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Summary

e Herbivory-induced defenses are specific and activated in plants when elicitors, frequently
found in the herbivores’ oral secretions, are introduced into wounds during attack. While
complex signaling cascades are known to be involved, it remains largely unclear how natural
selection has shaped the evolution of these induced defenses.

e We analyzed herbivory-induced transcriptomic responses in wild tobacco, Nicotiana
attenuata, using a phylotranscriptomic approach that measures the origin and sequence
divergence of herbivory-induced genes.

e Highly conserved and evolutionarily ancient genes of primary metabolism were activated at
intermediate time points (2-6 h) after elicitation, while less constrained and young genes asso-
ciated with defense signaling and biosynthesis of specialized metabolites were activated at
early (before 2 h) and late (after 6 h) stages of the induced response, respectively — a pattern
resembling the evolutionary hourglass pattern observed during embryogenesis in animals and
the developmental process in plants and fungi.

e The hourglass patterns found in herbivory-induced defense responses and developmental
process are both likely to be a result of signaling modularization and differential evolutionary

constraints on the modules involved in the signaling cascade.

Introduction

Herbivory-induced defenses are widespread in plants and play an
important role in maintaining plant fitness when they are under
attack (Karban & Baldwin, 1997). The molecular mechanisms
and ecological functions of herbivory-induced signaling cascades
and defense responses have been examined in several plant sys-
tems (Karban & Baldwin, 1997; Bodenhausen & Reymond,
2007; Howe & Jander, 2008; Wu & Baldwin, 2010; Erb ezal,
2015; Li etal, 2015b). After attack, chemical cues (herbivory-
associated elicitors, HAEs) in insect oral secretions (OSs) elicit a
series of signaling cascades and induced defenses in plants, which
directly or indirectly deter feeding herbivores and protect plants
from further damage (Turlings eral, 1990; Mattiacci eral.,
1995; Karban & Baldwin, 1997; Agrawal, 1998; Kessler ezal.,
2004; Unsicker eral., 2009). For example, in a wild tobacco
species, Nicotiana attenuata, the fatty acid amino acid conjugates
(FAGs) found in the OSs of Manduca sexta — an insect that
largely feeds on solanaceous plants — elicit rapid phytohormonal
changes in leaves, including the accumulation of jasmonic acid
(JA) and its derivatives when OSs are introduced into wounds as
larvae feed on leaves (Wu & Baldwin, 2010; Bonaventure et al.,
2011). The amplification of the wound-induced JA burst by OSs
activates the biosynthesis of several potent herbivore toxins, such
as phenolamides and 17-hydroxygeranyllinalool diterpene glyco-
sides (HGL-DTGs) (Gulati etal, 2013; Gaquerel ezal., 2014),
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which function as antiherbivore defenses in tests conducted in
both the laboratory and the native environment of N. attenuata
(Heiling ez al., 2010; Kaur ez al., 2010; Gaquerel ez al., 2014).
Despite the advantages provided by induced defenses, they
can also have negative effects on plant fitness as a result of
their physiological and ecological costs (Baldwin, 1998; van
Dam & Baldwin, 1998; Baldwin & Hamilton, 2000; Redman
eral., 2001; Agrawal eral, 2002; Heil & Baldwin, 2002;
Strauss eral, 2002; Glawe eral, 2003; Wang eral., 2015).
Based on studies that measured fitness consequences of
induced defenses against herbivores, a meta-analysis showed
that the fitness cost associated with induced defenses is sub-
stantial (52%, n=23) (Strauss etal, 2002). Therefore, the
defenses in different plant populations and species that grow
in heterogeneous environments are subject to divergent selec-
tion pressures, which are driven by the effectiveness of
induced defenses against the local herbivore communities and
the costs associated with the activation of the induced
defenses. These divergent selection pressures are likely to
account for the observed variability in induced defenses found
among closely related species and populations of the same
species (Li eral, 2015a; Xu etal., 2015; Zhou etal., 2016).
Herbivory is known to elicit different transcriptomic and
metabolomic responses at different times after elicitation in
plants (Gulati ezal, 2013; Tzin eral., 2015; Liu eral., 2016; Qi
etal., 2016), suggesting that the induced defense signaling

© 2017 The Authors
New Phytologist © 2017 New Phytologist Trust



New
Phytologist

cascade consists of distinct transcriptomic modules. How these
distinct gene modules respond to selection remains unclear. Like
herbivory-induced defense signaling, developmental processes
also consist of complex signaling cascades which have been stud-
ied by phylotranscriptomic analysis (Domazet-Loso & Tautz,
2010; Kalinka ez al., 2010; Quint ez al., 2012; Cheng ez al., 2015;
Drost etal., 2015). This method incorporates the age of genes,
which is inferred from when a gene first appears in the evolution-
ary lineage of the species of interest (Domazet-Loso & Tautz,
2010; Kalinka ez al., 2010), and the rate of sequence divergence
observed within the genes, which is inferred from the protein
coding sequences. Previous studies have used both the transcrip-
tome age index (TAI), which is calculated based on the average
‘age’ of all expressed genes, and the transcriptome divergence
index (TDI), which is calculated from the average sequence diver-
gence of all expressed genes. High TAI values indicate that a large
proportion of expressed genes are young, while high TDI values
indicate that a large proportion of expressed genes are less con-
strained in their sequence divergence. TAI and TDI are comple-
mentary in that they represent ancient and recent selection
pressures, respectively (Quint ezal., 2012).

In this study, we adapted the concept of phylotranscriptomic
analysis to investigate the sequence of changes in gene expression
that occur after herbivore elicitation. We developed two indices,
the induced TAI (iTAI) and induced TDI (iTDI), which are
closely analogous to the TAI and TDI, respectively. This
approach allowed us to specifically analyze the average gene age
and sequence divergence of the induced genes relative to a base-
line untreated control throughout a time series analysis of an
induced response, and thereby capture an evolutionary analysis of
the gene sets recruited during the activation of herbivory-induced
defenses.

Materials and Methods

Plant material and treatment, microarray data and analysis

Plant materials and treatment were the same as described previ-
ously (Kim eral, 2011). In brief, seeds of wild-type (WT)
Nicotiana attenuata Torr. Ex S. Watson plants (30" inbred gen-
eration) were sterilized and germinated on Gamborg’s B5
medium as previously described (Kriigel ez al., 2002). After 10d,
seedlings were transferred to Teku pots (Péppelmann GmbH &
Co. KG, Lohne, Germany) in the glasshouse. Plants were then
transferred to 11 pots with soil after 10 d and were grown under
glasshouse conditions at 26-28°C with 16 h supplemental light
from Master Sun-T PIA Agro 400 or Master Sun-T PIA Plus
600 W Na lights (Philips, Turnhout, Belgium). To simulate her-
bivore attack, one leaf of each rosette stage plant was wounded
with a pattern wheel and 20 pl of 1: 5 diluted Manduca sexta OS
was added to the puncture wounds. For the control group, leaves
from untreated plants were harvested. Samples were collected at
0.5,1,2,5,6,11 and 13 h after elicitation, their midveins rapidly
excised, flash-frozen in liquid nitrogen and stored at —80°C until
analysis. The elicitations were performed at 13:00 h. The time
points selected for sample collection were based on our previous
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analysis of the pilot dataset (https://doi.org/10.1101/034603).
Three biological replicates were used at each time point.

Similar to a previous study (Kim ez al., 2011), total RNA was
isolated using the TRIZOL reagent and labeled cRNA with the
Quick Amp labeling kit (Agilent, Waldbronn, Germany). Each
sample was hybridized on Agilent single color technology arrays
(4 x 44K 60-mer oligonucleotide microarray). Quantile normal-
ization and the log, transformation were performed on all raw
microarray data using the R package ‘Agi4x44PreProcess’
(http://goo.gl/TJnA6Q).  Fold-change and  differentally

expressed genes were analyzed using the R package ‘limma’.

Phylostratigraphic map

To construct the phylostratigraphic map (Supporting Informa-
tion Fig. S1), we used BLASTP from the BLAST (v.2.2.25+) suite to
search the curated NCBI taxonomy database (Domazet-Loso
etal, 2007; Domazet-Loso & Tautz, 2010) to assign
N. attenuata genes to 13 phylostrata. This method is similar to
those used in previous studies (Domazet-Loso eral, 2007;
Domazet-Loso & Tautz, 2010), with some modifications. In
brief, all protein-coding sequences of N. attenuata were compared
with the nonredundant (nr) NCBI protein database (downloaded
on 29 April 2014) by searching Brastp with an E-value cutoff of
107>, The Brastp results were further filtered to exclude synthetic
sequences, viruses, and sequences that do not descend from the
‘cellular organisms’ phylostratum. All genes were assigned to the
phylogenetically most ancient phylostratum (PS) containing at
least one species with at least one blast hit using a custom Python
script. Because of the scarcity of protein sequences from the
Nicotiana genus in the nr database, all V. astenuara genes without
a match were further searched against a locally stored
N. obtusifolia genome. A gene was allocated to PS 12 (Nicotiana
specific) if a hit to N obtusifolia was detected, or to PS 13
(N. attenuata specific) if no hit was detected. This method
assumes that genes with shared domains belong to the same gene
family, and therefore subsequent duplications of founder genes
are generally assigned to the same PS as the founder gene, regard-
less of the time period in which the duplication event occurred
(Domazet-Loso ez al., 2007).

Validation of phylostratigraphic map through search
algorithm comparison

Although this method has been used previously (Domazet-Loso
etal., 2007; Domazet-Loso & Tautz, 2010), a recent study by
Moyers and Zhang has demonstrated that using the BrasTp algo-
rithm to find homologs can underestimate a gene’s phylostrati-
graphic age and result in a biased phylostratigraphic map
(Moyers & Zhang, 2015). To test the robustness of the hourglass
pattern, we used an additional homolog iterative search algo-
rithm, PsSI-BLAsT, to search distant homologs. Psi-Brast (from
BLAST v.2.2.25+) was run with a cutoff value of 102 for at least
four iterations (Jones & Swindells, 2002). While the phylostrati-
graphic map of N. attenuata genes based on BLASTP resembles the
distribution reported in Arabidopsis thaliana by Quint et al.
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(2012), the M. attenuata phylostratigraphic map based on Psi-
BrAST resulted in a larger number of genes assigned to earlier PS
groups, as predicted by Moyers & Zhang (2015). For example,
the number of genes assigned to the PS1 group increased from
4326 (Brastp) to 6309 (Psi-Brast). Despite these shifts in age
distributions among the searching algorithms, the corresponding
iTAI patterns all resulted in the same hourglass pattern, with
younger genes induced at greater levels at early and late time
points, while the average age of genes recruited at the intermedi-
ate time points is much older (Fig. S2).

Ka/K ratios

The K./K; ratio was calculated using the codeml method from
the PaML package (v.4.7) using ortholog genes between
N. attenuata and N. obtusifolia (diverged ¢ 7 millionyr ago
(Ma)). The K/K; ratio is calculated from aligned protein coding
sequences and measures the rate of nonsynonymous substitutions
per nonsynonymous nucleotide site (K;) relative to the rate of
synonymous substitutions per synonymous nucleotide site (Ks).
From the K/K; ratio one can infer the evolutionary constraint
that a gene has been under. Genes with a X value <0.05 and > 1
were removed from the downstream analysis, because manual
inspection of the sequence alignments of these genes revealed that
either these genes were too short and highly similar between two
species, thereby violating the requirements for accurate K/K;
ratio calculations, or the sequence alignments were obviously
incorrect. Similar to a previous study (Quint ezal, 2012; Drost
etal., 2015), our analysis showed that sequence divergence and
gene age are only weakly correlated and thus can provide comple-
mentary evidence for estimations of evolutionary distance

(Fig. §3; Table S1).

Transcriptome induction indices

The transcriptome indices for V. attenuata transcriptomic
responses were initially calculated based on a previously pub-
lished, publicly available microarray dataset of locally treated
leaves, systemic leaves, and roots at six time points within 21 h of
simulated herbivore attack (Gulati eral, 2013). This initial
dataset will be referred to as the ‘pilot’ dataset and the detailed
results are deposited on a preprint server (https://doi.org/10.
1101/034603). To further validate the observed pattern found in
the pilot dataset, we repeated the same experiment in locally
treated leaves with higher temporal resolution, including seven
time points at 0.5, 1, 2, 5, 6, 11 and 13 h after simulated herbi-
vore elicitation. This second time series dataset is the primary
focus of this study and will be referred to as the ‘replication’
dataset when the focus is ambiguous.

The pilot dataset was obtained from the NCBI gene expression
database (BioProject ID: PRJNA143589) and quantile normal-
ization was applied to all microarray data before statistical analy-
sis. The pilot and replication datasets contain two groups of
microarray data for each tissue: an elicited group (wound-
ing + OSs from M. sexta to simulate herbivore attack), and a con-
trol group (no manipulation). Both pilot and replication datasets
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had three biological replicates (plants) per harvest time. The sta-
tistical differences and fold-change of each gene between control
(no manipulation) and the induced group (wounding+ oral
secretion) for each time point were calculated using the LiMMA
(v.2.14) package in R (v.3.0.2). For each data point, two different
transcriptome indices were calculated: the iTAl which was calcu-
lated based on the expression fold-change and gene age, and the
iTDI, which was calculated based on the expression fold-change
and sequence divergence (K,/K;). The iTAI is a weighted mean
age of the transcriptome that is induced at each time point. The
iTDI is a weighted mean sequence divergence of the transcrip-
tome that is induced at each time point. The iTAl and iTDI are
analogous to the TAI and TDI found in previous studies
(Kalinka eral, 2010; Quint etal, 2012; Cheng eral., 2015;
Drost ez al., 2015), respectively. iTAl and iTDI are defined as fol-

lows:

= PS;|FC;,
iTAL = % Eqn 1
Zi:l |FCit|
T () -
i =i qn
‘ Zi:l |FCit|

where t is a time point, n is the total number of genes analyzed,
PS; is the assigned PS of gene i, [FC;| is the absolute value of the
log, fold-change of gene i at time point t, and % is the % of gene
i. In order to compute these two indices, all the probes from the
microarray were mapped to the predicted protein coding genes
using BLASTN, and probes that could be mapped to more than
one gene with 60 bp matches and 100% identity were removed.

We calculated iTAI and iTDI instead of original TAI and TDI
indices for two reasons: the main objective was to analyze the evo-
lution of induced responses, and therefore the original TAI and
TDI that analyze gene expression information alone do not ade-
quately reflect the responses induced by HAEs; and the time-
course experiment lasted 21 h, and the diurnal and circadian
rthythms can strongly influence gene expression changes. To min-
imize the effects of diurnal and circadian rhythms, we calculated
induced fold-changes in OSs-treated leaves over untreated con-
trols collected at the same time point, normalizing for any circa-
dian/diurnal patterns.

Only genes with at least one unique probe on the microarray
dataset were considered for iTAI and iTDI calculations. In total,
18 287 and 13 746 genes were analyzed from the microarray data
to calculate the iTAI and iTDI, respectively.

For flg22-induced transcriptomic responses in leaves, we used
expression profiles (GSE51720) based on a sequencing technique
from a time-course experiment that included A. thaliana leaves
induced by flg22 within 3 h (Rallapalli ezal, 2014). The log,
fold-change data generated from this dataset (Rallapalli ezal,
2014), and gene age and K/K; information from the develop-
ment hourglass study by Quint ezal. (2012) were used for calcu-
lating iTAI and iTDI, employing the methods described earlier.
For bacterial-induced transcriptomic responses, the microarray
data from the AtGenExpress biotic stress dataset were used (the
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data were originally downloaded from http://www.weigelworld.
org/in October 2013). The log, fold-changes were calculated
using the R package Limma (v.2.14). The iTAI and iTDI patterns
from induced transcriptome responses induced by Phytophthora
infestans,  Pseudomonas ~ syringae  pv. phaseolicola and  three
P. syringae pv. tomato strains (HrcC-, DC300, avrRpm1) were
analyzed using the approach described earlier.

To test whether the iTAI and iTDI values were significantly
different from a flat line and consistent with an hourglass pattern,
the permutation tests described in Drost ezal. (2015) were used
(10000 permutations and 100 runs). For the pilot dataset,
because the iTAI and iTDI values differ among later time points,
the distance values do not fit a normal distribution, which was
assumed to be the case in the original method for the calculation
of P-values (Drost et al, 2015). Therefore, we used a more con-
servative approach for calculating P-values based only on three
time points: the time point with the lowest iTAI or iTDI value
(for herbivore dataset, 5 h) was assumed to be the middle stage,
and the lowest iTAI or iTDI values before and after the middle
time point were selected as the early and late stages, respectively.
The P-values calculated using this approach are therefore usually
higher (more conservative estimation) than they would be if all
time points were included in the later stage samples. The conclu-
sions about the iTAI and iTDI patterns were robust even when
using this more conservative approach and when using nonpara-
metric statistical tests on all time points. For the repeated dataset,
we assigned 0.5 and 1 h as early stage time points, 2, 5, and 6 h as
middle stage time points, and 11 and 13 h as late stage time
points.

Log-odds ratio

We calculated the log-odds ratio of significantly induced genes
within specific gene sets of interest. Rather than using the
continuous fold-change data alone, which would give undue
weight to genes that are strongly over- or underexpressed,
classifying genes as ‘induced’ or ‘not induced’ and analyzing
such groups by a log-odds ratio was more informative. The
significantly induced genes were identified based on whether
their expression was significantly induced by M. sexta OSs in
comparison to untreated control (false discovery rate adjusted
P-value <0.05 in at least one probe and an absolute log, fold-
change > 1) for each time point. Then the log-odds ratio was
calculated as:

|gl,t|/|_|gl,[|)

logodds,; . = log, (W Eqn 3

where g is the gene set of interest, t is each time point; gy
is the number of genes that are induced (I) in g at time g
|-g;.| is the number of induced (I) genes at time t that are
not in g; |G| is the total number of genes that belong to gene
set G and have microarray expression data;|~G| is the total
number of genes that are not in G and have microarray
expression data. For each G, a log-odds ratio> 0 indicates
that the genes from the tested G are overrepresented among
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the significantly OSs-induced genes, whereas a log-odds ratio
<0 indicates underrepresentation. The confidence intervals for
the odds ratio were calculated by appealing to the asymptotic
normality of the log-odds ratio, which has a limiting variance
given by the square root of the sum of the reciprocals of
|G1c|; [7Giyl, |G| and |=G|. The gene sets analyzed in this
study include two separate gene sets of primary metabolism
and specialized metabolism genes, as identified in a previous
study, and a gene set comprising previously identified early
defense response genes (Zhou eral., 2016).

Annotating genes involved in primary metabolism and the
biosynthesis of specialized metabolites

We first mapped all N. attenuata genes to the NCBI reference
sequence database (downloaded in February 2016) using
Brast with an e-value cutoff 1e-10. We then assigned enzyme
commission (EC) numbers to mapped genes using Brasr2co.
Using the data provided in the supplementary files of a study
by Chae eral (2014), we mapped each of the N.attenuata
EC-annotated genes to either specialized metabolism pathways
or primary metabolism pathways. If a gene was found to play
a role in both primary and specialized metabolism pathways,
it was assigned to the primary metabolism group. The final
primary metabolism gene set included 2059 genes, of which
1497 had valid expression data and 1441 were assigned a K,/
K. The final specialized metabolism gene set included 258
genes, of which 171 had valid expression data and 191 had a
specific K/K.. Differences in the average assigned PS and K./
K; of these gene sets relative to the entire gene set were calcu-
lated using the Wilcoxon rank-sum test.

As for the early defense response genes identified previously
(Zhou etal., 2016), 1274 genes in total were identified as early
defense response genes, of which 1101 had valid expression data
and 1056 had a specific K,/ K;. Differences in the average assigned
PS and K/K; of this gene set relative to the entire gene set were
also calculated using the Wilcoxon rank-sum test.

Gene ontology enrichment analysis

To further understand the mechanism of the herbivory-induced
signaling hourglass pattern, gene ontology (GO) enrichment
analyses were conducted on the significantly induced genes for
each time point. The Cytoscape app ClueGO was used to deter-
mine significant GO groups with an adjusted P-value <0.05.
The REVIGO online visualization tool (Supek ezal., 2011) was
used to reduce this list of redundant GO categories and to pro-
duce TreeMaps based on the statistical significance of each cate-

gory.

Available data and code

The source code and R scripts used for analyzing new microarray
data are provided as Notes S1. The microarray datasets generated
in this study have been submitted to NCBI under accession num-

ber GSE90951.
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Results

The evolutionary age of each N. attenuata gene was estimated
with a phylostratigraphic map, constructed by identifying the
most distant phylogenetic node that contains at least one species
with a detectable homolog (Kalinka eral, 2010; Quint eral.,
2012). In total, 33 449 N. attenuata genes were assigned to 13
phylostratigraphic groups (phylostrata; Fig. S1), with the oldest
genes assigned to phylostracum 1 (PS1, cellular organisms; shares
homology with prokaryotes) and the youngest genes assigned to
PS13 (. attenuata specific). To estimate the sequence diver-
gence, we calculated the K/K; ratio, between N. attenuata and
N. obtusifolia, which diverged ¢. 7 Ma (Sarkinen ez al., 2013).

To capture the evolutionary properties of genes induced by
HAEs, we computed two different transcriptomic induction
indices for each transcriptome after simulated herbivory: the
iTAI, which is a measure of gene age (assigned PS; see the
Materials and Methods section) weighted by gene induction (log,
fold-change); and the iTDI, which is a measure of sequence
divergence (K,/K; see the Materials and Methods section)
weighted by gene induction (log, fold-change). Here, the iTAI
represents the mean evolutionary age of HAE-induced genes
(phylostratum) weighted by their respective degree of induction.
Similarly, iTDI represents the mean sequence divergence of
HAE-induced genes, where a gene’s sequence divergence (K./K))
is weighted by its degree of induction (see Materials and
Methods). Together, iTAI and iTDI indices provide complemen-
tary and independent measurements of evolutionary distances
(Fig. S3).

We first analyzed the iTAI and iTDI using a pilot microarray
dataset from a previously published, HAE-induced 21 h time-
course experiment (Kim eral.,, 2011). The gene expression was
measured based on samples collected at 4 h intervals from locally
treated leaves (TLs), systemic leaves (SLs) and roots (RTs), from
both control and M. sexta OS-induced wild-type N. attenuata
plants (Kim ez al., 2011). The results revealed that HAE-induced
transcriptomic responses in V. attenuata locally treated leaves dis-
play a statistically significant evolutionary hourglass (Fig. S4):
after OS elicitation, while relatively young genes with higher pro-
tein sequence divergence were induced at early and late time
points, older and more evolutionarily constrained genes were
induced at middle time points. A similar hourglass pattern was
also found in systemic leaves but not in the roots (Fig. S5). The
hourglass pattern found in systemic leaves was largely a result of a
similar group of genes to those found in the TL (Table S2).

Because the middle stage of the hourglass pattern from the
pilot dataset was only supported by one time point (5h), we
repeated the experiment at time points between 0.5 and 13 h with
increased temporal resolution to further validate the observed
hourglass pattern. The same hourglass pattern was observed in
the replication experiment (Fig. 1). At 0.5 and 1 h after OS elici-
tation, the induced genes are relatively young (higher iTAI) and
divergent (high iTDI). At 2, 5, and 6 h the induced genes are
dominated by older and more constrained genes. At the late time
points (11 and 13 h), the induced genes are relatively young and
again divergent. The permutation tests described in Drost ez al.
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(2015) revealed that the iTAI and iTDI values were significantly
different from a flat line (P =4.1e-35) and consistent with an
hourglass pattern (P = 4e—17). Calculating the iTAI and iTDI for
up- and down-regulated genes separately reveals that up-
regulated genes are primarily responsible for the hourglass (flat-
line, P =2.2e-32; hourglass, P =7.8¢-35) (Fig. 1).

To test the robustness of the observed hourglass pattern, we
compared the iTAI index based on gene ages estimated using two
different homolog searching algorithms, Braste and Psi-BrLasT.
Our analyses revealed that the observed hourglass pattern was
robust to different estimations of gene age and gene divergence
(Fig. $2).

To further understand the mechanism underlying the observed
evolutionary hourglass pattern, we performed GO enrichment
analysis on the significantly induced genes at each time point
(Fig. S6). At 0.5 and 1h, the induced genes are enriched in
defense and stress signal processing GO terms, such as responses
to biotic stresses, defense response, JA signaling pathways, etc.
These genes are known to play key roles in plant—environment
interactions and are believed to be under divergent selection
(Howe & Jander, 2008; Cui ezal., 2015). At 5and 6 h, genes
associated with GO terms of primary metabolic processes, such
as oxidation—reduction process, alpha-amino acid catabolic

Time after

elicitation P,=50e-8
r05hq P =21e-4
L 1h4
F2h+
- 5h+
- 6h_
F11h4
- 13 h-
0.5 ho
F1h+
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Fig. 1 Transcriptome induction age index (iTAl) and transcriptome
induction divergence index (iTDI) in locally treated Nicotiana attenuata
leaves after simulated herbivory are shown in left and right, respectively.
Red, green and blue lines designate mean indices calculated on all genes,
up- and down-regulated genes, respectively. The gray ribbons refer to SD.
Pgt and Py, indicate the P-values from a flat line and reductive hourglass
tests, respectively. Py, < 0.05 indicates that the pattern is significantly
different from a flat line and P,,; < 0.05 indicates that it follows an hourglass
(high-low-high) pattern. Time points were assigned to three different
stages: early (0.5 and 1 h), middle (2, 5 and 6 h) and late (11 and 13 h).
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process, were highly enriched. At 11 and 13 h, genes associated
with secondary metabolism and defense responses were enriched.
Consistently, several genes involved in the biosynthesis of
Nicotiana or Solanaceae-specific defense metabolites, such as
HGL-DTGs, which are potent herbivore toxins (Heiling ezal.,
2010), were among the highest induced genes at 11 and 13 h.
These results indicate that the observed evolutionary hourglass
results from the architecture and modulation of an HAE-induced
signaling cascade in V. attenuata leaves.

To provide further statistical analysis for the modulation of
genes induced at different stages, we assigned genes to three
groups: early defense signaling genes, which were previously iden-
tified based on a transcriptomic network analysis (z=1101),
genes involved in primary metabolism (7z=1497), and genes
involved in the biosynthesis of specialized metabolites (z=171),
which were identified using enzyme annotations from a previous
study (Chae eral, 2014). Consistent with our prediction, pri-
mary metabolism genes are much older compared with the
genome-wide background (average PS for primary metabolism
genes=2.55; mean PS all genes=4.71; P<2.2e-16), genes
involved in early defense signaling (average PS for early defense
genes =4.77; P<2.2e-16), and genes involved in the biosynthe-
sis of specialized metabolites (average PS for specialized
metabolism genes=4.31; P<2.2¢-16). Similarly, the genes
involved in primary metabolism are more conserved than the
genome-wide average (average K,/K; for primary metabolism
genes =0.17; average K,/K; all genes=0.26; P<2.2e-16), carly
defense response genes (average K./K; for early defense response
genes = 0.21; P=8.9¢-15), and genes involved in specialized
metabolism (average K,/ K; for specialized metabolism genes 0.19;
P=10.02). Because many genes that are known to be involved in
the biosynthesis of Nicotiana or Solanaceae-specific specialized
metabolites, such as HGL-DTGs, which are potent herbivore
toxins (Heiling ez al., 2010), were not annotated by Chae ez al.
(2014), we further analyzed the K/K; ratio of three genes
involved in the late steps of HGL-DTG biosynthesis that were
highly induced at 11 and 13 h. On average, these three genes have
a K /K, ratio of 0.33 £ 0.11, much higher than the genome-wide
average (0.23) and genes involved in primary metabolism (0.16).

The log-odd ratio analysis showed that after OS elicitation, the
early defense signaling genes were most enriched at early time
points (0.5 and 1h) (Fig. 2a), while genes involved in primary
metabolism and biosynthesis of specialized metabolites were most
enriched at middle (5 and 6 h) and late (11 and 13 h) time points
(Fig. 2b,c). This pattern is consistent with the hypothesis that the
evolutionary hourglass pattern of the herbivory-induced defenses
reflects divergent responses to selection among different modules
of the induced signaling cascade (Fig. 3).

Is the observed hourglass pattern specific to HAE-induced
defense signaling? We computed iTAI and iTDI values from
locally treated leaves of A. thaliana induced by flg22, a bacterial-
associated elicitor (Rallapalli ezal, 2014). Throughout the 3 h
time course of this experiment, both iTAI and iTDI decreased
(Fig. S7), consistent with the HAE-induced pattern observed at
early time points (0.5-6 h) in N. attenuata. As data are not avail-
able for later times in the elicitation process, we do not know if
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Fig.2 Log-odds ratio of herbivory-induced genes involved in early defense
signaling, primary metabolisms, and specialized metabolisms in Nicotiana
attenuata. (a) The previously identified early defense signaling genes are
overrepresented most at early time points following simulated herbivore
attack; (b) genes in primary metabolism are more enriched at middle time
points than at early and late time points. (c) Specialized metabolism genes
are overrepresented primarily at late time points (11 and 13 h). The gray
ribbons represent the 95% confidence interval. Genes that showed
significant up-regulation (false discovery rate adjusted P-value <0.05 and
fold-change > 2) by simulated herbivory were considered.

fig22 elicits the exact same hourglass pattern as HAE elicitation.
However, the early pattern found for flg22-induced iTAI and
iTDI indices is consistent with a general hourglass response pat-
tern in plant biotic stress-induced defense signaling. Interestingly,
the iTAI and iTDI showed different patterns when plants were
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Fig. 3 Evolutionary hourglass of herbivory-induced defense signaling in
Nicotiana attenuata. Herbivory-induced defense signaling is modulated in
three phases. (1) Immediately after a plant perceives herbivore attack, a
large group of rapidly evolving and relatively young genes involved in
elicitor perception and processing are up-regulated; (2) the perceived and
processed signals result in up-regulation of highly conserved and ancient
genes involved in primary metabolism; and (3) at later time points, the
reprogrammed transcriptomes activate young and rapidly evolving genes
involved in defenses and the biosynthesis of specialized metabolites.

infected by different living pathogens (Fig. S8), either because of
low temporal resolution of the time series, or perhaps because of
changes in defense signaling caused by pathogen—plant interac-
tions that follow the early pathogen recognition responses.

Discussion

Our results show that the distinct gene modules involved in her-
bivory-induced defense responses have evolved differently in
plants (Fig. 3) and display an hourglass pattern. After herbivory
attack, the genes that are induced at the middle stage (5-6h)
were much older (lower PS) and conserved (lower K /K) than
those genes that are induced at early (0.5-2h) and late stages
(9-21h).

When analyzing both a previously published time-course
dataset (pilot) and a newly collected dataset (replication) with
greater temporal resolution, we found the same evolutionary
hourglass pattern, indicating the robustness of the findings. The
only difference between these two datasets was the genes that
were induced at 5 h after elicitation. In the pilot dataset, genes
involved in RNA translation and modifications were highly
enriched (Fig. S9), while in the replication dataset, genes
involved in the biosynthesis and regulation of primary and spe-
cialized metabolites were enriched at this same time point. As a
large proportion of genes that were induced at 5h were also
found at 2 and Gh after elicitation in the replication dataset
(Figs 2, S6), we reasoned that the induction of genes involved in
RNA translation and modifications from the pilot dataset might
represent only a short temporal phase, which might be sensitive
to experimental conditions.

The observed hourglass pattern represents the early episodes of
herbivory-induced transcriptomic responses. Clearly genes are
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still induced later, beyond 21 h after the elicitation; however, it is
likely that the total number of genes that are induced is lower.
From both the pilot and replicate datasets, the total number of
significantly induced genes decreases continuously with time after
elicitation. For example, the numbers of genes that were signifi-
cantly induced at the last time point (21 or 13 h) are only 23.3%
and 33% of the number of genes that were significantly induced
at 1 h in the pilot and replicate datasets, respectively. We there-
fore speculate that the magnitude of transcriptomic responses
after 21 h would be much less than in the first 21 h. Future stud-
ies that expand our analysis to capture longer temporal dynamics
of herbivory-induced transcriptomic responses will shed more
light on whether the observed hourglass pattern is specific to the
early episode of induced responses or is part of an oscillation
pattern.

Although lacking data at later time points, both the iTAI and
iTDI patterns of the flg22-induced transcriptomic responses in
Arabidopsis leaves are consistent with the herbivory-induced
defense responses in N. attenuata, suggesting that the evolution-
ary hourglass might represent a general model for describing sig-
naling cascades that are induced by biotic stresses. Clearly, many
more resistance responses elicited by different biotic and abiotic
stimuli need to be examined with similar phylotranscriptomic
approaches in different plant species to test the robustness of the
hourglass phenomena as a general model for signaling cascade
evolution. The challenge will be to develop/find/mine datasets
that are sufficiently deep in their temporal resolution to capture
the complete breadth of a response, without the pattern being
confounded by additional cycles of elicitation and response, as
commonly occurs in biotrophic pathogen—plant interactions.

The evolutionary pattern of herbivory-induced transcriptomic
responses resembles the hourglass pattern that is often used to
describe embryogenesis in animals (Domazet-Loso & Tautz,
2010; Kalinka ezal, 2010) and plants (Quint ezal, 2012), as
well as general developmental processes in plants and fungi
(Cheng et al., 2015; Drost ezal., 2016). This is probably a result
of similar underlying mechanisms that led to the evolutionary
hourglass pattern. For animal embryogenesis, two nonexclusive
hypotheses are proposed to explain the observed hourglass pat-
tern. First, it is thought that the conserved phylotypic period (the
middle stage of animal embryogenesis) reflects the evolutionary
constraints of body plan for animals, as the HOX gene cluster
was found to be highly expressed during this stage (Kalinka ez al.,
2010; Irie & Kuratani, 2014). Second, it is hypothesized that the
hourglass pattern reflects differential interactions with ecological
factors at different developmental stages. While early (zygote)
and late (juvenile and adults) embryonic stages often interact
with environmental stimuli, the mid-embryonic stages that char-
acterize the phylotypic phase are normally not in direct contact
with the environment and are thus less likely to be subject to eco-
logical adaptations and evolutionary changes (Domazet-Loso &
Tautz, 2010). For herbivory-induced defenses, the hourglass pat-
tern is likely to be a result of either strong evolutionary con-
straints on the genes involved in primary metabolism that were
activated at the middle stage (hypothesis 1), or high divergent
selection or relaxed purifying selection on genes that were
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involved in early defense signaling and specialized metabolism
(hypothesis 2). These two hypotheses are not mutually exclusive
and both are supported by genome-wide analysis or by individual
gene cases. On the one hand, herbivory-induced alterations in
primary metabolism have been found in many plant systems
(Zhou eral, 2015), and are receiving increased attention
(Machado eral, 2013, 2015; Robert etal, 2014; Zhou etal.,
2015). Genes involved in primary metabolism evolved much ear-
lier and are thought to be under stronger evolutionary constraints
than are those of specialized metabolism in plants (Weng, 2014;
Chae eral., 2015; Mukherjee ez al., 2015), probably as a result of
more pleiotropic effects, consistent with hypothesis 1. On the
other hand, genes involved in early defense signaling and special-
ized metabolism have been shown to be under positive or relaxed
purifying selections (Yang eral., 2002; Tiffin & Moeller, 2006;
Howe & Jander, 2008; Chen ezal., 2011; Cui et al., 2015), con-
sistent with hypothesis 2.

Systems biologists have predicted that the modularization and
hourglass architecture (bow-tie shape) of signaling networks can
facilitate both stability against perturbations (robustness) and
evolvability of traits (Kitano, 2004; Friedlander ¢t al., 2015); both
of these features are required for developmental processes and
induced defense. Therefore, it is plausible that the modulation of
the signaling network itself in induced defenses and embryogene-
sis might be a consequence of adaptations that facilitated their
robustness. Synthetic allopolyploid plants may represent an excel-
lent system in which to test this inference. Allopolyploidy,
whether laboratory-produced or natural, occurs when the
genomes of two different species fuse and new signaling systems
are produced that emerge from the recruitment of different mod-
ules of the parental species in new combinations (Anssour & Bald-
win, 2010). A prediction arising from this study is that the
variation of induced defenses among offspring produced from
these interspecies fusions will display a similar hourglass pattern,
in which transcriptomic responses at early and late time points
after elicitation are more variable than the ones in the middle.
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