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When tobacco (Nicotiana tabacum) plants are exposed to toxic level of cadmium (0.2 mM Cd), their trichomes 
actively excrete crystals (Choi et al., 2001 ). In this study, we investigated the distribution of Cd and NaCI on trichomes 
and leaf surfaces. Energy dispersive x-ray (EDX) analysis revealed that, under toxic Cd stress, crystals exudated from 
the trichomes contained high amounts of Ca, Mg, and Cd, as well as low levels of P, S, and Mn. Electron spectroscopic 
imaging (ESI) from trichomes and attached crystals showed that these crystals emitted denser radiation energy for Ca 
and Cd than did the head cells of the trichomes. However, no Cd was detected on the trichome surface itself or 
within the leaf epidermis. In contrast, treatment with salt (NaCI) did not stimulate crystal formation; instead, it 
induced the abnormal expansion of trichome cells. Although Na was not accumulated within the crystals, a consider- 
able amount of both Na and CI was sequestered within the stalk cells of the long trichomes. Therefore, we believe 
that tobacco trichomes play an important role in Cd crystal exudation through crystallization, but that, under NaCI 
stress, the long trichomes sequester those elements within their stalks. 
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Many flowering plants bear various types of trichomes 
derived from the epidermal cell layers of the leaves, 
stems, petioles, and sepals. These special structures 
serve as a defense against insect attack, either through 
spatial hindrance or by exuding toxic chemicals (Duffey, 
1986; Wagner, 1991). Glandular trichomes often secrete 
diverse natural products, e.g., organic acids, polysac- 
charides, terpenes, nectar, or salt (McCaskill and Croteau, 
1999). For example, those in tobacco contain poison- 
ous compounds that interfere with insect movement 
or feeding to make plants resistant to herbivores. Jones 
et al. (1985) have demonstrated that nornicotine, a 
substance about 1000 times more toxic than nicotine, 
is N-acylated in the trichomes. This chemical is an 
acknowledged protective agent against herbivore attack 
(Agrawal, 1998). 

Trichomes may play additional or alternative roles 
in the detoxification of heavy metals and salts, and in 
response to various other stress conditions. In Indian 
mustard (Salt and Rauser, 1995), Alyssum lesbiacum 
(Kr~mer et al., 1997) and Arabidopsis halleri (K~pper 
et al., 2000; Zhao et al., 2000), heavy metals such as 
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cadmium and nickel are preferentially accumulated 
in the leaf trichomes. Likewise, the epidermal glands 
in water lily leaves store up heavy metals (Lavid et al., 
2001). In some salt-tolerant species, salts are secreted 
to the plants outer epidermal layer through specialized 
trichomes, or salt glands, thereby providing resistance 
to salinity (Luttge, 1971 ). 

In tobacco, two morphologically different types of 
glandular trichomes -- short trichomes with multicel- 
lular heads and long trichomes with a single-cell array 
- have been observed (Meyberg et al., 1991 ). The long 
trichomes excrete sticky polysaccharides, with terpenoid 
compounds being the main component (Heemann et 
al., 1983). In contrast, the short trichomes do not exude 
such gummy compounds. Therefore, we believe these 
two types of trichomes may also be functionally different. 
Previously, we demonstrated that tobacco trichomes 
excrete Ca/Cd-containing crystals under cadmium 
stress (Choi et al., 2001). However, variations in Cd- 
containing crystal formation between the short and 
long trichomes has not yet been reported. Here, we 
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focus on the elemental composition and distribution 
on two types of tobacco trichomes when leaves are 
exposed to toxic levels of Cd and Na. 

MATERIALS AND METHODS 

CdCI2 and NaCI Treatments for Tobacco Plantlets 

Seed-derived plantlets ( -5  cm height) of tobacco 
(Nicotiana tabacum L. cv. Xanthi) were placed in 300-ml 
glass culture bottles with 1/2-strength MS media 
(Murashige and Skoog, 1962) that contained 0.6% 
agar and 1% sucrose, plus 0.00, 0.05, 0.20, or 0.50 
mM CdCI2-2H20. To investigate the response of their 
trichomes when under salt stress, five plantlets each 
were transferred to three 300-ml Erlenmeyer flasks 
containing a 1/2 MS medium supplemented with 
0.05 M NaCI. All flasks were then placed in a growth 
room at 25~'C under a 16-h photoperiod provided 
from 35 I.tmol m %1 (white fluorescent tubes). A total 
of 15 plantlets were cultured in 3 replicates for each 
experiment, i:e., testing salt and cadmium stresses. 
After three weeks, all plantlets were examined for 
crystal formation. 

Scanning Electron Microscopy (SEM) and Energy- 
Dispersive X-Ray analysis (EDX) 

We followed the method of Kuboki and Wada (1995), 
using variable-pressure scanning electron microscopy 
(VP-SEM) to observe the crystals formed by the trichomes 
on tobacco leaf surfaces. Segments containing trichomes 
and crystals were glued onto aluminum stubs and placed 
on a chamber stage that had been pre-cooled to -20~ 
These were then viewed with a VP-SEM (S-3500N, 
Hitachi, Japan) fitted to an EDX system (EMAX-7000, 
Horiba, Japan), with a chamber pressure of 30 Pa and 
an accelerating voltage of 15 KV. To count the num- 

ber of crystals, we immersed each plantlet in a 50-ml 
glass bottle that was filled with distilled water and vor- 
texed for 10 s. After the plant materials were removed, 
the liquid solution was allowed to settle for 2 min 
before the crystal sediments were collected. These 
crystals were mounted on aluminum stubs, using dou- 
ble-sided carbon tape, and coated with Pt The stubs 
were then placed on the chamber stage and observed 
under a FE-SEM (Hitachi, S-4700, Japan) fitted with the 
EDX system described above. X-ray maps and energy 
dispersive X-ray spectra were also created. To make our 
crystal observations, tobacco leaves were oven-dried at 
60~ then mounted on aluminum stubs with double- 
side carbon tape, and coated with Pt The stubs were 
placed on the chamber stage and observed under a 
FE-SEM at 30 Pa chamber pressure and 15 KV acceler- 
ating voltage. X-ray maps and energy dispersive X-ray 
spectra were also taken. 

RESULTS 

Elemental Distribution in Tobacco Trichomes under 
Toxic Level of Cadmium 

Tobacco plantlets were cultured on 1/2 MS media 
containing various levels of CdCI2 (0.00, 0.05, 0.20 
and 0.50 mM). Those treated with 0.20 mM Cd showed 
a drastic decline in their growth rate. The yellowing of 
their lower leaves was also noted after the three weeks 
of culturing. Using SEM, we identified two morpho- 
logically different types of trichomes on the stem and 
leaf surfaces: 1)long, with a uniserate array (Fig. 1A) 
short, with a multi-cellular head (Fig. 1B-C). Under 
toxic levels of cadmium, both types exuded numerous 
crystals on the surfaces of their head cells (Fig. 1C-F), 
with the short trichomes showing more active excre- 
tions (Table 1 ). The crystals, with a variety of sizes and 
shapes (Fig. 1F), were actively formed at a Cd con- 

Table 1. Effect of cadmium (Cd) concentration on number of crystals exuded from tobacco trichome heads after three weeks 
of treatment. 

Treatment Number of Size of crystals Frequency of crystal formation (%) 
Cd (mM) crystals (pm) Long trichome Short trichome 

Free (0.00) 7 + 2 13 + 5 0.0 12.2 + 2.1 
0.05 106 + 24 52 + 13 1.7 + 0.2 23.7 + 3.4 
0.20 307 + 46 83 + 27 3.6 + 0.7 34.1 +4.1 
0.50 203 + 33 46 + 14 4.7 + 0.6 52.5 ! 4 . 3  

Data represent mean values + standard error of three independent experiments. 
Each plantlet was immersed in a 50-ml glass bottle filled with distilled water, then vortexed for 10 s. Following plant removal, the 
liquid solution was allowed to settle for 2 min, after which the crystal sediments were collected. The size and number of crysta Is 
were measured under a FE-SEM. 
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Figure 2. Elemental composition in head cell of trichome 
and exudated crystals of short trichome on control medium 
(i.e., without Cd) after three weeks. Ap Elements detected on 
surface of trichome head. B, Elements detected from crystals 
formed on trichome head. 

Figure 1. Scanning electron microscope observation of crys- 
tal production from tobacco trichomes. A, Long trichomes 
on leaf surface (bar = 250 ~tm). Bp Short trichomes with 
multicellular heads (bar = 120 Ftm). C, Crystal formation 
from head cells of short trichome after treatment with toxic 
level of Cd (bar = 50 gm). D, Elaborate crystal under toxic 
Cd (bar = 50 Ftm). E, Crystals formed on head cell of long 
trichome (bar = 50/am). F, Crystals with various morphology 
collected from Cd-treated tobacco plantlets after 3 weeks of 
culture (bar = 80 ~m). 

centration of 0.20 mM. However, their formation was 
decreased in severely damaged plantlets cultured in 
the medium containing 0.50 mM Cd (Table 1). With- 
out cadmium treatment, crystals rarely formed on the 
trichome heads (Table 1). 

Using EDX analysis, we examined the distribution 
and content of elements in the trichomes and excreted 
crystals, as affected by treatment with cadmium. On Cd- 
free media, a small amount of P and K and minor levels 
of Mg, S, and CI were detected on the head cells (Fig. 
2A); the rarely formed crystals were tiny (=20 Ftm), and 
contained a large quantity of Ca and Mg, but only a 
small amount of K (Fig. 2B). However, under toxic Cd 

stress, we measured high amounts of Ca, Mg, and Cd, 
as well as low levels of P, S, and Mn in the Crystals 
(Fig. 3B). An elemental mapping of these crystals con- 
firmed that crystals contain Ca, Cd, Mg, and S (Fig. 
3C-F). Furthermore, the attached crystals had denser 
radiation energy for Ca and Mg than the trichome 
head cells (Fig. 31, J). A similar pattern was observed 
with Cd (data not shown). In contrast, the level of K 
was obviously lower in the crystals than in the head 
cells (Fig. 3H). 

We used the elemental mapping of EDX (Fig. 4A-D) 
and X-ray spectra (Fig. 5) to analyze the surfaces of 
leaves treated with toxic level of Cd. Both Cd and Ca 
were evenly distributed on the leaves (data not shown), 
except for the region with crystals on the trichome 
heads. This result indicated that Ca and Cd were not 
preferentially accumulated on the leaf surface. How- 
ever, S was accumulated preferentially on the head 
cells of the short trichomes (Fig. 4B), while CI and K 
were significantly accumulated in the stomata (Fig. 4C) 
and the inter-cellular cavities of the epidermis (Fig. 4D). 
The energy dispersive X-ray spectra revealed that S 
and Ca contents in the head cells of the short trichomes 
increased under Cd treatment compared with the 
performance of plantlets exposed to Cd-free media 
(Fig. 5). The high Ca content was a result of the forma- 
tion of Ca-crystals rather than any accumulation within 
the trichome. CI, K, and Na were also preferentially 
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Figure 3. X-ray microanalysis (EDX) of tobacco trichomes and exudated crystals from Cd-treated tobacco plants. A, Isolated crys- 
tal (bar = 35 ~m). B, X-ray spectrum of single crystal from A. C-F, Elemental distribution of crystal from A (Ca, Cd, Mg, and S in 
C, Dr E, and F~ respectively). G-J, Elemental mapping of trichome head and attached crystal after Cd exposure. G, SEM figure 
(bar -- 20 ~m). H-J, Distribution of C, Ca, and Mg, respectively. 

Figure 4. X-ray microanalysis (EDX) of tobacco leaf surface (A-D) and cross section of stem segment (E-G) after Cd exposure. A, 
SEM figure of leaf surface (bar = 100 ~m). 13, S distribution; note specific accumulation of S in head cells of short trichome 
(arrow). C, CI distribution; specific accumulation in stomata (arrow). Dp K distribution; specific accumulation in intercellular 
spaces. IE, SEM figure of excised stem segment (bar = 500 ~m). g Even distribution of Ca. G, Specific accumulation of Na in 
stalks of long trichomes. H, K ion distribution; heavy accumulation in cortical tissue. 

accumulated in the stomata (Fig. 5C). Finally, an X-ray 
spectrum detected no Cd on either the tr ichome sur- 

faces or the leaf epidermes, except for the excreted 
crystals (Fig. 3B, 5B, 5D). This observation demon- 
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Figure 5. Detection of elements on media after three weeks 
of culture. A, Surface of trichome head without Cd treat- 
ment. B-D, Surfaces treated with 0.2 mM Cd. B, Trichome 
head. C, Stomata. D, Intracellular region of epidermis. 

strates that the tobacco leaves do not accumulate Cd. 
EDX analysis of excised stem segments (Fig. 4E-H) 

showed that calcium was evenly distributed between 
the long trichomes and the internal stem tissue (Fig. 4F). 
A similar pattern was found with Cd, Mg, and S (data 
not shown). Notably, Na was preferentially accumulated 
in the cells of the long trichomes (Fig. 4G), while K 
was significantly stored up in the cortical cells of those 
stem segments (Fig. 4H). 

Elemental Distribution in Tobacco Trichomes under 
NaCI Stress 

When tobacco plantlets were exposed to 0.05 M NaCI, 
trichomes developed irregularly. In fact, the stalk cells 
of the trichomes, especially the long ones with a single 

Figure 6. Effect of NaCI on long trichome morphology of 
tobacco leaf. A, Trichome without treatment. B, Abnormally 
enlarged stalk volume of trichome on medium treated with 
0.05 M NaCI, after 3 weeks of culture. 

array, were abnormally expanded to enlarged cell vol- 
umes compared with the weak development seen on 
the head cells (Fig. 6). The very few crystals ( -12  per 
plant) that were exuded from the trichome head cells 
were minuscule (23 pm in mean value). 

EDX analysis revealed that the head cells of the short 
trichomes from NaCI-treated tobacco contained some 
Na and CI, along with S, K, P, and Mg (Fig. 7A). Inter- 
estingly, the stalk cells of the abnormally enlarged long 
trichomes contained high amounts of Na and CI (Fig. 
7C). Na also accumulated in the stalks of long trichomes 
from plants treated with Cd (Fig. 4G). Ca and Mg were 
the main components of the crystals produced from 
the head cells of the short trichomes; Na and CI were 
not detected in those tissues (Fig. 7B). 

DISCUSSION 

Different Functional Activity Between Short and 
Long Trichomes of Tobacco 

Two types of glandular trichomes have been observed 
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Figure 7. Elemental composition in heads and stalks of tri- 
chomes and exudated crystals after three weeks of 0.05 M 
NaCI treatment. A, Surface of head cell from short trichome. 
B, Crystals formed on trichome head. C, Stalk cell of long tri- 
chome. 

in tobacco. In the current study, we found that the short 
trichomes played a major role in Cd-Ca crystal formation 
for Cd-detoxification. However, when we exposed the 
tobacco plants to toxic salt levels, we measured heavy 
accumulations of Na and CI in the stalk cells of the long 
trichomes, rather than the short trichomes, thereby 
demonstrating the sequestration of salts in those tissues. 
This phenomenon has been reported in some NaCI- 
tolerant species, where salts absorbed from the roots 
are secreted through glands to enhance resistance to 
salinity (Arisz et al., 1955; Luttge, 1971 ; Bal and Dutt, 
1986). Therefore, we believe that the morphologically 
different types of tobacco trichomes have separate 
functions in heavy-metal and salt detoxification. 

Elemental Distribution in Tobacco Leaves 

The distribution of Ca and Mg was higher in the 
attached crystals than in the short-trichome heads. 
This may have been caused by a mechanism for 

energy-intensive active exudation, although a detailed 
role for crystal exudation is still required. The high 
content of calcium in the crystals indicates that those 
ions play an important function in crystallization and 
detoxification. Calcium ions are involved in process- 
ing toxic heavy metals and salts (Lynch et al., 1989; 
Ko and Lee, 1995; Rivetta et al., 1997; Epstein, 1998; 
Liu and Zhu, 1998). Therefore, the addition of Ca 
strongly decreases the toxicity normally found with 
cadmium-induced damage while producing a higher 
number of cadmium crystals (Choi et al., 2001 ). We also 
recorded a high concentration of magnesium, which 
may have been due to the binding affinity that Mg has 
with calcium crystals, similar to that of Cd. 

Elemental mapping of tobacco treated with toxic 
cadmium showed that Cd and Ca were evenly dis- 
tributed on the leaf surfaces. However, Cd was not 
detectable by X-ray spectra for either the trichome 
heads or the leaf surfaces, perhaps because it was 
actively excreted outside the leaf via the trichomes or 
because the leaf surfaces do not accumulate that ele- 
ment. 

We also observed that sulfur accumulated preferen- 
tially on the head cells of the short trichomes. A close 
relationship has previously been reported between its 
metabolism and heavy-metal detoxification. For exam- 
ple, metallothionein-like genes are expressed pre- 
dominantly in the trichomes of Arabidopsis and Vicia 
faba (Foley and Singh, 1994; Garda-Hern~ndez et al., 
1998), while a cysteine synthase gene, Atcys-3A, is highly 
expressed in Arabidopsis trichomes (Gotor et al., 1997; 
Barroso et al., 1999). Four genes related to glutathione 
biosynthesis -- i.e., those for O-acetyiserine (thiol) 
lyase, serine acetyltransferase, r-glutamylcysteine syn- 
thase, and glutathione synthase -- are highly expressed 
in the leaf trichomes of Arabidopsis (Guti6rrez-Alcal~ 
et al., 2000). Therefore, the accumulation of S on the 
head cells of short trichomes suggests that those cells 
are active expression sites for the synthesis of sulfur- 
rich non-protein thiols that detoxify and excrete Cd. 

Finally, elemental mapping also revealed that CI and 
K significantly accumulated in the stomata. In general, 
during stomatal opening, the plasma membrane pro- 
ton pump is stimulated, driving both K and CI into the 
guard cells to help increase turgor (Felle et al., 2000). 

Heavy Accumulation of Salts in Stalk Cells of Long 
Trichomes under Stress 

Crystal formation was not enhanced by the salt 
treatment. Instead, the trichomes developed abnor- 
mally, gaining extraordinarily enlarged cell volumes. 



Elemental distribution on tobacco trichomes 81 

EDX analysis showed that the stalk cells of the long tri- 
chomes had high levels of Na and CI whereas the 
crystals exuded from their head cells contained no 
detectable amounts of either element. Under Cd 
treatment, Na also was preferentially accumulated in 
the cells of the long trichomes. Therefore, we believe 
the accumulation of Na and CI in those stalk cells aids 
in sequestering salts in the leaf tissue. 

Based on our study results from tobacco, we con- 
clude that Cd is exudated via Ca-Cd crystallization, 
mainly from the short trichomes. Furthermore, Na is 
sequestered in the stalk cells of the long trichomes. 
Both of these actions may possibly serve as detoxifica- 
tion mechanisms for toxic heavy metals and salts. 
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