
Journal of Endocytobiosis and Cell Research (2012) 82-85 | International Society of Endocytobiology  
zs.thulb.uni-jena.de/content/main/journals/ecb/info.xml 

 

82   Journal of Endocytobiosis and Cell Research VOL 22 | 2012 

Journal of 
Endocytobiosis and 

Cell Research Mini review: 
Small RNAs and transcriptional regulation of plant defense res-
ponses against insect herbivory 
 
Tohir A. Bozorov and Ian T. Baldwin* 
Department of Molecular Ecology, Max Planck Institute for Chemical Ecolo-
gy, Hans-Knöll-Str. 8, 07745 Jena, Germany;  
*Correspondence to: baldwin@ice.mpg.de 
 
 
Journal of Endocytobiosis and Cell Research (2012) 82-85 
Category: mini review 
Keywords: small RNAs, microRNAs, insect herbivory, 
jasmonate, plant defense, Nicotiana attenuate 
 
Received: 10 November2012; Accepted: 21 December 2012 
____________________________________________________________________ 
 
 
Introduction 
Plants attract insects as pollinators but at the same time suf-
fer damage from the same insect species, especially during 
their larval stages. To defend against herbivore attack, plants 
have evolved efficient defense and tolerance strategies, such 
as producing toxic chemicals, emitting volatiles to attract 
predators, and transferring nutrients to roots so as to better 
tolerate herbivore attack (Pare and Tumlinson 1999; 
Schwachtje and Baldwin 2008; Schuman et al. 2012). Changes 
in gene regulation play essential roles in all of these defense 
responses. 

Large-scale reconfigurations of a plants transcriptome oc-
cur during abiotic and biotic stresses, including herbivore 
attack (Hermsmeier et al. 2001; Schittko et al. 2001; Hui et al. 
2003; De Vos et al. 2005; Giri et al. 2006; Phillips et al. 2007; 
Gaquerel et al. 2009). Arapidopsis exposed to pathogenic leaf 
bacteria (Pseudomonas syringae pv. tomato) or fungi (Alter-
naria brassicicola), tissue-chewing caterpillars (Pierisrapae), 
cell-content-feeding thrips (Frankliniella occidentalis), or 
phloem-feeding aphids (Myzuspersicae) exhibit complex 
transcriptional alterations in which, in all cases, the represen-
tation of transcripts of stress-related genes in the transcrip-
tome are increased (De Vos et al. 2005). Notably, although 
these four attackers all stimulated jasmonate (JA) biosynthe-
sis, the majority of the changes in JA-responsive gene expres-
sion was attacker-specific (De Vos et al. 2005). Applying oral 
secretions (OS) from insect herbivores to damaged leaves 
generally changes a plant’s transcriptome by up- and down-
regulation of transcripts of genes involved in the regulations 
and biosynthesis of secondary metabolites (Halitschke et al. 
2001; Hermsmeier et al. 2001; Winz and Baldwin 2001; 
Schmidt et al. 2005; Schwachtje and Baldwin 2008; Gaquerel 
et al. 2009). A recent study by our group revealed that OS 

elicitation changed around ten thousand transcripts in Nicoti-
ana attenuata (Gulati et al., unpublished data).  

Transcriptional changes require rapidly elicited and 
transported regulators, and small RNAs (smRNAs) function-
ing as "fine tuners" are likely candidates for this role. Several 
studies have shown that smRNAs are involved in abiotic and 
biotic stress responses (Choi and Sano 2007; Phillips et al. 
2007; Ruiz-Ferrer and Voinnet 2009; Zhang et al. 2010; 
Kulcheski et al. 2011; Yan et al. 2011; Khraiwesh et al. 2012). 
SmRNAs have recently been intensively investigated because 
of their important regulatory role in gene expression. The 18-
24 nt-size class of smRNAs such as microRNAs (miRNAs) and 
small interfering RNAs (siRNAs) control gene expression at 
the transcriptional and post-transcriptional levels (Ruiz-
Ferrer and Voinnet 2009; Chellappan et al. 2010; Chen et al. 
2011). Aside from their roles in developmental patterning 
and maintaining genome integrity by modifying chromatin 
and DNA methylation (Selvi et al. 2010; van Wolfswinkel and 
Ketting 2010), they also play key roles in plant responses to 
environmental stresses (Reinhart et al. 2002; Ruiz-Ferrer and 
Voinnet 2009). Plants benefit from transcriptional control 
which allows them to quickly and plastically adapt their phys-
iologies to stresses (Schmidt et al. 2005). 

SmRNAs are classified into miRNAs and endogenous siR-
NAs, which are in turn classified aschromatin-associated 
siRNAs (hcsiRNAs), natural antisense siRNAs (natsiRNAs), 
and transacting siRNAs (tasiRNAs) (Reinhart et al. 2002; 
Bartel 2004). Biogenesis of all of these smRNAs requires 
specific components of the RNAi pathway (Figure 1) (Bartel 
2004; Vaucheret 2006). Different proteins of the RNA inter-
ference (RNAi) pathways such as Dicer-like (DCL), RNA-
dependent RNA polymerases (RDR), double-strand RNA 
binding (DRB), Argonaut (AGO), and other protein families 
are involved in the biogenesis of each class of smRNAs (Fi-
gure 1) (Vaucheret 2006; Chapman and Carrington 2007; 
Ruiz-Ferrer and Voinnet 2009). Primary miRNA genes (MIR) 
are transcribed in the nucleus as primary transcripts and 
subsequently processed into precursor stem and loop struc-
tures (pre-miRNA). These pre-miRNAs are processed by 
DCL1 into mature miRNA/miRNA duplexes which are trans-
ported into the cytoplasm (Bartel 2004; Chen 2005; Bologna 
et al. 2012). In contrast to miRNAs, the biogenesis of siRNAs 
begins from primary non-protein-coding transcripts pro-
cessed into double-stranded RNAs (dsRNAs) which are syn-
thesized by RDRs. These dsRNAs are “diced” by dicer-like 
proteins (DCL2, 3 and 4) into 21-24 nt pieces depending on 
the particular DCL involved (Gasciolli et al. 2005). Both smR-
NAs bind to mRNA targets in a perfect or imperfect comple-
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mentary manner, resulting in inhibition or degradation of the 
target mRNA implicated in developmental and stress re-
sponses.  
 

 
 
Figure 1: Overview of smRNA processing in plants. 
 

Abiotic and biotic stresses change smRNA abundance in 
plants as well as in animals (Bhattacharyya et al. 2006; 
Mallory and Vaucheret 2006; Zhao et al. 2007; Zhou et al. 
2007; Zhou et al. 2010; Bozorov et al. 2012a; Tang et al. 
2012). When plants are exposed to stresses, they must switch 
off or reduce the expression of genes involved in growth and 
developmental processes, and activate stress-responsive 
genes that adapt the plant’s physiology to better cope with 
the stress (Sunkar 2010). It would be costly for plants to 
maintain the expression of transcriptional responses under 
non-stressful conditions. This could be costly in two ways: 
maintaining synthesis of proteins which cannot be used, and 
the potential loss of photosynthesis and primary metabolites 
to attackers. A recent study by our group identified miRNAs 
and trans-acting siRNAs (tasiRNAs) in N. attenuata and pro-
filed their abundance during herbivory (Bozorov et al. 
2012a). The result revealed that smRNAs fune-tune develop-
mental and defense responses in jasmonate-dependent and 
independent manners (Bozorov et al. 2012a). However, siR-

NAs have also been implicated in DNA methylation of gene 
regulatory elements, resulting in transcriptional inhibition of 
their targets (Pontes et al. 2009; Baev et al. 2010; Chellappan 
et al. 2010; Chen et al. 2011).  

Regulation of the transcriptome during abiotic and biotic 
stress responses often depends on histone and DNA modifica-
tions (Chinnusamy and Zhu 2009; Verhoeven et al. 2010; 
Karan et al. 2012) which transcriptionally regulate gene ex-
pression. Several studies have reported that genome rear-
rangements play a key role in gene expression and plant 
development under stress (Chinnusamy and Zhu 2009). Un-
der continuous stress responses, such genome rearrange-
ments may become transgenerationally inherited, increasing 
the fitness of subsequent generations also exposed to stress-
ful environments (Boyko et al. 2010; Boyko and Kovalchuk 
2010; Verhoeven and van Gurp 2012). It was shown that 
herbivore stress and pathogen defenses triggered considera-
ble methylation throughout the genome (Verhoeven et al. 
2010; Rasmann et al. 2012). Genome modifications such as 
methylation and acetylation can result in altered regulation of 
gene activity. These changes are associated with the silencing 
of transposons, imprinting, and silencing transgenes and 
endogenous genes (Kooter et al. 1999; Zilberman et al. 2007). 
The transmission of such genome modifications to offspring 
(Johannes et al. 2009; Verhoeven et al. 2010; Rasmann et al. 
2012) is a mechanism of plant plasticity. Recent studies 
demonstrated that transgenerational inheritance of DNA 
modifications mediates phenotypic plasticity in Arabidopsis 
and tomato plants during herbivory (Rasmann et al. 2012). 
Arabidopsis mutants deficient in jasmonate perception (coro-
natine insensitive 1) or in the biogenesis of small interfering 
RNAs (dicer-like2, 3, 4 and nuclear RNA polymerase d2a and 
d2b) do not exhibit this type of inherited resistance (Rasmann 
et al. 2012).  

Moreover, interruption of proteins functioning in RNAi 
pathways demonstrates their involvement in responses to 
stress (Blevins et al. 2009; Liu et al. 2009; Liu et al. 2009; 
Ziebell and Carr 2009; Boyko et al. 2010; Yang et al. 2011). 
Applying the reverse genetics approach to individually char-
acterized functions of components of the RNAi machinery 
demonstrated a key role in the regulation of stress-
responsive genes, including genes responsive to herbivory 
(Liu et al. 2005; Pandey and Baldwin 2007, 2008; Pandey et 
al. 2008a, 2008b; Liu et al. 2009; Yang et al. 2011; Bozorov et 
al. 2012b). Silencing RDR1 in N. attenuata impairs the ability 
of plants to activate JA-mediated responses and makes them 
highly susceptible to insects (Pandey and Baldwin 2007). 
Moreover, RDR-silenced plants display large differences in 
their smRNA transcriptome during herbivory in comparison 
to wild-type (WT) plants (Pandey et al. 2008b).  

Another important piece of the RNAi machinery, DCL pro-
teins play a central role in processing smRNAs from double-
stranded RNA precursors and are involved in smRNAs regu-
lating defense responses to herbivory (Bozorov et al. 2012b). 
Silencing of the four individual DCL genes differently im-
paired JA-mediated direct defense accumulation during her-
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bivory in N. attenuata. Both NaDCL3 and NaDCL4 were found 
to regulate the levels of nicotine accumulation, but trypsin 
proteinase inhibitors were regulated specifically by NaDCL3, 
which was not compensated by the function of other NaDCLs. 
However, DCLs interact with each other to regulate defense 
responses to herbivory. Defense responses were not affected 
in NaDCL2-silenced plants, but double-silencing with NaDCL3 
or NaDCL4 restored nicotine level (Bozorov et al. 2012b). 
These results demonstrate that smRNA pathways interact in a 
complex ways to regulate anti-herbivory defense (Figure 2), 
and it will be an exciting challenge to unravel all the ways in 
which this clearly fine-tuned regulation comes about.  
 

 
 

Figure 2: Role of small RNAs in N. attenuata anti-herbivore defense. 
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