application of this method to extract genes 

showing simulated-herbivory specific elicitation in systemic (distal from the treatment sites) 

tissues using motif analysis for different combinations of treatment applied to Nicotiana 

attenuata. We analyzed dynamic response patterns obtained by comparing transcriptomic data 

of treated and untreated systemic leaves collected for W+OS (diluted oral secretion from 

larvae of the specialist herbivore Manduca sexta applied into mechanically produced puncture 

wounds) and W+W (mechanically produced puncture wounds treated with water) treatment 

type to differentiate OS-specific systemic response from those inherent to mechanical 

wounding. As a proof of principal, we compared time response behavior of genes involved in 

the phenylpropanoid pathway, which is known to be activated in systemic tissues during 

herbivory, for 2 comparisons: (a) Control versus W+OS (responses to combined herbivory 

and mechanical wounding), (b) W+OS versus W+W (OS-specific responses). 

Jyotasana Gulati, Ian T. Baldwin and Emmanuel Gaquerel designed and performed the 

research, interpreted results and wrote the manuscript.
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MANUSCRIPT IV

The roots of plant defenses: Integrative multivariate analyses uncover dynamic 

behaviors of roots’ gene and metabolic networks elicited by leaf herbivory

Jyotasana Gulati, Ian T. Baldwin and Emmanuel Gaquerel

In Review: Genome Biology 2013

In this manuscript, we explored the important role played by roots in above ground 

stress responses in Nicotiana attenuata by identifying multivariate descriptors from a time-

course factorial experiment. The data set consists of previously published time-series 

transcriptome and metabolome of simulated herbivory-elicited source leaves and unelicited 

sink leaves and roots. From single time point analyses, we observed an interesting pattern of 

co-linearity in the up- and down-regulation of genes and metabolites across the entire time 

series in treated (source) and untreated (sink) leaves and large transcriptomic and metabolic 

changes in roots but without co-linearity across the time series. Instead, we observed a unique 

pattern in roots that manifest itself in a similar number of induced and suppressed genes 

separated by a short time lag which when analyzed using multivariate time series analysis 

resulted in two principal trends characterized by: (a) an inversion of root-specific semidiurnal 

(12h) gene oscillations and (b) transcriptional changes with major amplitude effects that 

translated into a distinct suite of root-specific secondary metabolites. 

Jyotasana Gulati, Ian T. Baldwin and Emmanuel Gaquerel designed and performed the 

research, interpreted results and wrote the manuscript.
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Chapter 3

Tissue Specific Diurnal Rhythms of Metabolites and Their Regulation during Herbivore 

Attack in a Native Tobacco, Nicotiana attenuata

Sang-Gyu Kim, Felipe Yon, Emmanuel Gaquerel, Jyotasana Gulati and Ian T. Baldwin

Published in Plos One 2011, 6: e26214
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Figure S1.

Accumulation of m/z = 683.23 at retention time, 90 s, in roots. Mean (±SE) levels of 

normalized intensity of m/z = 683.23 at 90 s in roots. Calculated molecular formula 

(C24H43O22
�) and retention time (90 s) indicated that it is a disaccharide dimer. After W+W 

(dashed lines with colors) or W+OS (solid lines with colors) treatments, compound levels 

were examined in roots (green). Gray boxes depict the dark period. Asterisks indicate 

significant differences among the treatments at the indicated time point (* = P<0.05, one-way 

ANOVA with Bonferroni post hoc test).
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Figure S2.

Accumulation of Phe in leaves, roots and open flowers. Mean (±SE) levels of normalized 

intensity of Phe in different tissues. Phe accumulation was quantified in leaves (red), roots 

(green), and flowers (black). To calculate relative accumulation, 75th percentile normalized 

intensity at each harvest time was divided by average value over all time points. We collected 

open flowers from 7 week-old plants and extracted metabolites with a 40% methanol 

extraction method. Gray box depicts the dark period.
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Figure S3.

Transcript abundance of NaADT1/2, NaPAL1/2, and NaC4H1/2 in roots. Mean (±SE) 

levels of normalized intensity of NaADTs, NaPALs and NaC4Hs in roots. ADT, arogenate 

dehydratase; PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase. Gray boxes 

depict the dark period. Asterisks indicate significant differences between control plants 

and M. sexta oral secretions-treated plants (W+OS) at indicated time points (* = P<0.05, as 

determined by Student'st-test).
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Figure S4.

Transcript abundance of NaTHT2 in roots. Mean (±SE) levels of normalized intensity 

ofNaTHT2 in roots. THT, tyramine N-hydroxycinnamoyltransferase. Gray box depicts the 

dark period. Asterisks indicate significant differences between control plants and M. 

sexta oral secretions-treated plants (W+OS) at indicated time points (* = P<0.05, as 

determined by Student's t-test).
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Figure S5.

Accumulation of N-feruloyl tyramine in roots. Mean (±SE) levels of normalized intensity 

of N-feruloyl tyramine in roots. Gray boxes depict the dark period. Asterisks indicate

significant differences between control plants and M. sexta oral secretions-treated plants 

(W+OS) at indicated time points (* = P<0.05, as determined by Student's t-test).
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Chapter 4

Deciphering Herbivory-Induced Gene-to-Metabolite Dynamics in Nicotiana

attenuata Tissues Using a Multifactorial Approach

Jyotasana Gulati, Sang-Gyu Kim, Ian T. Baldwin and Emmanuel Gaquerel

Published in Plant Physiology 2013, 162: 1042-1059
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Abstract

Background 

High-throughput analyses have frequently been used to characterize herbivory-induced 

reconfigurations in plant primary and secondary metabolism in above and below-ground tissues 

but the conclusions drawn from these analyses are often limited by the univariate methods used to 

analyze the data.

Results

Here we use a multivariate time series data analysis to evaluate the simulated leaf herbivory-

elicited transcriptional and metabolic dynamics in the roots of Nicotiana attenuata. We observed 

large, but transient, systemic responses in the roots that contrasted with the pattern of co-linearity 

observed in the up- and down-regulation of genes and metabolites across the entire time series in 

treated and systemic leaves. Using a newly developed approach for the analysis of whole-plant 

molecular responses in a time course multivariate data-set, we simultaneously analyzed stress 

responses in leaves and roots in response to the elicitation of a leaf. We found that transient 

systemic responses in roots resolved into two principal trends characterized by: (a) an inversion 

of root-specific semidiurnal (12h) gene oscillations and (b) transcriptional changes with major 

amplitude effects that translated into a distinct suite of root-specific secondary metabolites (e.g. 

alkaloids synthesized in the roots of N. attenuata).

Conclusions

These findings underscore the importance of understanding tissue-specific stress responses in the 

correct day-night phase context and provide a holistic framework for the important role played by 

roots in aboveground stress responses.
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Background

Advances in high-throughput “-omics” technologies have enabled several efforts to 

characterize plant physiological responses by analyzing complex networks of interactions at 

different levels and scales. Most of these analyses aim at deciphering how environmental 

perturbations sensed by one part of the network impact the entire network, a dynamic process

which is often captured by static snapshots framed in a time course experiment. To explain the 

underlying biochemical pathways of these complex networks, simplified representations are 

generated using a top-down approach based on the principle of “guilt-by-association” [1]. The 

observation that genes involved in a common biological process tend to be co-regulated has 

enabled the inference of functional associations among genes and different biological pathways in 

many studies of plant responses [1-4]. This conceptual approach is also the basis of the widely 

known databases offering genome-wide representations of networks of co-function in 

Arabidopsis (AraNet; [5]) and Rice (RiceNet; [6]). Although these representations are useful, a 

major drawback of integrating multiple data-sets to predict co-functional relationships is the lack 

of context specificity in which functional information depend only on a subset of key interactions 

rather than on the entire data set [7]. To overcome this limitation, condition-dependent 

approaches which limit co-functional studies of genes or metabolites to a single tissue are applied 

to enhance the statistical confidence for inferring tissue-specific regulatory networks. A database 

named SeedNet [3], which uses gene co-expression data exclusively from Arabidopsis seeds, is 

one such example. Such approaches, however, are not appropriate for studies that seek to 

understand the networks at the scale of the entire organism. 

Plants have evolved sophisticated mechanisms to withstand herbivore attack which can be 

classified as defense responses that limit the extent of damage and a suite of more poorly 

understood tolerance mechanisms that mitigate the negative fitness effects of herbivore attack [8, 

9]. Dramatic reconfigurations of these metabolic pathways spread rapidly throughout a plant 

during herbivore attack which suggests the existence of complex inter-dependencies in the way 

that each plant tissue adjusts its intrinsic physiology as part of the whole-plant response to the 

attack. In the past, to unravel these defense-tolerance trade-off strategies, emphasis was placed 

only on the response that leaves deploy, but more recently roots have been recognized as playing 

an integral role in a plant’s aboveground defense mechanisms as well as serving as a dynamic 

storage organ following herbivory-induced resource (re)-allocation [10].
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Several studies have highlighted the importance of roots in synthesizing nitrogen-rich 

secondary metabolites involved in leaf defenses, such as nicotine in the roots of tobacco plants

[11], tropane alkaloids in various Solanaceae species [12] and pyrrolizidine alkaloids in

Astraceae species [13]. These systemically-activated changes in root metabolism can have a 

profound impact on leaf attackers [14]. The production of proteins with shoot defensive functions 

has also been reported in the roots of herbivore-attacked plants such as- mir1-CP in Zea mays

[15]. The role of roots as a sink tissue that sequesters partitioned assimilates to facilitate re-

growth after herbivore attack has also been uncovered as a key tolerance strategy to herbivory in 

many plants and involves specific herbivory signaling networks [10]. Compared to leaf-mediated 

aboveground defenses, the regulatory mechanisms by which roots contribute to these defenses 

have however remains underexplored and “-omic” approaches have recently been applied in a

few cases [16, 17].

Another important area of research for plant’s responses to environmental stress involves 

the analysis of the physiological importance of oscillations in genes and metabolites controlled by 

the circadian clock. The diurnal regulation of primary metabolic pathways, such as those of starch 

and sugar metabolism in leaves and of nitrogen metabolism in roots, involves multiple clock 

components as demonstrated by previous studies using plants with disrupted clock functions [18-

21]. Interestingly, genes and metabolites involved in secondary metabolic pathways have also 

been shown to oscillate [22, 23] but the implication of these rhythms in the roots for rapid 

defense induction is unknown. A recent systems biology based study on root transcriptional 

activity identified root-specific short-rhythms of gene expression that determine the periodicity in 

lateral root development [24]. This study clearly highlights the power of holistic approaches in

identifying unknown key elements in roots in a time course experiment. Our understanding of the 

biochemical pathways underlying root-based mixed tolerance-resistance strategies would 

certainly be enriched by applying the above mentioned top-down approaches in co-functional 

studies.

In order to gain a comprehensive picture of the role of roots in defense-tolerance trade-

offs during shoot herbivory, we studied the dynamic behavior of genes and metabolites and their 

interactions in the roots of Nicotiana attenuata plants to which herbivore attack had been 

simulated to a leaf. This plant has been well-studied for its de novo production of defense 

compounds, such as phenolic derivatives [25] and acyclic diterpene glycosides in leaves 

following insect attack [26], responses which are controlled by signaling pathways that have been 
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partly elucidated. Roots of this plant synthesize alkaloids for aboveground defense [14] and 

control tolerance mechanisms essential for survival, such as the bunkering of C and N in roots 

[10].

To overcome problems associated with gene module detection using integrated data sets 

or the loss of information that typically accompanies the analysis of context-specific inferences,

we investigated leaf herbivory responses in both treated leaves and roots in parallel using a 

coordinated multivariate time series analysis, as reported in [27]. From this work, we established

the importance of deriving temporal information from multiple factors for the analysis of

systemic responses in roots that are elicited by simulated herbivory to leaves. Distinct functional 

modules identified by this analysis are used to illustrate the changes in root-specific entrained 

gene circadian rhythms elicited by simulated leaf-herbivory and the switching of amplitude 

effects between leaves and roots. These findings highlight the power of this approach in depicting

the multiple roles of roots in aboveground defense responses.

Results and discussion

A mosaic of co-linear up- and down-regulations in transcripts and metabolites spreads

throughout the plant after OS-elicitation

To study tissue-based responses to leaf herbivory, we used a data set consisting of 134

published (Kim et al., 2011) microarray profiles of source/sink leaves and roots collected every 4

h from 3 biological replicates of treated and control Nicotiana attenuata plants. In treated plants, 

diluted oral secretion (W+OS) from larvae of the specialist herbivore Manduca sexta was applied 

into mechanically produced puncture wounds in leaves to mimic herbivory by this insect [22].

This procedure used to simulate leaf herbivory is hereafter referred to as “OS-elicitation”.

Principal component analysis (PCA) clearly separated control and treated leaves at 1 and 5h and 

roots of control and treated plants at 9 and 13h after OS-elicitation (Figure S1). We investigated 

OS-elicited transcriptomic and metabolic changes in elicited (treated leaves) and un-elicited 

tissues (untreated systemic leaves and roots) of the same plant in a time course experiment using 

differentially expressed genes (DEG) analysis at each time point (FDR=0.05, -1=>fold 

change>=1). After plotting the results, we observed a strong coordination between the number of 

up-and down-regulated transcripts and metabolites in leaf tissues (treated and untreated) across 

the entire time series (Figure1). While the number of up and down-regulated transcripts decreased
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after 1h of OS elicitation in treated leaves, there was a clear increase in the number of both up 

and down-regulated transcripts in systemic (untreated) leaves which further decreased in both the 

leaf tissues 9h post elicitation, the harvest time-point which marks the beginning of the dark 

phase. The maximum number of up and down-regulated m/z features derived from metabolite 

mass spectrometry (MS)-based analysis peaked in the dark phase in treated and untreated leaves.

However, the number of significantly regulated metabolic features was similar in both treated and 

systemic leaves, although larger differences were observed in the number of regulated genes in 

these two tissues. We observed a common pattern of delayed responses that materialized in a sub-

set of transcripts and m/z features, peaking 13h after OS-elicitation in both elicited and un-

elicited leaves. 

In clear contrast with leaf tissues, these patterns of co-linearity were not observed for the 

time series of both the metabolomes and transcriptomes of root tissues. Interestingly, systemic 

signaling elicited larger transcriptomic changes in roots compared to the systemic (untreated) 

leaves with direct vascular connection with treated leaves. Despite these larger transcriptomic 

responses, the metabolic responses of roots reached almost the same magnitude as those of 

systemic leaves, but the differentially regulated metabolites were more frequently found in the 

positive than in the negative ionization mode of the MS analysis (Figure 1, pattern b). We infer 

that this pattern translates from root-specific changes in nitrogen-containing metabolites which 

ionize poorly in the negative mode of the MS.

Surprisingly, we observed a pattern unique to root tissues that manifest itself in a similar 

number of induced and suppressed genes separated by a short time lag (Figure 1, pattern a). This 

temporal uncoupling between the up- and down-regulation of a root’s gene expression machinery

clearly contrasted with the highly collinear responses described above for leaves. To identify the 

degree of overlap between the transcriptional and metabolic responses in treated and systemic 

tissues, we calculated the percentage of genes showing significant differential expression in the 

two tissues and found higher overlap between leaf tissues (elicited and systemic) than between 

elicited leaves and roots, suggesting a role for distinct molecular players and pathways in roots

that respond to simulated leaf herbivory (Figure S2). To assess the representation of molecular 

processes at each time point, we computed the enrichment of gene ontology (GO) terms for gene 

sets obtained by DEG analysis at each time point using the MapMan classification of biological 

processes for Arabidopsis (TAIRv6) [28]. Enriched GOs for up-regulated genes in elicited and 

systemic leaves were related to “stress”, “oxidative pentose pathway” (OPP), “lipid metabolism”,
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and “cell wall” (Figure 2). The GO class that showed the largest difference between treated and 

untreated leaves corresponded to “secondary metabolism” and contributed to a significant 

number of the up-regulated transcripts at all the time points in the series. It is conceivable from 

the above trends that the underlying regulatory networks might have evolved to provide tight 

temporal control over resource partitioning in leaves. The enriched GOs for up-regulated root 

transcriptome signatures occurring 5h and 13h after elicitation that showed a significant match to 

Arabidopsis proteome included “OPP”, “stress”, “lipid metabolism”, “developmental programs”

and “cellular functions” (cell wall, cell cycle/organization, DNA) as main processes.

Comparatively, less information was inferred based on homology searches with Arabidopsis 

regarding enriched gene processes for down-regulated transcripts in the roots. To robustly 

disentangle the kinetics of these mechanisms, we employed informatics strategies involving 

coordinated multivariate analysis without merging the time variable as a single functional entity.

Simulated leaf herbivory triggers largely unexplored metabolic changes in roots

To interpret the downstream effects of the large transcriptional changes observed in roots 

upon leaf herbivory, we analyzed the time series root metabolomics data set. Figure 3A presents 

the overlaid chromatograms for roots of treated and untreated plants, obtained 21h after OS-

elicitation of leaves. We visualized the large metabolic responses by extracting regions of 

differential accumulation using the DISSECT algorithm of the Data Analysis software which 

allows for the deconvolution of mass feature-specific traces into compound specific spectra. This 

step in the MS data analysis allows for the mapping of different statistically significant patterns 

of regulation in ion intensities of compound-specific precursor ions and fragments onto predicted 

deconvoluted mass spectra. For ease of interpretation, we visualized metabolites exhibiting 

pronounced changes in relative levels (Figure 3A), including many unknown ion peaks, on the 

chromatogram. The calculation of predicted molecular formulae for many of these unknown ions 

revealed that the simulated leaf herbivory-regulated root metabolome was replete with many 

nitrogen containing compounds, which may provide an explanation for the much larger number 

of induced ions detected in the positive which were not detected in the negative mode. This is 

consistent with the well-established phenomena [29] that many of nitrogen-containing molecules 

are only efficiently ionized in the positive ionization mode.

To facilitate the annotation of unknown molecular ions to particular metabolic pathways, 

we classified patterns for the set of 1728 differentially regulated m/z features (FDR=0.05, 
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0.5=>FC>=2) using the time series clustering software SplineCluster [30]. For simplicity, we 

presented 10 of the 15 clusters retrieved from this analysis (Figure 3B). The profiles of these 

clusters indicated that changes in metabolite accumulation in roots upon leaf OS-elicitation are 

extremely dynamic and detected at each time point; we therefore labeled the resulting clusters 

based on the time point at which highest fold-change effects were detected. The set of clusters 

labeled (a,b,c), (e,f,g) and h and j contained ions which accumulated respectively at 1, 5, 9 and 

13h after OS-elicitation. A few of these clusters showed induced accumulations at more than one 

time point, especially cluster “i” that contained a large number of ions with statistically 

significant differential accumulation at 9, 17 and 21h after OS elicitation. Pronounced 

accumulation patterns were detected for free tyramine (Figure 3C) and its conjugates to phenolic 

derivatives, phenolic conjugates of putrescine with known defensive functions in leaves [25] and

free amino acids (tryptophan and phenylalanine) (Figure S3). We also detected clear elevations in 

the levels of glucoside conjugates of 12-hydroxy-jasmonic acid and salicylic acid. It is unclear 

whether these glucoside conjugates of active defense hormones were produced in attacked leaves 

and transported to roots. Figure S4 represents the temporal profiles of a few unknown m/z 

features from cluster “i” with their predicted molecular formulae, which show an increasingly 

induced accumulation in the time series.

Multivariate time series analysis captures sequential transcriptomic changes in roots

To dissect the pattern of up- and down-regulated genes shifted by a harvest time in roots,

we compared the transcriptional responses at 5h and 9h after elicitation and found a large overlap 

(68%) in the gene identities of those 2 groups, but the genes were largely of unknown function

with only 40% having close homologs in Arabidopsis. Those that did have close homologs were 

enriched in lipid metabolism, OPP, cell wall and cell cycle associated pathways (Figure 4A).

Considering this transient up-regulation of a set of genes in the root transcriptome, we postulated 

that the simultaneous analysis of all 6 harvest times would help to deduce the significance of this 

pattern and to explore new ones from the series. Studies have shown that responses to shoot 

herbivory in roots are controlled by signaling pathways from aboveground tissues [10]; therefore 

understanding shoot-root systemic defense signaling necessitated the coordinated analysis of 

profiled transcriptomic responses in both treated leaves and roots. In a previous study of systemic 

signaling in aboveground tissues [27], we developed a method to mine dynamic changes in the 

expression of genes by simultaneously analyzing time series with 2 binary factors (tissue type 
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and treatment). We used this method to characterize co-expression motifs in elicited leaves and 

roots. By applying the first step of this method (Figure 4B, step 1), we obtained 4 clusters of 

genes derived from bootstrap-based non-parametric ANOVA models [31] representing statistical 

structures referred to as “interactive” (treated leaves and roots behaving differently in response to 

OS-elicitation), “additive” (treatment responses independent of tissue type), “tissue effects”

(significant difference in leaves and roots with no response to OS-elicitation), or “treatment

effects” (equivalent response to OS-elicitation in both treated leaves and untreated roots). 

To understand the differences in the transcriptional responses of elicited leaves and roots, 

we focused on the set of genes displaying an “interactive” response pattern. Figure 4B (step 2) 

provides a heatmap representation of the amplitudes of the time response metrics obtained from 

the above analyses. The time response metric represents the projection of strong effects

(interactive) along the time series and was estimated by fitting different ANOVA models.

Consistent with results from the above single time point analysis, we observed large differences 

in the responses of treated leaves and roots at 5 and 13h after elicitation. The end result of the 

application of our novel method was the generation of spatio-temporally-resolved OS-elicited 

gene clusters. These clusters were obtained by superimposing Self Organizing Maps (BL-SOM) 

on the scaled data which include information about differences in fold changes of OS responses 

in both treated leaves and roots and about the amplitude of the differences of responses between 

the two tissues at each time point in the series (see Methods section). We designated each cluster 

on the obtained maps (40x18 cells) as “interactive” motifs. As shown in our previous work using 

a similar comparison of treated leaves and systemic leaves [27], these interactive motifs readily

identify major trends in the spatio-temporal activation of OS-elicited responses in systemic 

tissues.

We mined these interactive motifs to understand the role of the root transcriptome in the 

responses of aboveground tissues to herbivory. To this end, we mapped the genes showing the 

specific pattern described above of significant induction at 5h and immediate suppression at next 

time point (9h) onto the spatio-temporal maps and found these genes to localize entirely in the 

motifs labeled “R5a”. Next, we used these “interactive” motifs to refine our interpretation of the 

transient transcriptional changes that were unique to roots and also to identify new patterns that 

were not captured by the univariate approach of single time point analyses but appeared in motifs 

labeled R5b, R9 and R13.
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Simulated leaf herbivory elicits an inversion in root-specific transcriptome rhythms

The endogenous circadian clock regulating biological rhythms allows plants to anticipate 

fluctuations in environmental conditions as well as certain biotic stresses [32, 33] and to regulate

its physiology accordingly. Importantly, above and belowground tissues of a plant possess 

autonomous circadian clocks that adapt the rhythmic expression of genes and metabolites [24, 

34]. Here we report and discuss the identification of novel circadian transcripts that displayed a

treatment and root-specific inversion of their rhythm in response to leaf OS-elicitation.

To facilitate the interpretation of the very large transcriptomic responses observed in roots 

5h after leaf elicitation, we extracted “interactive” motifs assembled at this time-point from the 

SOM grids and analyzed their dynamic behaviors. To this end, we scaled expression data so that 

both the information representing the extent of differential statistical response to the OS treatment 

in treated leaves and roots throughout the time series as well as the differences in fold change

responses were combined into a single metric. Using these data, we achieved spatio-temporal 

resolution of gene expression using the SOM grids and detected two dominating motifs at 5h that

reflected two different modes of gene regulation (Figure 5A). The motif labeled “R5a” represents 

the set of genes with large differences in fold changes (OS/C) between elicited leaves and roots

but weak time response metrics for the “interactive” effect. As expected, this motif contained all 

the genes that showed significant differential expression in the single time point analysis 

(FDR=0.05, F>2). To assess the functional significance of this first group of genes, we computed

the enrichment of GO terms using MapMan classification of biological processes in Arabidopsis

(hyper-geometric test, F<0.05). With only 48% of genes showing a significant match to 

Arabidopsis genes, this motif appeared enriched with genes implicated in only two main 

processes that corresponded to transport and cell wall metabolism.

The detection of rapid modulations in the expression of transport-related genes is not 

surprising considering the fundamental roles that roots play in vascular transport and 

translocation functions, particularly during stress adaptations. It is clearly established that leaf 

OS-elicitation triggers the partitioning of recently fixed photoassimilates from the damaged sites

to sink tissues, including roots. Passive unloading of sucrose (symplasmically or apoplasmically)

diverted actively from attacked leaves has been proposed earlier, but the fact that roots of 

herbivory-elicited plants recruit sugar much more efficiently than do roots of control plants 

suggests the importance of transporter activity [10]. We screened sugar-related genes based on 

literature search and found few genes known to regulate sugar translocation exhibiting rapid 
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modulations characteristic of motif R5a (Figure S6). Reconfigurations of transporter-mediated 

root functions also contribute to the defense of shoots, especially in species which have evolved 

the capacity to defend leaves with root-produced secondary metabolites. This is especially well 

described in N. attenuata, in which nicotine synthesized in roots are rapidly transported to 

aboveground tissues during herbivore attack [35, 36]. JAT1, a gene from the multidrug and toxic 

compound extrusion transporter family, has been proposed to act as a secondary transporter 

responsible for unloading of nicotine in the aerial parts of the xylem and loading it into the 

vacuoles [37]. The expression of this transporter did not follow the mode of regulation found in 

motif R5a. 

The overrepresentation of processes associated with cell wall metabolism in motif “R5a” 

suggests that leaf OS-elicitation systemically activates physical changes in roots’ cell wall. The 

plant cell wall is a dynamic structure that plays important roles in growth and in the interactions 

of plants with their environment. Simulated leaf herbivory has been shown to negatively impact 

short-term dynamics of root growth [38, 39]. Transcriptomic changes controlling this 

phenomenon have not been explored yet but may involve high amplitude effects in cell wall 

related genes such as those observed in motif “R5a”. Large changes in the expression of genes 

encoding structural components of the cell wall have been reported as part of the developmental 

pathway response elicited in roots during abiotic stress [40]. The consecutive changes in the cell 

wall structure can impact root exudation [41], have signaling functions and may also reflect 

changes in root “foraging behavior” that are elicited by leaf herbivory.

To better visualize process-specific gene dynamics, we further classified motif R5a into 3 

clusters using k-means clustering with averaged gene expression in roots and treated leaves for 

all time points. Interestingly, cluster labeled “R5a-1” which covers almost 85% of the motif 

“R5a” was dominated by genes showing rhythmic expression. To objectively determine which 

genes exhibited robust circadian expression, we tested for statistically significant (P<0.05)

correlation (PC>0.75) between the temporal expression profiles of each gene and defined model 

types using HAYSTACK [42]. This analysis considered parameters for minimal changes in 

amplitude and the signal strength as -3 (log transformed) and 0.01 respectively. According to 

these criteria, 3204 transcripts (89% of cluster “R5a-1”) were classified as cycling with a best fit 

to the “box” model type (Figure S4) in roots of control plants. In a previous study, we reported

perturbations in the oscillation of genes involved in secondary metabolic pathways in response to

simulated leaf herbivory in N. attenuata [22]. In contrast to the secondary metabolic genes that 
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had conventional circadian rhythms of 24h period lengths, these root transcripts oscillated with a 

12h period length and all clustered into a single group with identical phases. Similarly, 2214 

(60%) of these genes also showed a circadian rhythm with a 12h period length in leaves of 

control plants. Root-specific, short-term fluctuations of gene expression with a 6h period have 

previously been reported to coordinate lateral root formation in Arabidopsis [24] and semidiunal

(12h) oscillations controlling starch-related gene expression have been described in Cassava 

storage roots [43]. One very striking observation from our analysis was that 41% of these

rhythmic transcripts following the “box” model type showed a phase inversion of their expression 

to the “spike” model (Figure S4) in the roots of OS elicited plants. In other words, while still 

maintaining a 12h period rhythm, these transcripts peaked now both at dusk and at dawn. These 

oscillating transcripts showed a fold change (OS/C) greater than 2 at 5h which decreased along 

the time series but the rhythm inversion was observed for all time points. This inversion of the 

12h rhythms was not found in treated leaves suggesting that this rhythm change in response to 

leaf OS-elicitation might be driven by root-specific circadian clock components and/or effects.

To identify whether this phenomenon involved the specific recognition of insect’s OS, we 

compared the root transcriptional responses to OS-elicitation with those obtained after 

mechanical wounding alone (W+W treatment) and found no overlap, which reinforced the 

conclusion that these responses are highly selective to OS-elicitation. Next, we checked for the 

presence of a similar pattern of inversion in the transcriptional responses in systemic leaves to 

OS-elicitation but no transcripts showed statistically significant rhythmic patterns in systemic 

leaves after OS elicitation. This demonstrates that the responsiveness is selective to the systemic 

cues directed towards roots. Taken together, these data can be summarized by a model in which 

long distance signals triggered by herbivore feeding onto leaves profoundly change the 

expression pattern of a core set of genes in the roots by shifting their rhythmic behavior. Further 

experiments involving a longer time series experiment with wild-type and transgenic lines

impaired in known upstream nodes of herbivory-signaling networks will be required to examine 

the time required for the rhythms to revert back to their original “box” model type and to 

understand which OS-elicited components regulate the 12h gene rhythms of roots.

An interactive motif with opposite amplitude changes in treated leaves and roots

The second component of the large transcriptional responses in roots visualized by the 

spatial-temporal SOM grids 5h after elicitation corresponded to motif – “R5b” (Figure5B). This 
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motif is characterized by a stronger “interactive” behavior compared to fold change differences 

between elicited leaves and roots, with up-regulation in roots and down-regulation of the same 

genes in treated leaves. We further partitioned motif “R5b” using Euclidean distance-based k-

means clustering and analyzed the two main patterns. A cluster named – “R5b-1” represents the 

set of genes with a similar inversion of a 12h periodic rhythm in roots in response to OS-

elicitation but which exhibits significant down-regulation in gene expression in treated leaves 5h 

after elicitation (heatmap of Figure5B). Compared to other clusters, a cluster named – “R5b-2” 

consists of few genes each of which showed a higher constitutive level in roots compared to 

leaves and is well represented by genes implicated in the nicotine biosynthetic pathway. Temporal 

profiles of these nicotine biosynthetic genes (NaPMT1, NaPMT2, NaA622, NaQPT, NaDAO) 

correspond to a rhythmic pattern with peaks at 9h and 17h. As previously observed, OS-

elicitation in leaves induced an increase in the expression of these genes which lasted for all time 

points but we also noticed that peaks shifted from 9 to 5h compared to control plants. Although, 

we did not observe particular rhythms in treated leaves, expression of these genes showed a 

significant and consistent down-regulation in this tissue. Nicotine synthesis takes place in the 

roots and a role for the residual expression of nicotine structural genes in other plant parts has not 

been assigned yet. Consistent with our observations, previous work has reported the down-

regulation of PUTRESCINE N-METHYL TRANSFERASE (PMT) transcript levels in treated 

leaves in Nicotiana tabacum [44]. Investigating other genes in the cluster “R5b-2” with similar

leaf-to-root expression pattern as that of nicotine biosynthetic genes may help identifying

unknown elements of this pathway or make connections with other biochemical pathways. 

A chronological perspective on the arrangement of root gene expression motifs using SOM

The main benefit of retaining the temporal information of a time series experiment rather

than merging it as a single variable within the multivariate analysis is the ability to directly

visualize the chronology of activation of known metabolic pathways central to signaling, 

tolerance and defense in N. attenuata. Figure 6A reveals the location of a few examples of known 

elements in these pathways onto “interactive” motifs of the SOM grid. For instance, NaGAL83,

the �-subunit of the SNF1-related kinase which mediates herbivory-induced allocation of sugars 

to roots of N. attenuata [10], is detected in the motif named “R1”. We found sugar metabolic 

enzymes and transporters located in motifs “R5b” and “R5a” respectively, reinforcing the role of 

these motifs in adapting the root physiology to the tolerance response. Known and putative 
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metabolism-based defense mechanisms are more represented in later established gene interactive 

motifs: NaPMT1 from the nicotine biosynthetic pathway is located in motifs “R5b” and “R9” and 

NaLOX1 which initiates the production of fatty acid 9-hydroperoxides and hydroxides, which 

play central roles in root signaling [45] and in the production of defensive oxylipins -- is found in 

motif “R13”.

Conclusions and perspectives

Approaches used to prioritize genes for functional characterization aim at identifying the 

most promising genes among a larger pool of candidates through integrative computational 

analyses. The rationale behind these methods is first to partition genes into modules or clusters, 

so that these clusters can be readily queried for criteria such as their involvement into a given 

cellular process. But often, the vector time corresponding to the genes’ temporal dynamics is 

considered as another variable.

In this article, we implemented a similar approach to mine biologically important 

transcriptomic patterns in roots by implementing a two step partition. In the first step, we 

simultaneously handled the time course and the two binary factors (tissue type: treated leaves and 

roots, treatment: Control and W+OS) and obtained four exclusive clusters. This approach 

facilitated the retention of information about the timings of gene activation. A second step of 

classification was applied to the cluster of genes showing an “interactive” effect and we 

visualized the dynamic behavior of genes separated across the times series and the tissue type 

(treated leaves and untreated roots) by employing SOM. From this analysis, distinct motifs 

reflecting various broad functions were identified. As a proof of principle, we studied motifs –

“R5a” and “R5b” and discovered two major trends – OS-specific inversions in 12h root-specific 

rhythms and amplitude effects in nicotine biosynthetic and other metabolic genes.

We also recovered 2 additional clusters which should be studied intensively in the future 

to understand the role of roots in orchestrating leaf responses to attack from herbivores (Figure 

6B): a cluster with an “additive” effect (genes’ responses to OS elicitation that are independent of 

the tissue type) and one with a “treatment” effect (genes showing responsiveness to OS elicitation

in both treated leaves and untreated roots). NaLOX6 shows a significant up-regulation in treated 

leaves at 1h after OS elicitation and in roots at later time-points. Consistent with a major function 

of this gene in roots, a close homolog in Arabidopsis has recently been characterized for stress-

induced jasmonate accumulation in roots [46]. Combining together these sets of interactive, 
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additive and treatment effects allowed us to decipher the complex dynamics that occur in the 

transcriptomes and metabolomes of roots in response to leaf OS-elicitation with an

unprecedented level of resolution.

Materials and methods

Microarray Data Sets and processing

We analyzed 134 published microarray expression data of Nicotiana attenuata from the

Gene Expression Omnibus database (accession no. GSE30287), reflecting responses in treated 

leaves and untreated leaves and roots to simulated M. sexta feeding (by applying diluted insect’s 

oral secretions into freshly created puncture wounds to a specific leaf) and a W+W treatment with 

the identical leaf damage (in which water was applied to the puncture wounds) for 6 whole-plant 

harvest time points (1, 5, 9, 13, 17, 21h after treatment). Raw intensities were log2 and baseline 

transformed and normalized to their 75th percentile using the R software package, prior to 

statistical analysis. 

Processing of Metabolomics Data

Metabolites were extracted from root samples using an extraction procedure optimized for 

the recovery of a wide range of metabolites of interest in N. attenuata [29]. Raw data files were 

converted to netCDF format using the export function of the Data Analysis version 4.0 software 

(Bruker Daltonics, Bremen, Germany) and processed using the XCMS package in R [47]. Peak 

detection was performed using the centwave algorithm with the following parameter settings: 

ppm=20, snthresh=10, peakwidth=c(5,18). Retention time correction was accomplished using the 

XCMS retcor function with the following parameter settings: mzwid=0.01, minfrac=0.5, bw=3. 

Areas of missing features were estimated using the fillPeaks method. Annotation of compound 

spectra derived from in-source fragmentation during ionization and corresponding ion species 

was performed with the BioConductor package CAMERA (v1.9.8) [48]. Compound spectra were 

built with CAMERA according to the retention time similarity, the presence of detected isotopic 

patterns and the strength of the correlation values among extracted ion currents (EICs) of co-

eluting m/z features. CAMERA grouping and correlation methods were used with default 

parameters. Raw intensity values were 75th percentile normalized before statistical analysis. The 
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DISSECT algorithm implemented in DataAnalysis was used to map deconvoluted compound 

spectra onto the chromatographic scale.

Statistical Analysis and Data Visualization

All statistical tests for DEG analyses were carried out using R software. To mine the

major biological processes perturbed in response to OS elicitation, we functionally annotated 

probe sets using best BlastX hit of Arabidopsis TAIR6 Proteome with an e value cut off of 1e-15. 

Next, using MapMan classification of biological processes for Arabidopsis, we assigned classes 

to each probe id of our microarray data set. Enrichment analysis of gene ontology biological 

processes based on hyper-geometric test was performed using R. Significant enrichments were 

those with F < 10e-10. Multifactorial data analysis was carried out using the methods 

implemented in the R package TANOVA [31]. The cluster showing interactive effect in gene 

expression between treated leaves and roots was scaled as 

Ei = [F1.....F6]i * [R1…..R6]i
2

Where Ei: scaled expression, Fi: difference in fold changes (OS-elicitation/control) between 

treated leaves and untreated roots, Ri: response timing. Results of the multifactioral analysis, 

including gene annotation and scaled data used for the Self Organizing Maps are available as a

spreadsheet (217588Supplemental_File1.xls) in the TvR sheet at:

http://www.plantphysiol.org/content/early/2013/05/09/pp.113.217588/suppl/DC1. The Self 

Organizing Maps were constructed using BL-SOM software 

(http://prime.psc.riken.jp/?action=blsom_index). Hierarchical Clustering Analyses for all 

heatmaps are based on Euclidean distance measures and average linkage aggregation methods.

All heatmaps and box-plots were created using R. The model based HAYSTACK algorithm [42]

was used to identify periodicity in root and leaf transcriptomes. Euclidean distance-based k-

means clustering was obtained using R.

Abbreviations

ANOVA: Analysis of variance, SOM: Self-organizing map, OS: Oral-secretion, DEG: 

Differentially expressed genes
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Figure 1: Tissue-specific temporal patterns of up- and down-regulated transcriptional and 

metabolic changes after simulated leaf herbivory in Nicotiana attenuata. Leaf herbivory-

elicited differentially regulated transcripts and m/z features derived from metabolite MS analysis

(Wound + OS/Control, P <= 0.05 and -1>=fold change<=1) were identified for treated (leaves) 

and untreated systemic (leaves and roots) tissues using normalized and log2 transformed 

expression values at each harvest time. Briefly, a trend of co-linearity between up- and down-

regulated transcripts and m/z features was observed for both treated and systemic leaf tissues 

across the entire time series. Interestingly, root transcriptional responses were pronounced at 5, 9 
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and 13h after elicitation and were as large as or larger than those in systemic leaves. The 

amplitude of the metabolic responses in roots was comparable to that of systemic leaves for all 

the time points. Two properties were particularly striking: (a) a pronounced temporal shift in the 

peaks of up- and down-regulation in gene expression that were unique to roots and (b) a

predominance in the regulation of the positively-charged metabolome.
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Figure 2: Functional categorization of OS-elicited whole organism transcriptional 

responses: A gene ontology (GO) enrichment (Hyper-geometric test, F<10e-10) was performed 

to identify significantly up- (A) and down-regulated (B) transcripts in treated leaves and 

untreated systemic tissues (leaves and roots) using MapMan classification of biological processes 

for Arabidopsis (TAIRv6). Most perturbed processes in treated and systemic leaves correspond to 

GO terms involved in stress, secondary metabolism and lipid metabolism. GO classification for 

roots using MapMan revealed that only a small percentage of the genes exhibiting large 

transcriptional responses (Figure 1) have functionally characterized homologs in Arabidopsis. 

Overrepresented processes that were reconfigured in roots notably involved lipid metabolism, 

transcription and cell wall pathways.
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Figure 3: Leaf OS-elicitation triggered metabolic reconfigurations in roots. (A)

Representative metabolic profiles obtained from the analysis by ultrahigh performance liquid 

chromatography quadrupole-time-of-flight mass spectrometry (UHPLC-qTOFMS) of root 

samples collected after 21 h from elicited and control plants. As most pronounced metabolic 

reconfigurations were detected in the positive ionization mode, only results obtained from this 

analysis are presented. In-source fragmentation of ionized molecules is common for many 

metabolites and the resulting fragmentation patterns are a source of redundant information for the 

statistical analysis. To assemble metabolite-derived fragmentation patterns and thereby facilitate 

metabolite annotation, we used two deconvolution tools, the R package CAMERA and the 

DISSECT algorithm implemented in Data Analysis (Bruker). Colored peaks correspond to 

compound spectra detected by DISSECT that were differentially regulated (W+OS/C, Figure 1). 

Annotations based on previously reported chemical analyses and elemental formula prediction 

are provided for 20 metabolites. (B) We used SplineCluster to classify the dynamics shared by 

different groups of metabolites. Ten of the 15 clusters are presented. Clusters are colored 

according to the time of maximum differential regulation and red lines denote the threshold used 

to identify up-regulated metabolites. (C) Temporal profiles of three representative m/z features 

from clusters labeled – “l” and “k” whose accumulation was differentially amplified in roots by 

the OS-elicitation in leaves and mechanical wounding treatments compared to controls.
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Figure 4: Multivariate analysis deciphers the complex root-specific transcriptional 

responses activated 5, 9 and 13h after OS-elicitation. (A) Temporally-shifted peaks of up- and 

down-regulation in gene expression unique to roots (Figure 1, pattern a) were observed via a 

single time point analysis. A large overlap (68%) is observed between induced transcripts at 5h 

and those suppressed at 9h. Remarkably, only 40% of these common transcripts have close 

homologs in Arabidopsis. (B) Using multivariate time series analysis, a coordinated comparison 

of transcriptional responses in treated leaves and untreated roots in the time series was 

implemented following the novel method described in (Gulati et al., 2013). Step 1 summarizes 

the experimental design of the microarray analysis. The heatmap depicts the extracted time 

response metrics which represent the significant interactive effect -- genes with statistically 

different transcriptional responses in treated leaves and untreated roots -- along the time series. In

step 2, the genes showing interactive effect were spatio-temporally-resolved after appropriate 

scaling and classified by Self Organizing Maps (SOM). In step 3, transcripts common between 

roots’ transcriptional responses at 5 and 9h that were extracted using single time point analysis 

were found localized in motifs labeled as “R5b” in the SOM produced by multivariate analysis. 
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Figure 5: Induced root responses involve changes of transcriptional rhythms and amplitude 

effects inferred from a coordinated multivariate time series analysis. (A) Simulated leaf-

herbivory elicits an inversion of the rhythm in  the roots transcriptome. Interactive motif 

“R5a” from the leaf-to-root SOM is respresented by only 48% genes showing homologs in 

Arabidopsis and is enriched with genes implicated in “transport” and “cell wall” processes. A 

major section of this motif, represented by sub-cluster “R5a-1” showed strong induction in roots 

5h after elicitation. 89% of the genes in sub-cluster “R5a-1” oscillated in control plants and their 
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pattern of expression best fit the “box” model type (Haystack,  PC>0.75, pvalue<0.05). 

Strikingly, the expression of 41% of these genes showed an inverted pattern of peak expression 

timing to dusk and dawn in response to simulated leaf herbivory. This trend is completely absent 

in treated leaves. (B) A transcriptomic response with major amplitude changes in both 

treated leaves and roots. Interactive motif “R5b” includes genes with strong significant 

interactive behavior between treated leaves and roots (gene expression being induced in roots 

while suppressed in treated leaves) compared to fold change (W+OS/C) and hence were not 

identified by the single time point analysis. Enriched GO terms are represented by 63% of the 

genes having close homologs in Arabidopsis. Sub-cluster “R5b-1” is exclusively represented by 

genes of the nicotine biosynthetic pathway. These genes show a root-specific shift of their 

peaking time only at 5h after elicitation but a major amplitude effect for all the time points in the 

series.
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Figure 6: Sequential arrangement of major transcriptional responses identified using a

multivariate time series analysis: (A) Interactive effect: Three significant components of plant 

responses to biotic stress – signaling, tolerance and defense-related processes –were represented 

by distinct interactive motifs in spatio-temporally resolved SOM. (B) Temporal profiles of 

NaLOX6, Na_F-Box-like and Na_42948 represent three additional clusters with genes showing –

Additive, Tissue and Treatment effects obtained from multivariate time series analysis.
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Supplementary_Figure_1. Principal component analysis of constitutive and OS-elicited 

modulations of leaf and root transcriptomes in Nicotiana attenuata. Normalized microarray 

data were Log2-transformed and analyzed using factor analysis. Score plots generated for the two 

first principal components were used for plotting. Dashed boxes are magnifications of selected 

regions of the score plot. The size of the arrows is proportional to the strength of OS-elicited 

responses specific to a given tissue. 
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Supplementary_Figure_2. Overlap in transcriptional and metabolic responses to OS-

elicitation in treated leaves, and systemic leaves and roots. Heatmap represents the percentage 

of the intersection set of differentially expressed genes and m/z features between treated and 

systemic tissues.
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Supplementary_Figure_3. Temporal profiles of induced m/z signals in roots corresponding to 

free amino acids (tryptophan and phenylalanine), phenolic conjugates of putrescine, glucoside 

conjugates of 12-hydroxy-jasmonic acid and salicylic acid.
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Supplementary_Figure_4. Temporal profiles of unknown m/z features showing an increasingly 

induced accumulation across the time course in roots in response to OS-elicitation.
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Supplementary_Figure_5. Temporal profiles of oxo-phydienic acid (OPDA), the jasmonic acid 

metabolic precursor, and jasmonic acid, showing induction in roots in response to OS-elicitation. 
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Supplementary_Figure_6. Temporal profiles of genes known to be involved in sugar transport. 
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Supplementary_Figure_7. Models describing the oscillating root transcriptome. (A) Spike

model type showing a significant match to the responses of the root transcriptome of treated 

plants. (B) Box model type showing a significant match to the responses of the root transcriptome 

of untreated plants.
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Chapter 7

Discussion

Phenotypic plasticity, the ability of an organism to alter its morphology, biochemical 

or physiological properties in response to environmental changes, allows plants to maximize 

their potential fitness in variable environments (Sultan, 2000). The costs and benefits of these 

alternative phenotypes determine the adaptive value of phenotypic variation to environmental 

heterogeneity (van Kleunen and Fischer, 2005). Studies on the trade-offs associated with 

induced plant responses following insect herbivory suggests that induced plant defenses are 

examples of adaptive behavior (Mole, 1994), where defenses enhance plant fitness only under 

insect attack but reduce its fitness in the absence of herbivory (Agrawal, 1999). The inducible 

production of nicotine in Nicotiana attenuata during herbivory is an example illustrating

adaptive phenotypic plasticity in plant defenses (Baldwin, 1999).

Plants have evolved sophisticated crisis management techniques, which include tight 

regulatory control over type, amount and duration of defense responses, communicating their 

stress status to un-attacked organs, and re-allocation of resources to undamaged sites (Wu and 

Baldwin, 2010). The biosynthesis of defensive compounds, as part of inducible defense 

systems (with direct and indirect defensive functions), is expensive and hence plants have 

developed strategies to discern herbivory from casual mechanical wounding which includes 

the perception of elicitors in insect’s oral secretions. A large number of studies in Nicotiana 

attenuata have demonstrated differences in plant responses to mechanical wounding and 

herbivory (Halitschke et al., 2001; Wu et al., 2007; Gaquerel et al., 2009; Gilardoni et al., 

2010). It has also been shown that herbivory induces defense responses not only in the 

damaged leaf but also in the distal systemic leaves in N. attenuata. It is also well established

that roots of N. attenuata control tolerance mechanism essential for survival, such as 

herbivory-induced allocation of sugars to roots (Baldwin, 1990; Halitschke et al., 2001; 

Schwachtje et al., 2006; Wu et al., 2007; Wu and Baldwin, 2010). Additionally, periodicity in 

plant biology is believed to confer advantages to plants in anticipating fitness-determining 

environmental changes (Doherty and Kay, 2010; Pruneda-Paz and Kay, 2010). Underlying all 

of these complex strategies are the multiple interacting genes and gene products and their 

dynamics in time and space, many of which can be detected using systems biology 

framework.
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Figure 1: The main objectives of this thesis were to identify tissue-specific diurnal rhythms 

and their reconfigurations during leaf herbivory, extract molecular features recruited for local 

and systemic responses to insect attack and the contribution of roots to above-ground 

defenses. I designed a multi-factorial experiment consisting of transcriptomics and 

metabolomics profiling for three parameters: time, tissue and treatment type. I designed and 

implemented a statistical framework to capture metabolic reconfigurations in different tissues 

to elucidate their contribution to the whole-organism response and to identify the influence of 

particular biochemical pathways in plant-insect interactions by linking the patterns to the 

networks of known pathways. Spatio-temporal maps produced in this study have provided 

clusters of connected genes, which are separated based on their timings of activation, for 

major secondary metabolic pathways in N. attenuata

Defining structure in large scale molecular data and detecting the emergence of 

complexity in plant defenses are the key objectives in the study of plant-insect interactions.

The objective of this study was to identify tissue-specific gene-gene and gene-metabolite 

associations underlying some of the above mentioned strategies which are recruited in 

response to insect attack in N. attenuata. The manuscripts presented in the thesis are based on 

findings of the analyses conducted on a time-course factorial designed experiment consisting 

of transcriptome and metabolome profiling of source/sink leaves and roots of plants with 

leaves treated by the application of oral secretions (OS) of M. sexta (Figure 1). I designed a 

statistical framework to identify significant and biologically meaningful patterns that 

characterized the transcriptional and metabolic adjustments in different tissues. This 

facilitated linking relevant patterns to biochemical pathways which are perturbed or activated 
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in plant-herbivore interactions. The statistical formulation described in this thesis allowed us 

to explore the three main avenues of the application of systems biology to the study of plant-

insect interactions which are described in rest of the discussion section: (a) Dimensionality 

reduction approach, (b) “Omics” integration, (c) Emergent network properties.

1. Dimension-reduction approach to identify tissue-specific stress responsive modules

The past few years in the plant biological sciences have been characterized by the 

development of high-throughput technologies which provide quantitative measurements of 

thousands of genes and metabolites for biological samples. The increased availability of these 

high-dimensional observations has necessitated the development of important data-mining 

techniques to identify, extract and interpret biological insights from these large “omics” data 

sets. Techniques involving data transformation, statistical modeling and cluster analysis and 

aims at reducing the dimension of the data, based on the fact that low-dimensional 

representations often enhance the power of explanation and the prediction of biological 

mechanisms that govern the observed phenotype. 

In chapter 4, I introduced a novel dimensionality reduction method to probe multi-

dimensional molecular responses that spreads in the different tissue compartments of N. 

attenuata during herbivory. Exploratory analysis on transcriptomic and metabolic changes in 

treated and untreated leaves following a two group comparisons (OS vs. control) for each time 

point showed a pattern of strong coordination between the number of up- and down-regulated 

genes and metabolites across the entire time series. The above trends suggest the existence of 

regulatory networks that provide a tight temporal control over defense induction and resource 

partitioning in leaves during herbivory. This motivated the design of a statistical framework to 

capture the sequential arrangement of transcriptional and metabolic networks in order to 

identify activated/perturbed biochemical pathways and their timing of action. Since the nature 

and amplitude of herbivore responses in distal untreated tissues are controlled by systemic 

signaling spreading from treated tissues, I simultaneously analyzed dynamic responses of 

elicited and un-elicited tissues from same plants. The developed statistical framework is a two 

step procedure and involves a combination of an extended self-organizing maps-based 

dimensionality reduction method with bootstrap-based nonparametric analysis of variance 

models. The factorial structure of our experiment consisted of two binary factors – treatment 

type (control and W+OS treated plants) and tissue type (treated leaves, and untreated leaves 
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and roots). In the first step, I simultaneously analyzed time series and different factors using 

ANOVA structures that considered above mentioned factors and their interaction terms (Zhou 

et al., 2010). The most critical aspect of the method is the estimation of the optimal projected 

direction in the time vector space that detects the strongest significant influence of the 

structure. This procedure was iterated to detect the best model type for each gene and resulted 

in the classification of the entire gene set into four exclusive groups representing structures 

named as interactive, additive, major treatment and tissue effects. Genes from the interactive 

effect set that displayed differential responses to OS treatment in treated and untreated tissues

from same plants were further evaluated and their corresponding projected vectors referred to 

as “time response metrics” were used in replacement of the original gene expression

trajectories. The second step of our framework consisted in further resolving the temporal 

distribution of OS-elicited processes by superimposing self organizing maps (BL-SOM) on 

the scaled data. The scaling combined the information about “when to respond” (obtained 

from projected vector) with the information about “how to respond” (obtained from fold 

changes). The obtained spatio-temporal maps represent the classification of herbivory-

regulated genes with patterns of differential activation in treated and untreated tissues in six 

dimensional time space termed as “interactive motifs”. This approach of generating sequential 

arrangement of functionally related gene clusters facilitated the analysis of highly dynamic 

responses that are characteristics of plant’s stress responses.

This method facilitated the study of dynamic behavior in more than one tissue at a 

time, the extraction of small sets of meaningful patterns of interactive behavior between 

elicited and un-elicited tissues from large data set, and the quantification of the differences in 

response to treatment in terms of a projected vector. The projected vector is tilted towards the 

time points with strongest effect and hence suggested the time of activation for each gene. 

The information from projected vectors when used as associative metric, improved the co-

expression patterns of genes involved in similar biochemical pathways in comparison to 

correlations based on temporal profiles. The method helped in identifying differential 

regulation of members of a gene family based on their functional associations with other 

known genes. It also assisted the detection of coordination between members of different but 

connected biochemical pathways which could not be detected based entirely on their 

expression data. I reported such coordination for NaGLA1 with NaLOX3 and associated genes

while analyzing oxylipin signaling pathway. Further analyses using combination of a 

comparative and functional genomics approach using phylogeny and time response metric 

could assist the identification of oxylipin branch-specific glycerolipases. Thus, the spatio-
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temporal maps provide a platform for identifying novel regulatory and structural genes that 

mediate plant defense responses.

The use of the framework was exemplified with the analysis of systemic signaling 

induced pathways in untreated leaves. I isolated and analyzed a motif from SOM maps, 

characterized for huge OS responses in systemic leaves, using network inference methods. 

The motif was enriched with genes implicated in the synthesis of acyclic diterpene glycosides

(17-HGL-DTGs) which are de novo synthesized in systemic tissues during herbivory (Heiling 

et al., 2010). These interactive motifs represent a group of network components that 

collectively contribute to the observed OS responses in the leaves at each time point; therefore 

they might overlap with “topological” or “functional modules” which are the set of genes 

involved in the same biochemical pathway. Therefore, the gene-gene network constructed for 

this motif showed dense connectivities between 17-HGL-DTG pathway and photosynthetic 

genes, supporting the previously reported but unknown coordination mechanisms between the 

two processes (Halitschke et al., 2001; Hui et al., 2003; Mitra and Baldwin, 2008). This 

example highlights the power of this approach in detecting interactions between different 

metabolic pathways activated at the same time in response to a perturbation.

In chapter 5, I extended the application of this method to study herbivory-specific 

responses in treated and un-treated leaves by differentiating induced responses to oral 

secretions (from the larvae of M. sexta) from those elicited by mechanical wounding. Tissue 

type dependent OS-specific responses showed large interactive effect at early time points (1h 

and 5h after treatment) and were enriched for two well studied secondary metabolic pathways 

for the biosynthesis of 17-HGL-DTGs and phenylpropanoids (Heiling et al., 2010; Kaur et al., 

2010; Onkokesung et al., 2012). The functionally characterized elements of these pathways 

show stronger W+OS elicitation in systemic leaves compared to local leaves at 5h after 

elicitation. Together these results illustrate the applicability of dimension reduction techniques 

in identifying relevant modules. 

2. “Omics” integration at spatio-temporal resolution

In chapter 4, I demonstrated that our method can also be applied on metabolomics data 

sets for which very few multivariate approaches have been developed. Since pre-processing 

strategies involving deconvolution and retention time corrections require somewhat similar 

metabolomes, therefore I restricted the comparison between treated and untreated leaves and 

identified metabolites showing major differences in induced responses between two leaves in 
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both positive and negative mode of ionization while using the same parameters that were used 

for transcriptomic analysis. The identified interactive responses for metabolic data sets were 

largely observed at 9 and 13h after elicitation which is later than the time points observed for 

transcriptional changes in systemic leaves (1 and 5h after elicitation). I supplemented the 

information of retention time to the interactive effects and recovered three major classes of 

compounds – phenolic derivatives, 17-HGL-DTG, O-acyl sugars. As with the transcriptomic 

analysis for a selected motif, the method facilitated the detection of tandem induction or 

metabolic cross talk among several metabolic pathways activated by OS elicitation in 

systemic tissues. Also, consistent with the power of this approach to cluster biochemically 

connected genes, I observed highly coordinated dynamic responses between different types of 

DTGs, shikimate pathway-derived amino acids and downstream metabolites produced within 

the phenylpropanoid pathway.

The challenge of integrating “omics” data sets is the identification of unknown or 

complex relationships between different molecular data types. The complexity arises because 

the nature of the coregulation among functionally related genes, metabolites or proteins could 

vary depending on the biological activity of the studied metabolic classes and on the applied 

experimental conditions. I showed in chapter 4 that the technique of reducing the number of 

features in both transcriptome and metabolome space with reference to a common six 

dimensional time vector allows the detection and interpretation of gene-metabolite 

interactions at the level of isolated motifs which are in turn used to mine activated metabolic 

pathways. I used the interactive responses of genes and metabolites as associative metrics to 

study 17-HGL-DTG pathway which I previously detected as the central metabolic pathway 

activated in the interactive motif exhibiting the most pronounced systemic responses. A 

comparison of averaged interactive responses for genes and metabolites of this pathway 

suggested a shift in their interactive effect. Therefore, I applied a time lag Pearson Correlation 

and constructed a gene-to-metabolite network which highlighted a strong coordination 

between 17-HGL-DTGs and their biosynthetic genes. I also reported unknown m/z signals 

which are likely to be involved in this pathway. These potential candidates need to be 

confirmed by additional mass spectrometry-based methods. 

Early studies of integration of genes and metabolites to identify global dynamic 

responses during sulphur and nitrogen depletion in Arabidopsis are some of the successful 

examples of identifying genes’ function based on their underlying gene-to-metabolite 

networks (Hirai et al., 2004; Hirai et al., 2005). However, the study used a hard threshold on 
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log ratio values for reducing the number of features before studying their dynamic responses. 

After filtering, both genes and metabolites were classified on the same temporal maps 

assuming no time lag between the activation of genes and metabolites of the same pathway.

Additionally, they studied stress responses in roots and leaves separately because of which 

features showing coordinated dynamic responses in both tissues at the same or different time 

point could not be extracted from the same temporal maps. However, our multifactorial 

approach reduced the number of features based on their ANOVA structure (interactive effect) 

and the timing of activation of a “motif”, therefore it efficiently extracts the biologically 

meaningful information based on influence of the factors. Additionally, it allows the 

identification of time lag for genes and metabolites based on the few known elements of the 

same pathway and it collectively studies dynamic responses in treated leaves and untreated 

tissues which helped in the identification of emergent properties in roots.

3. Emergent network properties in plant responses to herbivory

When two or more independent analyses are combined together, the resultant 

properties are not always additive but infact new properties emerge that cannot be observed 

by single analysis. Such properties are called as emergent properties. The observation that 

interaction between entities in lower space constrain their behavior suggests that it is highly 

expected to detect emergent features in a lower dimensional space compared to uncoordinated 

dynamics in a bigger space (Boschetti et al., 2005). Methods to detect emergence include 

techniques based on inductive inference that identify low dimensional space in higher 

dimensional data sets. These techniques are commonly used in data compression strategies in 

engineering sciences but now have also been extensively used in data mining in biological 

sciences with potential application in the study of emergence (Long et al., 2008; Moreno-

Risueno et al., 2010). One of the goals of systems biology is the identification of emergent 

properties via the integration of different data types within a system. In a comprehensive 

study to understand the important roles played by roots in above-ground herbivory using our 

dimensionality reduction method, I discovered an emergent physiological property of roots in 

the way they adapt the periodicity of its transcriptional activity to leaf OS-elicitation (Chapter 

6).

From single time point analyses, I observed large transcriptional and metabolic 

changes in roots which surprisingly were either comparable or even more than those observed 

in systemic leaves. In particular, I observed a pattern unique to root tissues that consisted of 

the same set of induced and suppressed genes separated by a short time lag. Since a recent 
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study in N. attenuata has shown that responses to shoot herbivory in roots are controlled by 

hormone signaling pathways from aboveground tissues (Machado et al., 2013), I utilized our 

previously designed statistical framework to characterize co-expression “interactive” motifs 

derived on SOM maps by simultaneously analyzing elicited leaves and un-elicited roots of the

same plant. I discovered two principal trends that were characterized by an inversion of root-

specific semidiurnal (12h) gene oscillations and transcriptional changes with major amplitude 

effects while analyzing dynamic behaviors of “interactive” motifs assembled on SOM maps at 

5h after leaf elicitation. The first set of semidiurnal rhythms consists of processes associated 

with cell wall metabolism, sugar metabolism and transport which relates to the phenomenon 

of root growth reduction by simulated herbivory and herbivory-induced allocation of sugars to 

roots observed in N. attenuata (Schwachtje et al., 2006; Hummel et al., 2007). The influence 

of signaling components on OS-responsive semidiurnal rhythms and their regulation by 

circadian clock components can be studied using transgenic lines impaired in known upstream 

nodes of herbivory-signaling networks and clock oscillators in N. attenuata. The second set is 

well represented by nicotine biosynthetic genes (NaPMT1, NaPMT2, NaA622, NaQPT, 

NaDAO) which show a rhythmic pattern in roots and induction in response to OS-elicitation.

Figure 2: Gene-gene network representation of motif “R9” (connectivity screened with FDR = 

0.05 and a minimum Pearson Correlation of 0.98) highlighted the differences in the degree of 

connectivity between NaPMT1 and NaPMT2 within the root gene network.

I also extracted “interactive motifs” marked on SOM maps as “R9” and analyzed using 

network inference algorithms which based on the differences in the network-based positions 
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suggested functional diversification of two NaPMT genes (Figure 2) that are known to be 

involved in nicotine biosynthetic pathway (Steppuhn et al., 2004). Similarly, I analyzed other 

“interactive motifs” obtained on SOM maps and visualized the chronology of activation of 

known pathways central to signaling, tolerance and defense in N. attenuata which would 

assist identifying other key elements from the similar or related activated pathways.

I obtained similar prospective for root tissues while analyzing the tissue-specific 

oscillation in primary and secondary metabolism and how these rhythms are reconfigured 

during insect attack in Nicotiana attenuata using an informatics theoretic approach of pattern 

recognition which finds a best match to periodic models with different amplitude and phase. I

reported in chapter 3 the identification of strong diurnal rhythms in roots which were distinct 

from those found in leaves. While leaf metabolites mainly peaked during the day, root 

metabolites peaked at dusk or night. In contrast to previously reported secondary metabolic 

genes (Doherty and Kay, 2010) along with the metabolites reported in chapter 3 with 

conventional circadian rhythms of 24h period length, the set of root transcripts identified 

showing emergent property oscillated with a 12h period length. Other studies have also 

reported short periodic rhythms in roots such as root-specific, short-term fluctuations of gene 

expression with a 6h period length have been reported to coordinate lateral root formation in 

Arabidopsis (Moreno-Risueno et al., 2010).

Collectively, these results underscore the importance of understanding the complex 

physiology of roots for interpreting whole organism defense responses to leaf herbivory.

These findings provide an exemplary study for identifying emergent properties that govern 

plant stress responses by analyzing large scale data using correctly framed biological 

questions in a statistical model.
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Summary

The challenge to analyze and interpret large dimensional “omics” output in a variety of 

experimental settings using systems biology framework calls for an unprecedented integration 

of biological understanding and statistical methods. This work focuses on the development of 

methods to select features (genes and metabolites) exhibiting induced local and systemic 

defense responses to insect attack in Nicotiana attenuata along with the extraction of

additional information regarding their timing of action. Using our methods, we captured the

sequential transcriptional and metabolic adjustments in different tissues which elucidated the 

relative contribution of a given tissue to the whole-organism response.

Using pattern recognition methods on a time course experiment, we first studied 

tissue-specific oscillation in metabolite levels and how these rhythms are reconfigured during 

insect attack in Nicotiana attenuata. The rhythmic metabolites largely showed systemic 

responses in un-attacked leaves and roots. We also observed strong diurnal rhythms in roots 

which were distinct from those found in leaves. To further characterize the dynamics of 

activation in time and space of herbivory-induced responses, we designed a statistical 

framework by combining methods previously developed for feature selection and extraction

to identify activated network motifs. These motifs are the set of features that are differentially 

perturbed in local and systemic tissues in response to herbivory. The extraction of 

multifactorial statistical information in terms of time response variable simultaneously 

captured the dynamic response of a gene/metabolite in more than one tissue and therefore 

helped in identifying tissue-specific activation of biochemical pathways during herbivory, 

their transition points and shared patterns of regulation with other physiological processes. 

Specifically, we studied gene-gene and gene-metabolite interactions in selected motifs to 

identify activated metabolic pathways in untreated leaf tissues that control the deployment of 

defense metabolism in these systemic tissues. This allowed us to identify non-linear 

relationships in gene-metabolite interactions of a systemically activated diterpene glycoside 

biosynthetic pathway. We extended the application of this method to study herbivory-specific 

responses in treated and un-treated leaves by differentiating induced responses to oral 

secretions (from the larvae of Manduca sexta) from those elicited by mechanical wounding. 

Following the observation of strong diurnal rhythms in the roots of N. attenuata, we utilized 

our framework to evaluate the transcriptional and metabolic dynamics in the roots to 

investigate their role in aboveground stress responses. We discovered an emergent property of 
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an inversion in root-specific semidiurnal (12h) rhythms in response to simulated leaf 

herbivory. In addition, we illustrated the benefits of our statistical framework, used for 

generating spatio-temporally resolved transcriptional/metabolic maps, by visualizing the 

chronology of the activation of pathways central to signaling, tolerance and defense in N. 

attenuata. The research described in this thesis, in addition to being valuable in deciphering 

dynamic responses to insect attack in a whole plant context, lays the foundation for future 

analyses in which statistical modeling of these networks assisted with experimental data could 

predict the logical rules governing these dynamic interactions. 
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Zusammenfassung

Die Analyse und Interpretation von multidimensionalen „omics“-Daten in einer Vielzahl

experimenteller Ansätze unter Nutzung systembiologischer Grundstrukturen erfordert eine

beispiellose Integration von biologischem Verständnis und statistischen Methoden. Die 

vorliegende Arbeit befasst sich mit der Entwicklung von Methoden zur Auswahl von 

Komponenten (Genen und Metaboliten), die eine induzierte und systemische 

Verteidigungsantwort auf Insektenfraß in Nicotiana attenuata hervorrufen sowie mit der 

Gewinnung zusätzlicher Informationen über den zeitlichen Ablauf der Reaktion. Mit unseren

Methoden haben wir aufeinanderfolgende transkriptionale und metabolische Regulationen in 

verschiedenen Geweben erfasst, um den relativen Beitrag eines bestimmten Gewebes zur

Antwort des Gesamtorganismus aufzuklären.

Mit Hilfe der Mustererkennung untersuchten wir zuerst über einen bestimmten Zeitverlauf die 

gewebespezifische Oszillation metabolischer Konzentrationen und wie dieser Rhythmus 

während des Insektenfraßes in Nicotiana attenuata rekonfiguriert wurde. Die rhythmischen 

Metabolite zeigten weitgehend systemische Antworten in nicht befallenen Blättern und Wurzeln. 

Zur weiteren Charakterisierung der zeitlichen und räumlichen Aktivierungsdynamik der 

herbivorie-induzierten Antworten entwarfen wir eine statistische Grundstruktur, indem wir die

zuvor entwickelten Methoden zur Auswahl und Extraktion von Komponenten konfigurierten, um 

aktivierte Netzwerkmotive zu identifizieren. Diese Motive entsprechen dem Satz von 

Eigenschaften, die differentiell in lokalen und systemischen Geweben als Reaktion auf 

Herbivorie gestört werden. Die Extraktion der multifaktoriellen statistischen Information 

hinsichtlich der variablen Antwort in Abhängigkeit von der Zeit erfasste gleichzeitig die 

dynamische Antwort eines Gens/Metabolits in mehr als einem Gewebe und trug daher zur

Identifikation von gewebsspezifischer Aktivierung biochemischer Stoffwechselwege während 

der Herbivorie, ihrer Umschlagpunkte und gemeinsamen Regulationsmuster mit anderen 

physiologischen Prozessen bei. Insbesondere untersuchten wir Gen-Gen- und Gen-Metabolit-

Interaktionen innerhalb ausgewählter Motive, um aktivierte metabolische Stoffwechselwege in 

systemischen Blattgeweben zu untersuchen, die die Verwendung von Metaboliten zur 

Verteidigung in diesen Geweben steuern. Damit konnten wir nicht-lineare Zusammenhänge in 
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Gen-Metabolit-Interaktionen eines systemisch aktivierten Diterpen-Glycosid-Biosynthesewegs

identifizieren. Wir haben diese Methode erweitert, um bei herbivorie-spezifischen Antworten in 

behandelten und unbehandelten Blättern zwischen induzierten Antworten auf orale Sekrete (von 

den Larven von Manduca sexta) und Antworten, die durch mechanisches Verwunden induziert 

werden, zu unterscheiden. Nach der Beobachtung starker Tagesrhythmen in den Wurzeln von N. 

attenuata nutzten wir unsere Grundstruktur zur Evaluierung der transkriptionalen und 

metabolischen Dynamik in den Wurzeln und zur Untersuchung ihrer Rolle in oberidischen

Stressantworten. Wir entdeckten das Auftreten einer Inversion des wurzelspezifischen 

halbtäglichen (12 h) Rhythmus als Antwort auf simulierte Blattherbivorie. Außerdem 

verdeutlichten wir den Nutzen unserer statistischen Grundstruktur für die Erzeugung räumlich-

zeitlich aufgelöster transcriptionaler/metabolischer Karten durch Visualisierung der Chronologie 

der Aktivierung von zentralen Stoffwechselwegen für Signalübertragung, Toleranz und 

Verteidigung in N. attenuata. Die Forschung, die in dieser Dissertation beschrieben wird, ist 

nicht nur wertvoll für das Entschlüsseln dynamischer Antworten auf Insektenfraß im Kontext der 

gesamten Pflanze, sondern schafft auch die Grundlage für zukünftige Analysen, in denen die 

statistische Modellierung dieser Grundstruktur, unterstützt von experimentellen Daten, die 

logischen Regeln vorhersagen könnte, die für diese Interaktionen maßgeblich sind.
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