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       Silverleaf nightshade ( Solanum elaeagnifolium  Cav.; Solan-
aceae) is considered native to the Americas, with a possible ini-
tial range of North America and subsequent introduction to 
South America ( Levin et al., 2006 ).  Solanum elaeagnifolium  is 
a herbaceous perennial that resprouts in late spring by forming 
adventitious buds on the extensive horizontal root system, 
grows through summer (depending on the amount of rainfall), 
then the aerial parts die back in late fall with the onset of the 
fi rst frosts ( Stanton et al., 2009 ). It is now a widespread and 
serious weed in many countries, including Australia, India, 
Greece, Spain, and South Africa ( Stanton et al., 2009 ).  Solanum 
elaeagnifolium  has several characteristics that make it diffi cult 
to control and virtually impossible to eradicate using current 
strategies ( Boyd et al., 1984 ;  Green et al., 1987 ;  Mekki, 2007 ; 
 Stanton et al., 2009 ). 

  Solanum elaeagnifolium  has two features that are potentially 
interrelated—its leaves have a dense covering of trichomes that 
give the plant a silvery appearance (hence the common name) 
( Fig. 1A ),  and it is diffi cult to control using foliar-applied herbi-
cides ( Boyd et al., 1984 ;  Green et al., 1987 ;  Mekki, 2007 ;  Stanton 
et al., 2009 ), possibly related to interception of herbicide by the 
trichomes. Previous research has shown that these trichomes 
have a very unusual structural feature, an intrusive base that can 
come close to the veins ( Bruno et al., 1999 ;  Dottori et al., 2000 ; 
 Bothma, 2002 ;  Christodoulakis et al., 2009 ). Some authors 
( Bothma, 2002 ;  Christodoulakis et al., 2009 ) indicated that the 
veins and the trichomes seem to be connected or in contact, 
which suggests a possible transport function. We investigated 
this possible connection using apoplastic and symplastic tracer 
dyes, which may provide important insights into basic biology, 
as well as herbicide control, of  S. elaeagnifolium . An under-
standing of leaf morphology and anatomy, as well as herbicide 
uptake, underpins techniques to improve control strategies for 
this species. 

 Trichomes have many functions, including mechanical de-
fense against herbivores, leaf cooling by reducing the absorp-
tion of short-wave radiation, and reducing transpiration by 
increasing the effective boundary layer ( Gutschick, 1999 ; 
 Haworth and McElwain, 2008 ;  Skelton et al., 2012 ). Trichomes 
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  •  Premise of the study: Solanum elaeagnifolium  (silverleaf nightshade), having originated in the Americas, is now a serious 
summer-growing, perennial weed in many countries, including Australia. Most surfaces of the plants have a dense covering of 
trichomes, giving them a silvery-white appearance, hence the common name. We aimed to identify structural and functional 
properties of its leaves, especially the trichomes, that may affect the uptake of foliar-applied tracer dyes. 

 •  Methods:  The structure of leaves of  Solanum elaeagnifolium  was examined by light and scanning electron microscopy. The 
potential for transport of materials between trichomes and veins was studied with symplastic (carboxyfl uorescein diacetate) and 
apoplastic (lucifer yellow) tracer dyes. 

 •  Key results:  Mature leaves had a dense covering of complex, stellate trichomes on both surfaces, particularly the abaxial. The 
basal cells of  Solanum elaeagnifolium  trichomes penetrated into the underlying palisade mesophyll layers. The innermost lobes 
of these basal cells sometimes contacted the bundle sheath of the veins, but were not observed to directly contact the xylem or 
phloem. We found that neither symplastic nor apoplastic dyes were transferred between the basal cells of the trichomes and the 
vascular tissues. The trichome layer repelled water-based tracer dyes, while one of four adjuvants tested facilitated entry of 
both symplastic and apoplastic dyes. 

 •  Conclusions:  Our results did not support a transport function for the trichomes. The trichomes may protect the mesophytic 
leaves from invertebrate herbivory, while also probably decreasing radiation absorbed resulting in cooler leaves in this summer-
growing species. 

   Key words:  adjuvant; amphistomatous; herbicide; isobilateral; silverleaf nightshade;  Solanum elaeagnifolium ; stomatal den-
sity; tracer dyes; trichome; weed. 
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 While plants can absorb a wide range of chemicals through 
their leaves (e.g., water, nutrients, hormones, herbicides, atmo-
spheric pollutants) the infl uence of trichomes on these processes 
is not consistent. For example, in a recent review  Fernández 
and Brown (2013)  note that the role of trichomes in foliar-
applied nutrient uptake is “currently unclear”. Trichomes have 
been associated with increased absorption by providing addi-
tional leaf surface area for uptake ( Kannan, 2010 ), and also de-
creased absorption by suspending spray droplets above the 
epidermal surface ( Hess and Falk, 1990 ). The lack of consensus 
on this topic may arise from the great diversity of trichome 
morphology, densities and physiology, all of which can change 
during the life of a leaf or plant ( Hull, 1970 ). 

 The “hairs” of plants develop from either trichomes or emer-
gences. Trichomes originate from epidermal cells only, while 
emergences develop from epidermal and subepidermal cells 
( Werker, 2000 ). The vast majority of “hairs” are trichomes, and 
in almost all species that possess trichomes, their development 
is superfi cial, i.e., outward growth from cells of the epidermis. 
However,  S. elaeagnifolium  possesses an unusual trichome 
structure; the basal stalk can feature intrusive cells that pene-
trate between the mesophyll cells and terminate near the 
veins ( Bruno et al., 1999 ;  Dottori et al., 2000 ;  Bothma, 2002 ; 
 Christodoulakis et al., 2009 ). Apparently similar structures in 
 Microlepis oleaefolia  (Melastomataceae) have been associated 
with apoplastic transport between the emergences and the vas-
cular system ( Milanez and Machado, 2008 ). In some epiphytes, 
specialzed leaf trichomes can facilitate water transfer between 
the external environment and internal leaf tissue (e.g.,  Tilland-
sia  spp.;  Benzing et al., 1976 ;  Martin, 1994 ). Thus, we hypoth-
esized that the unusual structure of the  S. elaeagnifolium  
trichomes might infl uence uptake of tracer dyes, which can be 
used as proxies for some herbicides. 

 There have been several general studies of  S. elaeagnifolium  
anatomy ( Pilar, 1937 ;  Cosa et al., 1998 ;  Dottori et al., 2000 ; 
 Bothma, 2002 ;  Christodoulakis et al., 2009 ), a study of leaf 
trichome ontogeny ( Bruno et al., 1999 ) and images of trichome 
morphology ( McCleery, 1907 ;  Roe, 1971 ;  Sanders et al., 1980 ; 
 Boyd et al., 1984 ;  Maiti et al., 2002 ;  El Naggar and Abdel Hafez, 
2003 ). Several authors noted that the intrusive trichome base 
seems to contact the vascular tissue ( Bruno et al., 1999 ;  Dottori 
et al., 2000 ;  Bothma, 2002 ;  Christodoulakis et al., 2009 ) and thus 
may have a transport function. Here, we aimed to provide a de-
tailed analysis of the leaf trichomes, with an investigation into 
their potential functional connection with vascular tissue using 
fl uorescent tracer dyes. Other leaf anatomical features that might 
be associated with herbicide uptake and leaf function, such as 
stomatal density and size ( Wanamarta and Penner, 1989 ;  Ricotta 
and Masiunas, 1992 ), were also examined. 

 MATERIALS AND METHODS 

 Plant material —   Material for the anatomical and scanning electron microscope 
(SEM) studies was collected from mature  S. elaeagnifolium  plants growing in the 
fi eld from various locations in New South Wales (NSW), Australia, while the tracer 
studies were conducted on plants propagated from root segments grown in soil, in 
pots in a shadehouse (40% of full sunlight) at Wagga Wagga, NSW. The study 
concentrated on samples from the lamina but also included petiole and stem sam-
ples. Lamina samples were taken from fully expanded leaves, midway along the 
lamina and midway between the midvein and margin. 

 Anatomical and micromorphological analysis —   Material was fi xed in 50% 
formalin–acetic acid–alcohol, dehydrated through a graded ethanol series and 

can also decrease leaf wettability, i.e., keeping the epidermis 
dry, in both natural ecosystems (e.g.,  Brewer and Smith, 1997 ; 
 Brewer and Nuñez, 2007 ) and in spray applications of herbi-
cides. Keeping water from the leaf surface can allow for better 
gas exchange, while also providing a barrier to herbicide entry 
( Hess and Falk, 1990 ;  Huangfu et al., 2009 ). Consequently, 
herbicides are often most effi cacious when applied with wetting 
oils or other adjuvants ( Zabkiewicz, 2000 ;  Xu et al., 2010 ). 
Adjuvants come in a wide range of formulations, but in general 
they assist in the spread and penetration of the herbicide. The 
trichome functions mentioned can be highly species specifi c 
because trichomes vary markedly in density and structure 
( Werker, 2000 ). 

 Fig. 1.  Solanum elaeagnifolium.  (A) Shoots showing that almost all 
plant surfaces (except for the petals and stamens) are densely covered in 
trichomes. Note that the adaxial leaf surface is a darker green than the 
abaxial. Scale bar = 5 cm. (B) Transverse section of mature leaf. Note the 
four layers of palisade mesophyll, with the cells of the adaxial layer longer 
than those beneath it. Scale bar = 200 µm.   
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and vascular transport (e.g.,  Grignon, et al., 1989 ;  Oparka, 1991 ;  Wang and 
Fisher, 1994 ). 

 Dyes were applied as 50–200  μ L droplets to the adaxial surface of mature 
leaves of plants growing in pots, and entry into the multicellular trichomes and 
internal leaf tissues was monitored. Mature leaves were held horizontally for 
30 min to allow droplets to dry onto the surface. Additional leaves were cut 
from these plants, and the cut end of the petiole placed immediately into dye 
solution. Entry of tracer dye into the vascular system was monitored, together 
with any diffusion into adjacent tissues and, from there, into the trichomes. 
Plants were placed under a combination of moderate fl uorescent and incandescent 
illumination (~200 µE·m −2 ·s −1 ) to maintain transpiration during dye uptake. 

 At 1, 6, and 24 h after tracer application, leaf surfaces were examined with 
a fl uorescence stereomicroscope (Zeiss Stereo Lumar, GFP long-pass fi lter) or 
on a CLSM (Leica TCS SP2, excitation 488 nm, emission 510–550 nm and 
660–700 nm for CF; excitation 488 nm, emission 520–580 nm and 660–700 nm 
for LYCH). Tracer movement in internal tissues was analyzed after 1, 6 and 24 h 
in leaves hand-sectioned under silicone oil to limit diffusion of the aqueous 
dyes during sectioning ( Botha et al., 2008 ), and immediately examined with 
either the fl uorescence stereomicroscope, as above, a fl uorescence upright mi-
croscope (Zeiss Axioimager) or the confocal laser scanning microscope. The 
experiments were repeated twice, with at least three leaves used for each time 
point. 

 Adjuvant trials —   Four commonly used adjuvants ( Somervaille et al., 2012 ) 
were tested for their effects on the uptake of both apoplastic and symplastic 
tracers. The adjuvants were 1020 g/L polyether modifi ed polysiloxane (Sprinta; 
Victorian Chemical, Melbourne, Australia), 582 g/L paraffi nic oil (Uptake; 
Dow AgroSciences, Sydney, Australia), 704 g/L esterifi ed vegetable oil 
(Hasten; Victorian Chemical) or 1000 g/L alcohol alkoxylate (BS1000; Crop 
Care Australasia, Brisbane, Australia). Each was diluted to a fi nal concentration 
of 1% in distilled water, a common concentration used with herbicides that are 
applied to  S. elaeagnifolium  (e.g.,  Meat & Livestock Australia, 2009 ). For 
tracer analysis, stock solutions of either LYCH or CFDA were added to give 
fi nal concentrations of 0.5 µg/mL and 100 µg/mL, respectively. Tracer dyes 
with adjuvants were applied as 50–200 µL droplets to the surfaces of mature 
leaves and allowed to dry while the leaves were held horizontally for 30 min. 
Leaves were removed from the plant 6 and 24 h after treatment and examined 
with a fl uorescence microscope as described above. Untreated leaves were also 
removed from mature plants and their petioles immersed in LYCH or CFDA 
for 6 or 24 h to determine whether dye would move into trichomes from the 
vascular tissue. Leaves were examined using an upright fl uorescence micro-
scope as described previously. 

 RESULTS 

 General leaf anatomy —    Leaf thickness (cuticle to cuticle) 
averaged 281 µm (range 234–317 µm), while the trichomes (to 
the approximate “surface level” of the rays—see below) added, 
on average, another 50 µm depth on the adaxial surface and 190 µm 
on the abaxial surface ( Fig. 1B ) (for a total leaf “thickness” 
of ~500 µm). Palisade mesophyll cell distribution was isobilat-
eral ( Fig. 1B ); however, of the four palisade layers, the adaxial 
layer was much thicker (average depth 106 µm) than the three 
lower layers (average depth 48 µm) ( Fig. 1B ). The veins were 
embedded in the uppermost of the three lower layers of palisade 
mesophyll ( Fig. 1B ). Except for the layer with the veins, the 
other palisade layers were almost completely continuous because 
no bundle sheath extensions, as often found in xerophytic leaves, 
were present. There was little difference in cell density or diameter 
between the upper and lower palisade layers ( Fig. 2E, F ).  Numer-
ous idioblasts (presumably of calcium oxalate “sand”) were 
present, mainly in the two middle palisade layers and were al-
most completely absent from the adaxial palisade layer. A cu-
ticle was present but was very thin (<1 µm) on both leaf surfaces 
( Fig. 1B ). While transverse sections showed that the palisade 
mesophyll was apparently very tightly packed ( Fig. 1B ), the 

infi ltrated with Leica HistoResin (Leica Microsystems, Heidelberg, Germany) 
under a slight vacuum for a minimum of 7 d. The samples were placed in phar-
maceutical gelatin capsules containing HistoResin and polymerized overnight 
at 60 ° C. They were then sectioned at 5 µm using tungsten–carbide-tipped steel 
blades fi tted to a motorized retraction microtome (Leica RM 2265). Sections 
were stained with 0.5% aqueous toluidine blue and observed using bright-fi eld 
microscopy. Ten leaves from seven plants were cut in transverse section (TS), 
and serial paradermal sections were cut of 13 leaves from seven plants. Petioles 
and stems were also cut in transverse and paradermal section. 

 Adaxial trichome density was measured accurately in SEM images, but not 
abaxial density because the multiple layers of trichomes meant that many 
trichomes were obscured from surface view ( Fig. 3C ), thus abaxial densities 
were measured from paradermal sections. 

 The high density of trichomes meant that replica techniques (e.g., nail pol-
ish) could not be used to measure stomatal density. Instead a thin, fl exible 
razorblade was used to shave the trichomes from selected areas of the lamina 
and then a thin paradermal slice of epidermis (and some underlying mesophyll 
tissue) was taken. The slice was mounted in water, coverslipped and photo-
graphed. Stomata in a 285  ×  360 µm area were counted (three to fi ve areas from 
at least two leaves from each of nine plants). Stomatal density was also assessed 
in the paradermal resin sections. 

 Small areas of the adaxial and abaxial leaf surfaces were excised for SEM 
examination. Samples were adhered to an SEM mounting plate, transferred into 
an Oxford Instruments (Oxfordshire, UK) CT1500 Cryo Preparation System 
and cooled under vacuum to −180 ° C. After rapid transfer into the cryostage of 
a Cambridge Instruments (Cambridge, UK) S360 SEM, specimens were etched 
at −90 ° C for a few minutes to remove ice by sublimation. Specimens were then 
cooled to −180 ° C, moved back into the cryo preparation unit and coated with 
10 nm of gold. Specimens were then returned to the cryostage within the SEM 
chamber (held at −180 ° C) for examination. Individual trichomes removed from 
leaves were sputter-coated with gold in an Emitech K550X (Quorum Technolo-
gies Ltd, Kent, UK) and examined in a JEOL (Peabody, Massachusetts, USA) 
NeoScope SEM. 

 Lignin and suberin staining —   Trichomes were removed from fresh leaves 
with fi ne forceps, then rapidly processed through staining solutions, while re-
tained in a 10 mm  ×  10 mm diameter container with a Millipore 30 µm nylon 
mesh fi lter on its base. For total lignin staining, trichomes were immersed in 1% 
phloroglucinol (Sigma, St. Louis, Missouri, USA) in 100% ethanol for 1–2 min 
and then transferred into concentrated HCl until a red color appeared, which 
indicated the presence of lignin ( Jensen, 1962 ). The Mäule reaction was used to 
detect syringyl lignin ( Chapple et al., 1992 ). Trichomes were immersed in 
1% (w/v) aqueous KMnO 4  for 1–2 min, rinsed in water, transferred to 10% HCl 
and left to decolorize for 10-20 min. After another rinse in water, trichomes were 
mounted in 29% (v/v) NH 4 OH and examined by bright fi eld microscopy. Red 
staining indicated normal syringyl lignin, altered lignin (slightly reduced) ap-
peared pink, while very reduced lignin appeared yellow. 

 Suberin was assessed by staining with berberine sulfate, which fl uoresces 
bright green in suberin-impregnated cell walls ( Brundrett et al., 1988 ;  Lux 
et al., 2005 ). Hand sections of fresh leaves were immersed in 0.5% (w/v) aque-
ous berberine sulfate for 30 min, counterstained briefl y with 0.1% (w/v) aque-
ous toluidine blue, rinsed in water and observed with a confocal laser scanning 
microscope (CLSM, Leica TCS SP2, excitation 405 nm, emission 520–580 nm 
for berberine sulfate, emission 420–470 nm for cell walls and excitation 
633 nm, emission 650–700 nm for chloroplasts). 

 Tracer analysis —   Two tracer dyes were used to assess uptake via the leaf 
trichomes. The fi rst was the apoplastic tracer, lucifer yellow carboxy hydrazide 
(LYCH, molecular weight [MW] 443, Sigma), used at 0.5 µg/mL in distilled 
water, which travels in the cell wall space and long-distance via the xylem 
( Botha et al., 2008 ). The second was the symplastic tracer, 5(6)-carboxyfl uores-
cein diacetate (CFDA, Sigma), used at a fi nal concentration of 100 µg/mL in 
distilled water, made fresh each day from 10 mg/mL stock solution in dimethyl 
sulphoxide. CFDA is nonfl uorescent until it enters living cells where the acetate 
groups are cleaved to form fl uorescent carboxyfl uorescein (CF, MW 376), 
which is then confi ned to the symplasm and can travel from cell-to-cell in the 
symplasm and long-distance in the phloem ( Botha et al., 2008 ). These are the 
smallest readily available tracer dyes, which although somewhat larger than 
common herbicides applied to  S. elaeagnifolium  (e.g., glyphosate MW 169, 
fl uroxypyr MW 255, picloram MW 242, 2,4-D amine MW 266;  Ensbey, 2011 ), have 
been widely used as tracers of both symplastic and apoplastic short-distance 
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 Stellate trichomes were also present on petioles and stems, 
and these were exclusively nonintrusive. In the petiole and stem 
trichomes, the basal stalk appeared to consist of a stack of 4–5 
cells high and four cells in TS (wide), meaning that the stalk 
was composed of 16–20 cells. 

 Flakes of cuticular wax were seen on the trichomes in SEM 
or detected as small autofl uorescent spots in confocal micros-
copy. In younger fully expanded leaves, the trichome rays 
contained nuclei and chloroplasts ( Fig. 4E-G ). In older leaves 
collected in late summer or early autumn, nuclei were still ob-
served in ray and stalk cells of trichomes on both leaf surfaces. 
All cells of mature trichomes had elaborate pit connections be-
tween the four basal cells and the central hub cell, and also be-
tween the hub cell and the lateral ray cells ( Fig. 4C, D ). 

 Cell wall composition was investigated with phloroglucinol 
and Mäule staining of isolated trichomes to detect total lignins 
and syringyl lignin, respectively. Phloroglucinol stained the 
walls of trichome stalk cells red with little or no staining in 
trichome rays in younger leaves, but strong staining of the 
trichome walls in older leaves (Appendix S1, see Supplemental 
Data with the online version of this article). Trichome stalk 
cells stained red with Mäule stain, the stalk cells of trichomes 
became red showing the presence of syringyl lignin, whereas 
the yellow stain in trichome ray cells indicated the presence of 
reduced syringyl lignin (Appendix S1). Staining with berberine 
sulfate indicated the presence of suberin in the unlignifi ed 
trichome ray cells of leaves from glasshouse-grown plants 
( Fig. 4A-D ). 

 Trichome and stomatal densities —    On average, there were 
35.0 (SE 2.2) and 100.5 (SE 4.7) trichomes/mm 2  on the adaxial 
and abaxial surfaces, respectively. The ratio of abaxial to adax-
ial trichomes/mm 2  averaged 2.9 : 1. 

 For the leaves sectioned paradermally, on average, 340.3 (SE 
16.6) and 589.2 (SE 19.4) stomata/mm 2  were present on the 
adaxial and abaxial surfaces, respectively. The ratio of abaxial 
to adaxial stomata/mm 2  averaged 1.7 : 1. For the leaves that 
were examined fresh (“shaved”), there were, on average, 298.4 
(SE 11.8) and 505.1 (SE 13.9) stomata/mm 2  on the adaxial and 
abaxial surfaces, respectively. The average ratio of abaxial to 
adaxial stomata/mm 2  was the same as for the prepared slides 
(1.7 : 1). On average, guard cells were 5% longer on the adaxial 
surface compared with the abaxial (22.0 [SE 0.24] and 20.9 µm 
[SE 0.24], respectively). 

 Tracer studies —    The symplastic tracer dye CFDA rarely en-
tered the leaf trichomes when applied to the adaxial or abaxial 
leaf surface in water or with addition of adjuvants BS1000, 
Hasten, or Uptake ( Fig. 5A, B, D, F ;  Appendix S2b–e, see online 

paradermal sections revealed an extensive system of intercel-
lular air spaces ( Fig. 2E, F ). 

 Trichome structure —    Leaves possessed trichomes that were 
large (usually 400–500 µm diameter,  Fig. 3A-C )  and abundant, 
that gave the leaf surface a silvery appearance ( Fig. 1A ). The 
multicellular trichomes consisted of a basal stalk that was at-
tached to a central “hub”, from which radiated numerous rays 
(parallel to the leaf surface) and a single spine (perpendicular to 
the leaf surface) (termed porrect stellate trichomes) ( Fig. 3 ). 
A TS of the basal stalk (paradermal section of the leaf) showed 
that it usually comprised four cells connected together along 
their long axis ( Fig. 2C-F  although some adaxial trichomes had 
fi ve or six basal cells ( Fig. 2E ). A variable number (usually 
12–16) of single-celled rays, mostly between 150–200 µm in 
length, extended from the hub ( Fig. 3 ), together with a single-
celled spine that projected from the top of the hub. The walls of 
all these cells were relatively thick (3–5 µm). Trichome density 
was relatively low on the adaxial surface (see below,  Figs. 2A, 3B ), 
such that the epidermal cells were visible between the trichome 
rays ( Fig. 3B ), which were all at about the same height (~50 µm) 
above the epidermis. 

 Trichome density was approximately three times greater on 
the abaxial surface, which completely obscured the epidermis 
( Fig. 3C ). To accommodate this high trichome density, the stalk 
cells were of different lengths; thus, the rays formed at different 
heights above the leaf surface. For trichomes with a short basal 
stalk, only the projecting spine (if anything at all) appeared 
through the overlapping rays of the taller layers ( Fig. 3C ). 
Trichomes on the adaxial surface had thicker cell walls than 
those on the abaxial surface (e.g.,  Fig. 2A-D ). 

 The basal cells of these trichomes were either nonintrusive or 
intrusive ( Figs. 1B, 2C-F ), with the degree of intrusion being 
quite variable ( Fig. 2E-H ). On the abaxial leaf surface, the stalk 
cells of many trichomes did not develop extensively into the 
mesophyll, and the basal cells of those that did, often did not 
extend farther in than the lowermost palisade layer ( Fig. 2F ). 
Almost all basal cells of adaxial trichomes extended through 
the upper palisade layer ( Figs. 1B, 2E ), and in older leaves, 
some basal cells extended into the abaxial palisade layers 
( Fig. 4A, B ).  Investigation of the paradermal sections indicated 
that the cells of the basal stalk were of different lengths and 
shapes, and the tips of the basal cells often did not extend to the 
depth of the veins ( Fig. 2G, H ), especially the abaxial trichomes. 
When they did, the tips often abutted the bundle sheath cells 
and were not observed to contact the xylem and phloem directly 
( Fig. 2H ). In short, given the high density of trichomes on both 
surfaces, at the level of the veins, relatively few tips of the 
trichome basal cells were observed. 

 Fig. 2. Bright-fi eld micrographs of paradermal sections of mature leaves of  Solanum elaeagnifolium . (A) Section through or just above the adaxial 
surface. Trichome density is about 25 trichomes/mm 2 . Scale bar = 500 µm. (B) Section through or just below the abaxial surface. Note that some trichomes 
have been sectioned through the “basal stalk”, some through the rays, and some through the terminal spine. Note that the trichomes are less robust than 
those shown in (A). Trichome density is about 120 trichomes/mm 2 . Scale bar = 500 µm. (C) Adaxial epidermis with a stomatal density of ~360 stomata/
mm 2 . Note the large, thick-walled cells of the basal stalk cells of a trichome (arrowed). Scale bar = 100 µm. (D) Abaxial epidermis with a stomatal density 
>600 stomata/mm 2 . Note the small, relatively thin-walled cells of the basal stalk cells of several trichomes (arrowed). Scale bar = 100 µm. (E) Adaxial pali-
sade mesophyll. Note the thick-walled basal cells of three trichomes (arrowed). Although cells are densely packed, an extensive network of intercellular 
airspaces is present. Scale bar = 100 µm. (F) Abaxial palisade mesophyll. Note that the basal cells of only three trichomes are present (arrows) and that 
these cells are relatively small and thin walled. Scale bar = 100 µm. (G) Section through the veins and the second layer of palisade mesophyll from the 
adaxial surface. Note the complex and densely reticulated pattern of vascular tissue. Note also that few of the inner tips of the trichome basal cells have 
reached this level. Scale bar = 200 µm. (H) Detail of a section similar to that shown in (G) showing that the tips of some of the trichome basal cells (arrowed) 
are adjacent to the bundle sheath cells. Scale bar = 100 µm.   

←
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Supplemental Data). Even when entry occurred, the dye did not 
spread into other cells. Small amounts of dye that dried onto the 
surface of trichome ray and central cells were readily detected 
(Appendix S2f), but transverse sections revealed that entry into 
the basal trichome cells was rare (one example is shown in 
Appendix S2i), and the dye never appeared to penetrate past the 
bundle sheath. Background green autofl uorescence was mini-
mal (Appendix S2f). If CFDA reached the epidermis, it entered 
epidermal cells directly through the thin cuticle and, rarely, also 
appeared to enter via the abundant stomata (Appendix S2d, ar-
row). More trichomes contained dye 24 h after application, 
but no dye was detected spreading through the vascular system. 
Addition of the adjuvant Sprinta allowed rapid entry of CFDA 
into the trichomes (Appendix S2h), and the dye also pene-
trated deeply into the leaf mesophyll and vascular tissues 
(Appendix S2h). In all analyses of applications of tracers to leaf 
surfaces, results from 1, 6, and 24 h after application were 
indistinguishable. 

 The membrane-impermeant dye LYCH, when applied to 
the upper or lower leaf surface, could be seen as fl uorescent 
fl ecks dried onto the surface of ray and central trichome cells 
(Appendix S2j), and it also occasionally stained trichome cell 
walls ( Fig. 5F ). The dye was only seen within the trichome 
cells if they had been damaged in some way before the applica-
tion of the tracer. With the addition of the adjuvant Uptake, 
more dye was retained on the leaf surface (Appendix S2e), es-
pecially in ray cells (Appendix S2k), and the addition of Sprinta 
allowed dye entry into the leaf epidermis and mesophyll, indi-
cated by cell wall staining ( Fig. 5G ). 

 When the cut end of a petiole was placed into CFDA solu-
tion, the dye moved into the vascular tissues and throughout the 
dense network of leaf veins. Observation of leaf surfaces 
showed labeling of the underlying veins ( Fig. 6A )  but no label-
ing of trichomes, which appeared in negative relief ( Fig. 6B ). 
Transverse sections of midveins taken midway along the lam-
ina ( Fig. 6C ) and longitudinal profi les of minor veins ( Fig. 6D ) 
showed that CFDA had spread into the vascular parenchyma 
where it was cleaved, forming the fl uorescent CF. CF also 
spread farther into bundle sheath cells but not into the trichomes 
( Fig. 6C, D ). There was virtually no background green or yel-
low autofl uorescence (Appendix S2a). When the cut petioles 
were placed into LYCH solution, the dye could be detected in 
the cell walls of xylem vessels and adjacent tissues ( Fig. 6E, F ). 
In lamina transverse sections, the dye was also seen in walls 
of cells around the midvein ( Fig. 6E ) and around minor veins 
( Fig. 6F ) and occasionally in mesophyll cells closest to the 
veins, but did not enter or accumulate in trichomes. There was 
limited transport into vascular tissues after 1 h, and very strong 
fl uorescence after 24 h, by which time leaves were beginning to 
wilt. All results presented are from 6 h dye uptake. 

 DISCUSSION 

 Leaves of  S. elaeagnifolium  plants had a high density of 
structurally complex, stellate trichomes. As in previous studies, 
we found that the trichomes possessed an unusual intrusive 
base, the tips of which could come in close proximity to the 
veins. Contrary to earlier suggestions, we found no direct phys-
ical contact between the trichome basal cells and the xylem or 
phloem. Evidence from applied tracer dyes indicates the 
trichomes were more of a barrier than a gateway to the interior 

 Fig. 3. Scanning electron micrographs of mature leaves of  Solanum 
elaeagnifolium . Scale bars = 100 µm. (A) Trichome removed from adaxial 
surface. Note downward projections of the intrusive basal cells. Arrow 
indicates the approximate leaf surface level. (B) Adaxial leaf surface. Note 
the stomatal complexes visible between the rays of the trichomes. 
(C) Abaxial surface. Note the upper level trichome on the left that would 
have a long basal stalk and the lower level trichomes where only the ter-
minal spine is visible.   
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 Stomatal density —    While previous authors reported that the 
leaves of  S. elaeagnifolium  are amphistomatous ( Bothma, 2002 ; 
 Christodoulakis et al., 2009 ), there appears to be no records of 
stomatal density or of the greater stomatal density on the abax-
ial surface. The average for the adaxial surface was in the range 
of 300–340 stomata/mm 2 , and the abaxial surface was in the 
range of 500–589 stomata/mm 2 . Various values from studies 
of over 50 species ( Peat and Fitter, 1994 ;  Hetherington and 
Woodward, 2003 ;  Zarinkamar, 2007 ;  Beaulieu et al., 2008 ;  Tay 
and Furukawa, 2008 ;  Loranger and Shipley, 2010 ) indicate that 
greater than 400 stomata/mm 2  could be considered a very high 
density. It could be assumed that many of the species in these 
studies had glabrous leaves or leaves with a relatively low den-
sity of simple trichomes that would allow the epidermal replica 
method to work. It would be interesting to compare stomatal 
densities of leaves that are glabrous to those with high trichome 
densities.  Skelton et al. (2012)  speculated that smaller, denser 
stomata may be associated with or compensate for the presence 
of a dense pubescence layer. 

of the leaf, while use of adjuvants could, in some cases, substan-
tially alter dye uptake. The high trichome and stomatal densities 
recorded in this study have important implications for the 
growth of  S. elaeagnifolium  during hot, dry summers (the main 
growth period) and chemical control of this species. 

 General anatomy —    The main aspects of  S. elaeagnifolium  
leaf anatomy appear quite consistent, with plants collected from 
widely differing locations in Australia (present study), South 
Africa ( Bothma, 2002 ), South America ( Cosa et al., 1998 ), and 
Greece ( Christodoulakis et al., 2009 ) all having isobilateral, 
amphistomatous leaves, with four layers of palisade mesophyll. 
Even variability in leaf thickness is relatively consistent in these 
studies ( Bothma, 2002 , ~210 µm;  Christodoulakis et al., 2009 , 
230–250 µm; present study average, 280 µm). As noted, the dis-
tinctive stellate trichomes have been described by numerous 
authors, while their greater abaxial density and/or the intrusive 
base have been recorded by  Bruno et al. (1999) ,  Dottori et al. 
(2000) ,  Bothma (2002) , and  Christodoulakis et al. (2009) . 

 Fig. 4. Confocal fl uorescence images of  Solanum elaeagnifolium  leaves and trichomes showing details of insertion and living chloroplasts. (A-D) 
Hand-cut transverse sections of leaves stained with berberine sulphate showing suberin green and autofl uorescence blue. (A, B) The larger adaxial trichome 
basal cells penetrated close to (A) and considerably beyond (B) the central vascular tissue, whereas the basal cells of abundant abaxial trichomes are seen 
only in the abaxial mesophyll. Trichome ray cells show green fl uorescence indicating suberin. Basal cells show blue autofl uorescence. (C, D) Enlargement 
of trichomes in (B) showing pit connections (arrows) between trichome cells. (E) Composite image of surface view of unstained trichomes showing small 
chloroplasts (red) inside the trichome ray cells (green). (F) Single confocal section of trichome showing chloroplasts inside the cells. (F ′ ) View of (F) from 
the right, (F ″ ) view of (F) from below; chloroplasts are enclosed within the ray cells. (G) Multiple trichomes in side view with chloroplasts (red) within the 
ray cells (blue cell wall autofl orescence). Scale bars = 50 µm (A, B, E, F), 25 µm (C, D), 100 µm (G).   
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that  S. elaeagnifolium  stellate hairs are trichomes, not emer-
gences, because intrusive and nonintrusive variants develop 
from a single epidermal cell. Both emergences and trichomes 
with intrusive-type growth have been recorded in at least three 
very different species,  S. elaeagnifolium  (Solanaceae),  Microle-
pis oleaefolia  (Melastomataceae) ( Milanez and Machado, 
2008 ), and  Jovetia humilis  (Rubiaceae) ( Guédès, 1975 ). As the 
detection of intrusive trichomes requires leaf dissection or sec-
tioning, it is possible that the intrusive trichome type might be 
more common than the literature indicates. Stellate trichomes 
with an external morphology like those found on  S. elaeagnifo-
lium  have been described in many species of  Solanum , in the 
Solanaceae in general and in other families. For example, most 
members of  Solanum  subgenus  Leptostemon  (~350–450 spe-
cies) have stellate trichomes ( Levin et al., 2006 ). It would be 
remarkable if the intrusive stellate trichome type was restricted 
to  S. elaeagnifolium . 

 The leaf trichomes of  S. elaeagnifolium  are elaborate, multi-
cellular structures with the basal stalk consisting of four (or 
more) cells that may penetrate through the epidermis and meso-
phyll.  Christodoulakis et al. (2009)  indicated there was only a 
single basal cell, while  Bothma (2002)  described a biseriate 
stalk and also that the nonintrusive trichomes had a multicellu-
lar stalk, while the intrusive type had fewer but much larger 
stalk cells. This latter observation is similar to that of  Bruno 
et al. (1999)  and the present study. Some of the multilobed in-
ternal ends of the basal stalk contacted the bundle sheath cells, 
and some penetrated into the mesophyll on the opposite side of 
the leaf. This proximity of trichome base and vein might sug-
gest a functional role, but our data do not support a transport 
function, either from the trichome to internal tissues or vice 

 The high stomatal densities of  S .  elaeagnifolium  are of inter-
est from two perspectives—gas exchange for photosynthesis 
and transpiration and as a possible pathway for herbicide up-
take.  Beaulieu et al. (2008)  note that high stomatal densities are 
associated with greater stomatal conductances, greater transpi-
ration rates, and maximization of CO 2  diffusion during periods 
optimal for photosynthesis. Herbicide absorption is facilitated 
by cuticular or stomatal penetration ( Wanamarta and Penner, 
1989 ). Higher numbers of stomata can result in greater penetra-
tion of herbicides into leaf tissue ( Currier et al., 1964 ;  Wanamarta 
and Penner, 1989 ;  Ricotta and Masiunas, 1992 ;  Eichert and 
Burkhardt, 2001 ;  Burkhardt et al., 2012 ), with both the stomatal 
pore and the guard cells of importance. For example, in 11  Lyco-
persicon  (Solanaceae) genotypes, a strong correlation between 
higher stomatal density and decreased tolerance to the herbi-
cide acifl uorfen was found ( Ricotta and Masiunas, 1992 ). Thus, 
the discovery of high stomatal densities on both leaf surfaces of 
 S .  elaeagnifolium  has important implications for both herbicide 
uptake and basic leaf physiology. 

 Stomatal size (guard cell length) shows a range of about 
10–80 µm worldwide, with smaller stomata tending to show a 
greater water-use effi ciency ( Hodgson et al., 2010 ). The studies 
of  Hetherington and Woodward (2003)  and  Beaulieu et al. 
(2008)  indicate that high stomatal density is associated with 
short guard cells, and  S. elaeagnifolium  (average stomatal 
length 21–22 µm) fi ts this trend. 

 Trichomes and tracers —    Trichomes develop only from the 
cells of the protoderm/epidermis, while emergences have cells 
from both the epidermis and subepidermal layers ( Werker, 
2000 ). The developmental study of  Bruno et al. (1999)  indicates 

 Fig. 5. Mature leaves of  Solanum elaeagnifolium  1 h after application of fl uorescent tracer dyes to the leaf surface. In all cases, the dye fl uoresces green; 
red background fl uorescence is from chlorophyll. (A) Overview, bright-fi eld image and (B, C) fl uorescence images of leaves after application of CFDA with 
(B) adjuvant BS1000, showing little dye entry or (C) adjuvant Sprinta showing considerable dye entry into leaves. (D–G) Leaf transverse sections, cut in sili-
cone oil to prevent dye spread, showed little entry of CFDA applied in (D) water. With addition of Sprinta (E), dye rapidly spread over the leaf surface, then 
accumulated in cells around the vascular bundles (arrow). The apoplastic dye LYCH applied in water (F) did not enter the leaves, but could enter and stain cell 
walls if applied with (G) Sprinta, and is seen as faint staining of xylem elements in the veins (arrows). Scale bars = 2 mm (A–C), 100 µm (D–G).   
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show a close association between the tips and the bundle sheath 
( Figs. 1B ,  4A, 4B ), but the much clearer serial paradermal sec-
tions showed that the tips rarely, if ever, directly contacted the 
xylem or phloem ( Fig. 2H ). When thicker hand sections were 
cleared and stained, the deep penetration of the adaxial basal 
cells was more easily seen as their highly three-dimensional 
structure was more apparent. Other areas of variation between 
these anatomical studies of  S. elaeagnifolium  exist.  Christodoulakis 
et al. (2009)  indicated that the stalk is lignifi ed, while the rays 
are nonlignifi ed, while  Bruno et al. (1999)  and  Bothma (2002)  
indicated that the “emerged” part is lignifi ed, while the intru-
sive part has little or no lignifi cation. Our study shows that 
trichomes have lignifi ed walls in the stalk, but lignifi ed ray cells 
appeared only in older leaves. These differences are likely to 
arise from different growing conditions for the plants exam-
ined.  Bothma (2002 , p. 46) recorded that “all cells of the intrusive 
stellate trichomes… seem to be dead”, while our observations 
of nuclei and small chloroplasts would indicate they remain 
alive for most of the life of a leaf. 

 As noted, the leaf emergences of  Microlepsis oleaefolia  have 
some remarkable similarities in basic structure to the intrusive 
trichomes of  S. elaeagnifolium . In  Microlepsis oleaefolia  the 
cell walls of the “arms” were nonlignifi ed and nonsuberized, 
and an apoplastic transport path was indicated to be present be-
tween the vascular system and the emergences ( Milanez and 
Machado, 2008 ).  Fahn (1986)  fl oated the leaves of three xero-
phytic and three mesophytic leaves with trichomes on a solu-
tion containing an apoplastic tracer. The tracer was not found in 
the trichome walls of the xerophytes, but was in the mesophytes. 
Sclereids are usually associated with a support function, but 
 Heide-Jørgensen (1990)  found that the extensive osteosclereids 
in the leaves of  Hakea suaveolens  also had a transport function, 
acting as vein extensions. The highly modifi ed (but nonintru-
sive) leaf trichomes of  Tillandsia  species (air plant) have an 
absorption role ( Benzing et al., 1976 ;  Martin, 1994 ). Taken to-
gether, these studies show that the relationship between 
trichomes and transport into and out of leaves is highly com-
plex and needs to be assessed on an individual species basis. 

  Solanum elaeagnifolium  grows during the hot, dry Mediter-
ranean-type summers of southern inland Australia, a period 
when many other species, both native and introduced, are dead 
(annuals) or dormant (herbaceous perennials) (e.g.,  Burrows, 
1999 ) and most native species that maintain functioning leaves 
during this period are highly sclerophyllous ( Burrows, 2001 ). 
Although  S. elaeagnifolium  grows during a particularly stress-
ful part of the year, the leaves show little external evidence of 
damage, either biological or physical. The anatomical sections 
show that the leaves of  S. elaeagnifolium  possess little scleren-
chyma or other specialized mechanical tissues. Assuming the 
trichomes of  S. elaeagnifolium  are not primarily involved in 
transport into or out of the leaf, what other functions might they 
serve? Trichomes have been associated with numerous func-
tions, but comparing between studies is fraught with diffi culties 
given the often substantial differences in trichome structure and 
density. 

 A dense coat of hairs may be a leaf cooling or insulating 
mechanism, as for many other leaves in which a dense covering 
of trichomes has been shown to refl ect incident solar radiation 
and/or dissipate absorbed heat ( Pérez-Estrada et al., 2000 ;  Jordan 
et al., 2005 ) or protect against UV damage. Interestingly, the 
leaves or phyllodes of some species that show a high refl ectivity 
from numerous trichomes become dark green when wet and 
consequently absorb a much greater amount of photosynthetically 

versa, as was suggested for  Microlepis oleaefolia  by  Milanez 
and Machado (2008) . 

 The relationship of the intrusive stalk base and the veins is 
important.  Bothma (2002 , pp. 44, 46) noted that “the stalks 
seem to reach the vascular bundles” and “seem to penetrate to 
the point of making contact with the xylem”,  Christodoulakis 
et al. (2009 , p. 435) recorded that the stalk “seems to be con-
nected to the conductive tissue”, while  Bruno et al. (1999)  indi-
cated that the intrusive part of the trichome reaches the vascular 
tissues and partially surrounds them. These studies were based on 
leaf transverse sections. Our transverse sections also seemed to 

 Fig. 6. Surface views and sections of  Solanum elaeagnifolium  leaves 
after a 6-h uptake of fl uorescent tracer dyes through the cut petiole. (A) Fluo-
rescence image of surface of control leaf (left) with cut petiole in water; leaf 
after uptake of CFDA through the petiole (right) in which dye (green) has 
penetrated throughout the dense network of large and small veins. (B) Higher 
magnifi cation shows that although dye has entered the veins, it has not en-
tered the trichomes. (C–F) Leaf transverse sections cut in silicone oil and 
observed with confocal microscope show CFDA (pseudocolored green) in 
cells next to the xylem (thick-walled cells pseudocolored blue) of main veins 
(C) and in cells around smaller veins (D). After taking up the apoplastic dye 
LYCH, cell walls of xylem elements (thick-walled cells pseudocolored cyan) 
and much of the surrounding tissues are stained, especially around main 
veins (E); the dye (pseudocolored green) also spread into walls of tissues 
around smaller veins (F). Background blue fl uorescence is from cell walls 
stained with calcofl uor white; chloroplasts autofl uoresce red. Scale bars = 1 mm 
(A), 0.5 mm (B), 100 µm (C, E, F), 50 µm (D).   
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active radiation ( Harrington and Clark, 1989 ;  Yates, 1992 ). We 
have observed (data not shown) a similar change in color upon 
the wetting of leaves of  S. elaeagnifolium . Because the cells of 
the trichomes are thick walled, heavily lignifi ed, and form a 
complete “coat”, at least on the abaxial surface, they may also pro-
tect the leaf from herbivores ( Levin, 1973 ), in combination with 
the smaller glandular hairs on the leaves ( Cosa et al., 1998 ; 
 Christodoulakis et al., 2009 ). We have observed minimal leaf dam-
age in  S. elaeagnifolium  populations across Australia at the end of 
the growing season (our unpublished observations). The cuticle is 
very thin, and stomata are very dense, making the epidermis deli-
cate and susceptible to herbivore attack. The role of trichomes as an 
antitranspirant, by increasing boundary layer resistance and conse-
quently reducing transpiration is complex (e.g.,  Haworth and 
McElwain, 2008 ;  Jordan et al., 2008 ;  Skelton et al., 2012 ) but has 
been reported for some species ( Kenzo et al., 2008 ). 

 Trichome and stomatal densities are known to infl uence foliar 
herbicide uptake (e.g.,  Hess and Falk, 1990 ;  Wang and Liu, 
2007 ). Trichomes are associated with herbicide droplet intercep-
tion and the creation of air pockets, consequently reducing the 
spread of droplets and the wetting of epidermal cells.  Huangfu 
et al. (2009)  reported that greater trichome density on the upper 
leaf surface in populations of  Brassica juncea  was correlated 
with reduced herbicide effi cacy, while  Xu et al. (2011)  illustrated 
how a water droplet could be suspended above the leaf surface by 
trichomes and how some adjuvants improved spread while others 
did not.  Brewer et al. (1991)  indicated that leaves with trichomes 
were more water repellant, especially where trichome density 
was greater than 25 trichomes/mm 2 . Presumably this value could 
be lower in species like  S. elaeagnifolium  that have large, spread-
ing, and structurally complex trichomes. Once a herbicide drop-
let reaches the leaf surface, penetration into the leaf can occur via 
the cuticle, stomata, or guard cells. The relative importance of 
these pathways is not well understood for most weed species, 
although greater uptake with higher stomatal densities has been 
reported ( Wanamarta and Penner, 1989 ). 

 Conclusion —    It appears that  S. elaeagnifolium  stellate 
trichomes, alive at maturity, with heavily lignifi ed intrusive bases 
that extend close to but do not directly contact the vascular tissue, 
do not take up symplastic or apoplastic dyes. Thus, the trichomes 
are likely to be a barrier to foliar-applied chemicals, even with 
certain adjuvants. It is possible that because of the high stomatal 
densities, that if the trichome barrier of  S. elaeagnifolium  is 
crossed, chemicals might be readily absorbed. While untested, 
the high densities of structurally complex and thick-walled 
trichomes could be providing protection from invertebrate herbi-
vores, while also decreasing radiation absorption to keep leaves 
cooler during the summer growth period. The function of the un-
usual intrusive trichome bases remains unclear. 
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