
a c t a o e c o l o g i c a 3 3 ( 2 0 0 8 ) 1 2 8 – 1 3 2
ava i lab le a t www.sc iencedi rec t .com

journa l homepage : www.e lsev ie r . com/ loca te /ac toec
Original article

Induction of glandular and non-glandular trichomes by
damage in leaves of Madia sativa under contrasting
water regimes
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Plant traits may play multiple functional roles simultaneously. Leaf trichomes have been

related to resistance against herbivores as well as to enhanced water economy in the plant.

In a greenhouse study, we evaluated the interactive effect of damage (control vs. mechan-

ical damage) and water availability (control vs. low watering) on the expression of glandu-

lar and non-glandular leaf trichomes in the annual Chilean tarweed Madia sativa

(Asteraceae). We found that the overall trichome density increased both after damage

and when plants were grown under water shortage. Interestingly, the type of trichome in-

duced after damage varied with each water environment. While damage induced glandular

trichomes only under control watering, non-glandular trichomes were induced by damage

only under experimental drought. Results indicate that in M. sativa glandular trichomes are

equally induced by drought or damage but there is no additive effect of these factors. In

both cases glandular trichome density apparently reached a limit, which may be inter-

preted in terms of constraint or efficacy. On the other hand, the synergistic effect of dam-

age and drought on non-glandular trichomes might suggest that, compared to glandular

ones, these trichomes are less responsive to each stress factor separately. Thus, for plants

to induce non-glandular trichomes they must be subjected to a degree of stress above

a threshold that was not reached for each individual factor in our experimental setting.

We did not detect a significant correlation between trichome types. Thus, the contrasting

patterns observed likely reflect independent responses of trichomes to the evaluated

factors.
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1. Introduction opposite along the branches. Leaves and stems are covered
Plants possess chemical and mechanical traits that play a con-

stitutive or induced defensive role against herbivory (Karban

and Baldwin, 1997; Wilkens et al., 1996; Gianoli and Niemeyer,

1996; Cipollini and Bergelson, 2002).These defensive traits could

be simultaneously involved in other functional roles in the

plant. For instance, glucosinolates and their breakdown prod-

ucts can function in herbivore defense and in allelopathy (Sie-

mens et al., 2002), and non-protein aminoacids deter insect

herbivoresandare involvedinplant responses tophysicalstress

(Romeo, 1998). An experimental approach subjecting plants to

different environmental stresses simultaneously may allow

a better understanding of the functional roles of those plant

traits involved in the response to environmental challenges.

Leaf trichomes are described as traits related to both water

control and resistance against herbivory in several plant spe-

cies (Levin, 1973; Ehleringer et al., 1976; Woodman and Fer-

nandes, 1991; Sandquist and Ehleringer, 1997; Körner, 1999;

Press, 1999; Molina-Montenegro et al., 2006). Trichomes con-

stitute a mechanical barrier that hinders insect movement

and/or feeding (Baur et al., 1991), and chemical compounds

in glandular trichomes can be deterrent or toxic to several her-

bivores (Levin, 1973; Buta et al., 1993). Trichomes also decrease

radiation absorbance and hence heat load over leaf surface

(Ehleringer et al., 1976; Vogelmann, 1993). This leads to a re-

duced water loss by transpiration because the relative humid-

ity near the leaf surface is increased and hence the difference

in water potential between leaf tissue and the surrounding air

layer is reduced (Ehleringer, 1984). Here, we report the interac-

tive effect of damage and water availability on the expression

of glandular and non-glandular trichomes in the Chilean tar-

weed Madia sativa (Asteraceae).

M. sativa has both uniseriate non-glandular and biseriate

glandular trichomes on stems, leaves and involucral bracts

(Matthei, 1995; Hoffman, 1998; Carlquist, 2003). In central

Chile, M. sativa is attacked by sucking and chewing insects

(Artigas, 1994; Delfino and Gonzáles, 2005), lepidopterous lar-

vae (Noctuidae) commonly producing apical damage (W.L.

Gonzáles, personal observations). M. sativa grows in open

areas during the rather dry spring-summer (Matthei, 1995;

Hoffman, 1998), when water availability could be a limiting

factor for plant populations in such a Mediterranean-type cli-

mate. The present greenhouse study evaluated the effect of

apical damage and water availability on the density of both

glandular and non-glandular leaf trichomes in M. sativa. We

specifically addressed the following questions: 1) Does apical

damage trigger induction of trichome density?, 2) Does water

availability affect the density of both types of trichomes?; and

3) Does each trichome type respond similarly to damage under

different water availability regimes?
2. Materials and methods

2.1. Study system

Madia sativa is a highly selfing annual plant (Arroyo and Uslar,

1993). The basal leaves form a rosette and upper leaves are
by biseriate glandular and uniseriate non-glandular trichomes

(see pictures on pages 106 and 109 in Carlquist, 2003). This

plant has yellow rayed capitula with hermaphroditic disk flo-

rets and fertile female ray florets (Hoffman, 1998). M. sativa

grows in open habitats, disturbed fields and sunny slopes

along Chile (Matthei, 1995; Hoffman, 1998). Central Chile has

a Mediterranean-type climate and M. sativa grows during the

dry season (spring–summer), when drought may be a limiting

factor for this and other plant species (Mooney and Dunn,

1970; Di Castri and Hajek, 1976; W.L. Gonzáles, unpublished

data). In the study area (Farellones, central Chile; 33�210S,

70�170W; at 1970 m altitude) we observed plants frequently

attacked by specialist native aphids (Uroleucon eumadiae, Del-

fino and Gonzáles, 2005) and larvae of Lepidoptera (Artigas,

1994; W.L. Gonzáles, personal observations). These caterpil-

lars feed on reproductive buds and inflorescences, and dam-

age commonly occurs on apical buds of the main stem.

2.2. Experimental

Seeds of M. sativa were collected from Farellones during late

summer 2004 (February–March). Approximately 70 plants

were harvested in a widely spaced area (range, 20–200 seeds

per plant). In November 2004, seeds were pooled and scarified

with concentrated sulfuric acid during 2 min and placed on

moistened paper in the dark at room temperature to allow

germination. Seedlings were grown in 200-ml pots until

they attained the 2-leaf stage (ca. 20 days), when they

were transplanted into 3-l pots filled with potting soil and

placed in a greenhouse at the campus of Universidad de

Concepción, Concepción, Chile (PAR radiation at noon ca.

1000 mmol m�2 s�1; 24 �C and 12 �C mean maximum and min-

imum temperatures, respectively). All plants were watered

every 4 d before treatments were applied. We evaluated the

effect of apical damage and water availability on the density

of both glandular and non-glandular trichomes in a factorial

design (30–40 plants per treatment, total N ¼ 145 plants). For

this purpose we assigned two levels of watering (control and

low) crossed with two levels of damage (undamaged and api-

cal damage). The watering treatment started 70–72 d after

plants were transferred to the greenhouse. Plants were

watered either every 4 d or 8 d (control and low water treat-

ments, respectively). We applied the damage treatment two

weeks after the start of watering treatments. Damage was

done with scissors on apical parts of the main stem (on the

apical flower bud), mimicking damage by lepidopterous lar-

vae. Damage was applied when all experimental plants had

a reproductive bud on the main stem. The position of plants

in the greenhouse bench was randomized every two weeks.

Plants were harvested 160–165 d after transplanting.

Trichome density was measured 11 weeks after experi-

mental damage. We measured the density of glandular and

non-glandular trichomes on leaves adjacent to the apical ca-

pitula because this is the feeding site of natural insect herbi-

vores (Delfino and Gonzáles, 2005, W.L. Gonzáles, personal

observations). Before trichome density assessment, detached

leaves were treated with concentrated sodium hypochlorite

during 2 min to make leaf tissue diaphanous. Following
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anatomical criteria particular to the subtribe Madiinae (Carl-

quist, 2003), biseriate and uniseriate trichomes correspond

to glandular and non-glandular trichomes, respectively (Carl-

quist, 2003). We counted the total number of each type of tri-

chome on the abaxial leaf surface using a compound

microscope (100�; Nikon Eclipse E200). Leaf area was mea-

sured from digital images. All images were analyzed in

UTHCSA ImageTool for Windows, version 2.0 (University of

Texas Health Science Center, San Antonio, TX, USA). Density

was calculated dividing the number of trichomes by the leaf

area (trichomes mm�2).

2.3. Data analysis

Densities of glandular and non-glandular trichomes were

analyzed using analysis of variance (ANOVA, Statistica 6.0,

StatSoft Inc., Tulsa, OK, USA), where watering, damage

and type of trichome were considered fixed factors. Least

Significant Difference (LSD) tests were used to compare all

treatments within each type of trichome. The correlation

between both types of trichomes in each experimental treat-

ment was also evaluated (Pearson product-moment correla-

tion). This was done because leaf epidermal cells may

differentiate into either glandular or non-glandular tri-

chomes (Glover, 2000).
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Fig. 1 – Effect of water availability and mechanical damage

on the density of glandular trichomes (a); and non-

glandular trichomes (b) of Madia sativa leaves. Bars indicate

Mean ±1 S.E. Bars with different letters represent significant

differences (Fisher LSD test a posteriori, P < 0.05).
3. Results

The three-way ANOVA results showed that the factors dam-

age, watering and type of trichome had significant effects on

density of trichomes (Table 1), while the all two-way interac-

tions (damage �water, damage � type of trichome, and

water � type of trichome) did not have any significant effect.

The interaction water � damage � type of trichome was mar-

ginally not significant (P ¼ 0.09, see Table 1). Drought and

damage increased the overall trichome density. For the glan-

dular trichomes, experimental damage triggered an increase

of density under control watering (P ¼ 0.028, LSD test), but

not under low watering (P ¼ 0.542, LSD test) (Fig. 1a). In con-

trast with the results of glandular trichomes, the density of

non-glandular trichomes was induced by experimental dam-

age under low watering (P ¼ 0.009, LSD test), but not under
Table 1 – Analysis of variance of the density of trichomes
on the leaf surface of Madia sativa considering the
effect of mechanical damage, water availability and type
of trichome (glandular and non-glandular)

df MS F P

Damage 1 31.22 10.08 0.001

Water 1 29.47 9.44 0.002

Type of trichome 1 152.56 48.90 0.0001

Damage �water 1 0.70 0.22 0.635

Damage � type of trichome 1 1.08 0.34 0.556

Water � type of trichome 1 0.002 0.001 0.981

Damage �water � type of trichome 1 8.78 2.87 0.094

Error 280 3.12
control watering (P ¼ 0.352, LSD test) (Fig. 1b). We did not de-

tect a significant correlation between trichome types within

any experimental treatment (r-coefficient range from �0.07

to 0.017, and P � 0.72 for all correlations).
4. Discussion

Overall, water shortage increased the density of trichomes in M.

sativa. Several studies have shown that reduced water availabil-

ity is associated with an increase in leaf pubescence (Ehleringer,

1982; Cano-Santana and Oyama, 1992; Sandquist and Ehler-

inger, 1997; Pérez-Estrada et al., 2000, but see Wilkens et al.,

1996). In resource-limited environments, the selection of in-

creased expression of resistance traits may be the result of

both direct selection from herbivores and the benefits conferred

by these resistance traits in other functional roles for the plant

(Langenheim, 1994; Press, 1999; Close and McArthur, 2002).

First, traits minimizing herbivory in resource-limited envi-

ronments are important because of the relative inability of

plants in these environments to show compensatory growth
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after herbivory (Maschinski and Whitham, 1989; Herms and

Mattson, 1992). Field work with Gentianella campestris

(Lennartsson et al., 1998) and Ipomopsis arizonica (Maschinski

and Whitham, 1989) found that tolerance to herbivory in plant

populations was positively associated with water availability

(rainfall). Levine and Paige, 2004 showed experimentally that

compensatory ability of Ipomopsis aggregata was drastically re-

duced by drought under field conditions. In our system, there

is evidence that experimental drought reduces the tolerance

capacity of M. sativa estimated as number of capitula with ma-

ture seeds after suffering herbivory (Gonzáles, Suárez, Molina-

Montenegro and Gianoli, unpublished data). Thus, if tolerance

to herbivory is limited by drought in M. sativa then an increase

in the expression of resistance traits in such environmental

conditions should be advantageous. Second, leaf trichomes

have multiple functions in the plant (Press, 1999). In addition

to its defensive role against herbivores (Levin, 1973; Baur

et al., 1991; Woodman and Fernandes, 1991), leaf pubescence

protects plants in arid environments from excessive water

loss by decreasing radiation absorbance and hence heat load

over leaf surface (Ehleringer et al., 1976; Vogelmann, 1993;

Körner, 1999). Few studies have simultaneously addressed

more than one of the putative functional roles of leaf pubes-

cence. Work on Phyllyrea latifolia suggests that glandular tri-

chomes could be considered facultative ‘‘salt glands’’ and

that they may be part of the mechanism of diffusion of exces-

sive radiation (Tattini and Gucci, 1999; Tattini et al., 2000).

Woodman and Fernandes (1991) showed that pubescence in

Verbascum thapsus provides some protection against leaf

chewing insects and helps in reducing transpiration water

loss in young leaves.

Our results suggest the occurrence of differential induction

of trichomes after damage depending on water availability

and trichome type. Damage increased the density of glandular

trichomes only under control watering, and the density of

non-glandular trichomes was induced under water shortage

only. The lack of correlation between trichome types in M. sat-

iva suggests that the pattern observed reflects independent re-

sponses to the evaluated factors. We did not find previous

studies reporting a similar pattern. Rautio et al. (2002) reported

that defoliation caused a shift from glandular to non-glandu-

lar trichomes on leaves of Betula pubescens, but the study did

not address the role of the environment.

A useful approach to interpret differential trichome induc-

tion is to consider costs and efficacy issues regarding each tri-

chome type. On one hand, the relatively low cost of building

the cellulose walls of non-glandular trichomes contrasts

with the cost of building glandular trichomes, which is proba-

bly higher due to the secondary metabolites -such as flavo-

noids and terpenes-produced by excretory cells in glands

(Bohm et al., 1992; Bohm and Yang, 2003). On the other

hand, both trichome types may enhance water economy and

interfere with insect movement and feeding, but glandular tri-

chomes may confer additional resistance through their exu-

dates, which may contain toxins, feeding deterrents, or

sticky compounds (Thurston, 1970; Levin, 1973; Kennedy and

Yamamoto, 1979; Buta et al., 1993). It has been suggested

that water may be a limiting resource for plants that produce

glandular trichomes because the production of exudates can

divert a fraction of the water resources (Elle et al., 1999),
especially under drought conditions (Lauter and Munns,

1986). However, given that in M. sativa resource shortage (ex-

perimental drought) increased trichome density instead of

limiting it, cost-related arguments seem to be not suitable in

this case. Glandular trichomes are equally induced by drought

or damage but there is no additive effect of these factors. It

seems that in both cases glandular trichome density reached

a limit, which can be interpreted in terms of constraint or ef-

ficacy (such density is enough to deter herbivores). These al-

ternatives can be tested by including more levels of

experimental drought and conducting bioassays with herbi-

vores, respectively. Non-glandular trichomes were only in-

duced by damage in the low water treatment. The same

pattern has been found in other plant species (Ipomoea pur-

purea, E. Gianoli & C. Atala, unpublished data). The synergistic

effect of damage and drought on non-glandular trichomes

might suggest that, compared to glandular ones, these tri-

chomes are less responsive to each stress factor separately.

Thus, for plants to induce non-glandular trichomes they

must be subjected to a degree of stress above a threshold

that was not reached for each individual factor in our experi-

mental setting. This idea may be tested by the inclusion of fur-

ther levels of experimental drought and damage, both

separately and simultaneously. Further research should also

experimentally test the fitness cost of inducing each type of

trichome in M. sativa under contrasting water environments,

and the actual effect of these traits on the performance of

its herbivores under field conditions.
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