
in barley at the penetration level in both cases. Additionally, CA 
HvRAC1 supported local callose deposition at sites of attack from 
Bgh and a secondary H2O2 burst in whole non-penetrated epidermal 
cells. This supports a regulatory function of RAC/ROPs in plant 
defence1 and the potential corruption of defence pathways in suscep-
tibility to Bgh. Because the rice ortholog of HvRAC1, OsRAC1, 
can regulate an H2O2 burst via activation of the plasma membrane 
NADPH oxidase OsRBOHB,4 one can speculate that the secondary 
H2O2 burst in CA HvRAC1 barley could also be caused by over-
activation of an NADPH oxidase. However, CA HvRAC1 barley was 
also more susceptible to fungal penetration, and penetrated cells did 
not show an H2O2 burst. Hence, CA HvRAC1 did not contribute 
to penetration resistance, and the H2O2 burst might have been 
suppressed by Bgh after successful penetration. Interestingly, Bgh 
secretes a catalase during interaction with the plant.5

The involvement of RAC/ROPs in plant development has been 
widely studied in the dicots Arabidopsis and tobacco. In Arabidopsis, 
CA AtRAC/ROPs disturb root hair tip growth and epidermal cell 
morphogenesis.6,7 We showed similar developmental aberrations 
as a result of CA HvRAC/ROP expression in monocotyledonous 
barley. Root hair polarity disruption and enhanced leaf epidermal 
cell expansion was observed in CA HvRAC/ROP expressing barley. 
Here, we further report on reduced or abnormal development of 
stomata as an effect of CA HvRAC/ROP expression.

In barley, stomata and short epidermal cells alternate in a row of 
leaf epidermal cells (Fig. 1A). The number of stomata number was 
significantly reduced in three CA HvRAC/ROP (CA HvRACB, 
CAHvRAC3, CA HvRAC1) expressing barley genotypes when 
compared to azygous controls (barley siblings that lost the transgene 
due to segregation) (Fig. 1E). In part, this could be explained by 
enhanced length of epidermal cells intercalated between stomata 
(Fig. 1B). The presence of longer epidermal cells in all CA HvRAC/
ROP-barleys further supports that RAC/ROPs are operating in 
epidermal cell expansion.3

Previously, we carried out porometry experiments to measure 
stomata conductivity in CA HvRACB expressing barley leaves.8 
The CA HvRACB leaves showed up to 50% less transpiration than 
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Small monomeric RAC/ROP GTPases act as molecular switches 
in signal transduction processes of plant development and stress 
responses. They emerged as crucial players in plant-pathogen 
interactions either by supporting susceptibility or resistance. In a 
recent publication, we showed that constitutively activated (CA) 
mutants of different barley (Hordeum vulgare) RAC/ROPs regulate 
susceptibility to barley fungal leaf pathogens of different life style 
in a contrasting way. This illustrates the distinctive signalling roles 
of RAC/ROPs for different plant-pathogen combinations. We also 
reported the involvement of RAC/ROPs in plant epidermis devel-
opment in a monocotyledonous plant. Here we further discuss a 
failure of CA HvRAC/ROP-expressing barley to normally develop 
stomata.

Members of the RHO family of small G-proteins in plants 
(RAC/ROPs) regulate signal transduction processes at the plasma 
membrane.1 They act as multifunctional signalling switches in plant 
development and a variety of stress responses. RAC/ROP GTPases 
play regulatory roles in polar growth and cell morphogenesis in 
several cell systems including pollen tubes, developing root hairs and 
leaf pavement cells.2

In a recent publication,3 we showed that constitutively activated 
(CA) mutants of different barley (Hordeum vulgare) RAC/ROPs 
support susceptibility to the barley powdery mildew fungus Blumeria 
graminis f.sp. hordei (Bgh). CA HvRAC1 supported susceptibility to 
biotrophic Bgh but resistance to hemibiotrophic Magnaporthe oryzae 
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RAC/ROPs in stomata development

Figure 1. Stomatal abnormalities observed in CA HvROP-
expressing transgenic barley leaves. (A) Wild type leaf 
adaxial epidermis with alternating stomata complexes 
(arrows) and short epidermal cells (asterisk). (B) Presence of 
more than one short epidermal cell in between two stomata. 
Arrows point the stomata. Double headed arrows highlight 
intercalated cells with enhanced cell length (C) Two stomata 
lacking an intercalated short epidermal cell. (D) Stoma failed 
to develop and left an abnormal blank cell. (E) Average 
number of stomata present in 5 cm of a stomatal row in 
transgenic plants expressing distinct CA barley CA HvRAC/
ROPs. For all samples, stomatal rows present on either side 
of the mid rib were counted in the leaf upper epidermis. 
Fully expanded leaves of 3-weeks-old barley plants were 
used for counting stomata. Error bars show 95% confidence 
intervals. Repetition of the experiment led to similar results. 
Scale bars = 50 μm.
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azygous controls without any treatment. Additionally, 
CA HvRACB leaves were less responsive to abscisic 
acid (ABA) and subsequently they could not effectively 
reduce transpiration when treated with ABA or when 
cut-off from water supply.8 Our data on numbers of 
stomata per leaf segment could now explain the lower 
rates of transpiration in non-stressed CA HvRACB 
barley when compared to wild type.

Apart from the stomata number, developmental 
abnormalities were observed in the arrangement of 
epidermal cells. Generally, the shape of epidermal 
cells was less regular in CA HvRAC/ROP barley.3 We 
also observed the presence of more than one short 
epidermal cell in between two stomata (Fig. 1B) or 
two stomata lacking an intercalated short epidermal 
cell (Fig. 1C), or stomata failed to develop, which 
ended up in an abnormally short epidermal cell (Fig. 
1D). Although such abnormalities were also rarely 
observed in wild type plants, all three CA HvRAC/
ROP-barley leaves exhibited a clearly higher frequency 
of abnormalities in a given length of a stomata row. Together, CA 
HvRAC/ROPs had an effect on both the number and development 
of stomata. These observations suggest that RAC/ROPs are not only 
operating in cell expansion but also in barley cell differentiation for 
stomata development.

Acknowledgements

This work was supported by the German Research Foundation 
(DFG-HU886/1-3), and by the German Academic Exchange 
Service.

110 Plant Signaling & Behavior 2009; Vol. 4 Issue 2


