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Summary

An aster, Chromolaena odorata (Linn.) R.M. King et H.E. Rob-
inson (Siam weed), a native of the neotropics, has presently
spread on to vast tracts of land in humid tropics of Africa, Asia
and some of the Pacific islands. Pareuchaetes pseudoinsulata
Rego Barros – a host-specific arctiid moth – feeds on the leaves
of C. odorata. In less than three weeks of feeding by the larvae
of P. pseudoinsulata, the leaves of C. odorata turn intensely
chlorotic. Chloroplasts in the chlorotic leaves show degenerat-
ed thylakoid membranes, either as decreased numbers or as
vesiculated stacks of grana, smaller starch grains, and vacant
locations of plastoglobuli. Cell vacuoles include small to large,
few to several electron-dense lipidic inclusions. Changes in
chloroplasts during chlorosis have a specific effect on the
metabolism of lipophilic materials stored in the plastoglobuli.
Concurrently with the accumulation of lipidic materials from
both chloroplasts and plastoglobuli into the vacuoles, chloro-
plast membranes get modified. These lipidic materials act as
the precursors of ‘novel’ compounds that defend the leaf cells
of C. odorata from the impact of the feeding moth. Changes in
the leaf colour and chloroplasts, however, are temporary;
with the physical removal of P. pseudoinsulata larvae, chlorot-
ic leaves of C. odorata revert to green and the mesophyll cells
regain their normal structure; most importantly, the meso-
phyll cells cease to accumulate lipidic materials in their vacu-
oles. Reversal of chlorotic cells to normal cells occurs only
through the metabolic activation in primordial cells; mature
cells killed by the physical action of mouthparts and chemical
secretions from the saliva of the moth never reverse.

Key words: Arctiidae, fine-structure, induced-defense
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Zusammenfassung

Chromolaena odorata (Linn.) R.M. King et H.E. Robinson
(Siamkraut), ein aus der Neotropis stammender invasiver
Korbblütler, hat sich auf weiten Landflächen humider
tropischer Gebiete in Afrika, Asien und einigen pazifischen
Inseln ausgebreitet. Pareuchaetes pseudoinsulata Rego Barros,
ein wirtsspezifischer Falter aus der Familie der Bärenspinner
(Arctiidae), frisst die Blätter von C. odorata. Nach weniger als
drei Wochen Larvenfraß werden die Blätter von C. odorata
intensiv chlorotisch. Die Chloroplasten chlorotischer Blätter
weisen degenerierte Thylakoidmembranen auf, sichtbar ent-
weder als verminderte Anzahl oder vesikulierte Granastapel,
und daneben kleinere Stärkekörner und fehlende Plastogo-
buli. Die Vakuolen enthalten kleine bis große, wenige bis viele
elektronendichte lipidartige Einschlüsse. Die chlorotischen
Veränderungen der Chloroplasten beeinflussen spezifisch den
Stoffwechsel lipophiler, in den Plastogobuli gelagerter
Substanzen. Einhergehend mit der Anreicherung lipidartiger

Substanzen aus den Chloroplasten und Plastoglobuli in der
Vakuole werden die Chloroplastenmembranen modifiziert.
Die lipidartigen Substanzen dienen als Bausteine für neue
Substanzen, die den Blättern von C. odorata zur Abwehr der
Fraßfeinde dienen. Veränderungen der Chloroplasten und der
Blattfarbe sind allerdings temporär, da die Blätter nach
Entfernen der Larven von P. pseudoinsulata ihre grüne Farbe
wieder gewinnen, ebenso wie die Mesophyllzellen ihre natür-
liche Struktur. Darüber hinaus stellen diese Zellen die
Anreicherung lipidartiger Substanzen in der Vakuole ein. Die
Rückbildung chlorotischer zu gesunden Zellen erfolgt nur
während der Aktivierung des Stoffwechsels primordialer
Zellen; ausdifferenzierte Zellen, die durch den mechanischen
Fraßvorgang und Speichelsekrete der Larven abgetötet
wurde, bilden sich niemals zurück.

Stichwörter: Arctiidae, Feinstruktur, induzierte Abwehr-
mechanismen, Lepidoptera, Mesophyllzellen, Siamkraut

1 Introduction

The Siam weed Chromolaena odorata (L.) R.M. King et
H. E. Robinson (Asteraceae), a perennial and scrambling
plant, native to the neotropics, was introduced as an orna-
mental into Kolkatta (Calcutta, India) in 1845 (CRUTTWELL-
MCFADYEN 1991). It escaped cultivation subsequently and
established itself in the humid-tropical regions of Africa, Asia,
and some of the islands in the Pacific including Guam.
Pareuchaetes pseudoinsulata Rego Barros (Lepidoptera: Arcti-
idae), specific to C. odorata (BENNETT and CRUTWELL 1973),
was introduced into Guam (SEIBERT 1989), Northern Mariana
Islands, Caroline Islands (MUNIAPPAN et al. 1988), and Papua
New Guinea in the Pacific between 1985 and 2005, and some
countries in Asia as a potential biological-control agent be-
tween 1973 and 1993 (MUNIAPPAN et al. 2005). P. pseudoinsu-
lata defoliated and reduced populations of C. odorata to small
patches in Mariana Islands (MUNIAPPAN et al. 1989, SEIBERT
1989). In the patchy populations of Mariana Islands feeding
activity of P. pseudoinsulata induced chlorosis in leaves.

During routine observations of P. pseudoinsulata perfor-
mance in the field, the moth larvae were observed to avoid
chlorotic leaves (R. MUNIAPPAN, personal observations), which
raised the question whether the chlorotic leaves of C. odorata
included any compounds that prevented the moth larvae from
feeding (MARUTANI and MUNIAPPAN 1991), because elevated
levels of signal compounds of defensive nature (e.g., jas-
monates) in plant cells in response to herbivory are known
(CREELMAN and MULLET 1997). It is also known that the octade-
canoid pathway leading to jasmonic-acid biosynthesis is
principally mediated in chloroplasts and peroxisomes (BAIER
and DIETZ 2005).

Against such a background, we examined the mesophyll
cells of the chlorotic leaves of C. odorata to reconstruct
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cytological changes in the pathways of synthesis of defense
compounds. Chlorotic young leaves reversed to near-normal
green, when the larvae of P. pseudoinsulata larvae were
removed physically. We also followed the subcellular changes
in the leaves, which reversed to green.

2 Materials and methods

2.1 Plants, insects, and induction of chlorosis

Four C. odorata plants, enclosed in muslin-cloth cages, were
raised individually in pots under greenhouse conditions,
which closely simulated the natural biophysical environment
of C. odorata. Four third instar individuals of P. pseudoinsulata
were placed on each of the two test plants to induce chlorosis.
To maintain the number of larvae as four throughout the
experimental period, the larvae were periodically replaced on
plants, whenever the larva either pupated or went missing.
The other two C. odorata plants served as control.

Larvae were allowed to feed on plants for three weeks by
when the leaves turned yellow (referred hereafter as ‘chlorotic
leaves’) and were sampled for microscopy. Green leaves from
control plants of identical age (referred hereafter as ‘control
leaves’) were also sampled for microscopy. After three weeks,
the actively feeding larvae were removed by hand from
chlorotic leaves. Three weeks after the removal of feeding
larvae, the leaves from these plants were also sampled for
microscopy, after they reversed to green totally (referred
hereafter as ‘reversed leaves’).

2.2 Light microscopy

Free-hand sections were obtained from the leaves collected as
either fresh (unfixed) or FAA-fixed samples (FAA: 50% ethyl
alcohol [95%], 10% formalin [39% formaldehyde], 5% acetic
acid, 35% H20). Free-hand sections obtained from the unfixed
samples were stained with 0.01% aqueous toluidine blue. To
localize total lipids, a few of the sections, selected randomly, were
contrasted with 0.5% Sudan III (following JENSEN 1962). Leaf
tissues fixed in FAA (12 h) were dehydrated, cleared, and embed-
ded in paraffin following customary procedures; sections were
cut at 8–10 µm thickness, stained with safranin–fast green com-
bination (BERLYN and MIKSCHE 1976), and were viewed in com-
pound microscope (Leitz Wetzlar GmbH, Wetzlar, Germany).

2.3 Electron microscopy

Leaf samples (> 2 mm2) were spot-fixed in 2.5% glutaralde-
hyde solution in phosphate buffer (pH 6.9) for 24 h, post-fixed
in 1% OsO4 solution in phosphate buffer (pH 6.9) for 6 h, and
dehydrated in a graded acetone series. Samples were embed-
ded in epon and sectioned using an ultramicrotome (Nova,
LKB, Bromma, Sweden). The ultra-thin sections (0.2–0.4 µm)
were contrasted with 2% uranyl acetate and 1% lead citrate,
and were examined in a transmission electron microscope
(JEOL—100 B, JEOL USA, Inc., Peabody, MA, USA) at 80kV.

3 Results

3.1 Control leaves

Mature mesophyll cells include a relatively clear central
vacuole, whereas younger mesophyll cells show an extensive
development of the endoplasmic reticulum throughout the
vacuole (Fig. 1). Rough endoplasmic reticulum occurs in close
association with the Golgi system. Several chloroplasts occur
uniformly distributed along the cell wall. Chloroplasts include
well-defined grana with clearly differentiated thylakoids, as

well as few plastoglobuli and small starch inclusions (Fig. 1).
Large populations of mitochondria that appear normal occur
in these cells, remaining uniformly scattered in the cytoplasm.
A few peroxisome-like microbodies, small numbers of
plasmalemmasomes, and abundant membrane fragments,
possibly from the tonoplast, occur more or less evenly
distributed throughout the cytoplasm (Fig. 1).

3.2 Chlorotic leaves

Incipient plasmolysis is evident with coagulated cytoplasm
spread rather unevenly along the cell wall. Several empty
multi-vesicular bodies (exhausted microbodies and plasmale-
mmasomes) and lipids occur in the coagulated cytoplasm,
especially along the cell wall. Chloroplasts appear to have lost
their structural integrity with either no or few, small starch in-
clusions. The orderly pattern of grana and stroma are altered
with no clear definition of the stacked arrangement; some of
the thylakoids appear dilated. Some plastoglobuli are smaller
than what have been observed in control leaves, whereas
some others are electron transparent. Several large lipid drop-
lets occur within the vacuole, which, probably, are combined
with secondary metabolites (Fig. 2). Vacuoles include elec-
tron-dense osmiophilic precipitates, which in light microscop-
ic observations responded positively to Sudan III staining
reaction (established as lipids); incidence of lipids in vacuoles
and not in the cytoplasm indicate that they are combined with
secondary metabolites (such lipidic inclusions in the vacuoles
will be referred hereafter as ‘embellished’ lipids). Plasmodes-
matic connections are prominent and active (electron-positive
response) at several points. Peroxisome-like microbodies occur
in greater number and frequency, and a few of them occur in
close proximity to degenerated chloroplasts (Fig. 3). Cells also
show peripherally distributed thin cytoplasm, which has
undergone coagulation. A few exhausted and vacant micro-
bodies and electron-dense lipid materials occur in cell vacu-
oles, whereas most of the remains of the cell organelles occur
along the periphery, displaying a clear pattern of cell compart-
mentation. At least three types of ‘embellished’ lipidic inclu-
sions occur: (i) as groups of tiny droplets, (ii) droplets larger
than type (i) and usually occurring isolated, and (iii) droplets
that are intermediate in size to those described in (i) and (ii)
and tending to coalesce among themselves (Fig. 4). Several
double-membrane bound inclusions and small, electron-dense,
osmiophilic precipitates occur as clusters along the plasmale-
mma. The plasmalemma appears ruptured at different points
within the cells. Similar osmiophilic precipitates occur as clus-
ters along the outer sides of the cell walls. Type (ii) ‘embel-
lished’ lipids occur in the vacuole (Fig. 5). Cells include sever-
al type (ii) ‘embellished’ lipids occurring in the vacuole. Debris
from degenerated cell organelles also occur in vacuoles, indi-
cating that the cells are in undergoing autolysis (Fig. 6).

3.3 Reversed leaves

Two processes take place when in the chlorotic leaves reverse
to green. After the removal of the larva, primordial mesophyll
cells regenerate, whereas mature mesophyll cells do not. The
regenerated mesophyll cells include fewer chloroplasts than
those evident in control leaves, however, with a normal
structure displaying reasonably distinct and normal thylakoid
membrane structure, granal stacks, plastoglobuli, and starch
inclusions. The vacuole includes a few electron-dense, type
(ii) ‘embellished’ lipids (Fig. 7).

4 Discussion

Incipient plasmolysis, several exhausted and vacant multi-ve-
sicular bodies in the vacuole, ruptured tonoplast, fewer chloro-
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Fig. 1: Control leaf of Chromolaena odorata, mesophyll cells.
c – chloroplast; er – endoplasmic reticulum; m – mitochon-
drion; mb – microbody; pg – plastoglobulus; * – plasmalem-
masomes; st – starch inclusions (scale bar = 10 µm).

Fig. 2: Chlorotic leaf of Chromolaena odorata, mesophyll
cells.
c – chloroplast; li – lipids within peripheral cytoplasm; li* –
lipids in vacuoles possibly pooled with secondary metabolic
compounds; pg(v) – plastoglobulus (vacant; electron trans-
parent); arrows – coagulated cytoplasm (scale bar = 10 µm).

Fig. 3: Chlorotic leaf of Chromolaena odorata, a portion of a
mesophyll cell.
cy – coagulated cytoplasm; mb – peroxisome-like microbody;
li – lipids; li* – lipids in vacuoles possibly pooled with
secondary metabolic compounds; arrow – intercellular plas-
modesmatic connections (scale bar = 10 µm).

Fig. 4: Chlorotic leaf of Chromolaena odorata, a portion of a
mesophyll cell showing coagulated cytoplasm.
c – chloroplast; li* – lipids in vacuoles possibly pooled with
secondary metabolic compounds (= ‘embellished’ lipids)
{li*[i] – small drops; li*[ii] – droplets larger than those in li*[i] and
occurring isolated; li*[ii] – droplets intermediate in size to
those described in li*[i] and li*[ii]}; pg(v) – plastoglobulus
(vacant; electron transparent); rt – ruptured tonoplast; st –
starch inclusion; scd – subcellular debris (scale bar = 10 µm).
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plasts with highly degenerated internal organization with dis-
orderly grana, dilated thylakoids, transparent or transluscent
plastoglobuli, several osmiophilic precipitates occurring either

singly or as clusters along the plasmalemma, active plasmodes-
matic connections between adjacent cells, numerous micro-
bodies, vacuoles with electron-dense lipid materials, and other
cytoplasmic debris characterize stress in plant cells due to the
impact of pathogenic fungi (ORCUTT and NILSEN 2000) and
insect feeding (MEYER and MARESQUELLE 1983, FINK 1999,
FLORENTINE et al. 2002). Among these diverse stress-related
subcellular characteristics, changes in chloroplasts and en-
domembrane system that occur concurrently with leaves turn-
ing chlorotic appear critical in the C. odorata—P. pseudoinsula-
ta system. Such changes seem to have a strong relationship
with the synthesis of ‘novel’ products, which probably render
the chlorotic leaves unpalatable to the feeding moth larvae.

Among diverse subcellular changes induced by P. pseudoin-
sulata in the chlorotic leaves of C. odorata, significant changes
occur only in the mesophyll cells and none in the epidermal
cells. Mesophyll cells of chlorotic leaves, comparable with those
of control leaves in terms of their biological age, include chloro-
plasts that present a structure characteristic of prematurely se-
nescing leaf cells (SMART 1994, FINK 1999), which include abun-
dant electron-dense plastoglobuli concentrated with the degra-
dation products from the broken-down membrane lipids and
fatty acids (PARTHIER 1988). In C. odorata leaf cells fed upon by
P. pseudoinsulata, incidence of high numbers of plastoglobuli in
chloroplasts indicates the degeneration of thylakoids, again,
reinforcing premature senescence (DEL RIO et al. 1998). Follow-
ing an increase in numbers of plastoglobuli per chloroplast,
changes occur in the grana, thylakoid membranes, starch inclu-
sions, confirming premature senescence consequent to the feed-
ing impact of P. pseudoinsulata. Degeneration of chloroplasts
that include active photosystems (e.g., the grana stack, where

Fig. 5: Chlorotic leaf of Chromolaena odorata, a portion of a
mesophyll cell.
er – endoplasmic reticulum (tubular); li*[ii] – type [ii] ‘embel-
lished’ lipids; m – mitochondrion (degenerated); arrows –
osmiophilic precipitates along the outer wall (scale bar =
10 µm).

Fig. 6: Chlorotic leaf of Chromolaena odorata, mesophyll
cells.
c – chloroplast with transparent plastoglobuli; ic – intercellular
space; li*[ii] – type [ii] ‘embellished’ lipids; mb – microbodies;
arrows – osmiophilic precipitates along the vacuole close to
the inner wall (scale bar = 10 µm).

Fig. 7: Reversed leaf of Chromolaena odorata, a young
mesophyll cell.
c – chloroplast; li*[ii] – type [ii] ‘embellished’ lipids; pg – plasto-
globulus; st – starch inclusion (scale bar = 10 µm).
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PS-II events occur) leads to the concurrent accumulation of
ferritin, plastoglobuli, and starch inclusions, thus making the
chloroplasts to perform as storage plastids, and in turn, activates
lipid and lipidic acid synthesis (BORISJUK et al. 2005). Chloro-
plasts in C. odorata leaf cells appear to be the key centres
dictating and moderating metabolic alterations in response to
moth feeding. As a key lipid-abundant organelle in plant cells
(WU et al. 1997), degeneration of chloroplasts initiates expul-
sion of lipids and lipidic acids from plastoglobuli that are made
of glycerolipids (DEL RIO et al. 1998) via chloroplast mem-
branes (see also MATILE et al. 1996) into cell vacuoles. Subcel-
lular stress arising from the moth’s feeding action introduces a
‘shock’ factor into the cytoplasm; the shock could be from either
the physical chewing action of the mandibles or the chemical
constituents of the saliva, or the cumulative effect of both; in re-
sponse to the osmotic shock introduced by the chemical constit-
uents of the saliva, the cytoplasm undergoes condensation and
the membrane-bound cell components (e.g., chloroplasts, en-
domembrane system) break down in the autophagic vacuoles.

Occurrence of numerous peroxisome-like microbodies
indicates an oxidation process occurring consequent to stress
and results in the active accumulation of lipidic acids through
the breakdown of stored lipids in the cytoplasm. These perox-
isome-like microbodies, when present abundantly in some of
the irreversibly damaged cells, eventually turn into geronto-
somes (VINCENTINI and MATILE 1993) leading to the autolysis of
those host-plant cells. Higher concentrations of smooth endo-
plasmic reticulum and abundance of free ribosomes underpin
stress-related lipid synthesis and accumulation. Vacuoles with
cytoplasmic debris are another feature that characterize stress
in the mesophyll cells of C. odorata: vacuoles include lipids
‘embellished’ with defense compounds and these vacuoles
function as a defense compartment (OSBOURN 1996).

Chlorosis in C. odorata leaves appears as an expression of
induced-defense response to P. pseudoinsulata infestation,
through the activation and synthesis of lipids and lipidic acids
from the chloroplasts, which ultimately get accumulated in
cell vacuoles. The stress induced by the feeding moth triggers
a series of neutralizing responses in the cellular environment
of the host plant, commencing from the healing of the wound
inflicted by the chewing larvae. These neutralizing responses
activate the endomembrane system (plasmalemma—endo-
plasmic reticulum—peroxisome-like microbodies—plasmalem-
masomes) to synthesize diverse lipases (e.g., lipoxygenases;
see also BHATTACHARJEE 2005) and possibly facilitate the
production of induced defense materials (e.g., jasmonate) in
the membranes of chloroplasts through oxidation (BLÉÉ 1988,
WALLING 2000, GATEHOUSE 2002).

Reversal of chlorotic mesophyll cells that include degener-
ated chloroplasts to normal cell structure that include chloro-
plasts of normal profile, especially under the pressure of a
parasite, is mostly known in fungal infestations (e.g.,
LOPEZ-CARBONELL et al. 1998). Nonetheless, studies explaining
the feeding behaviour of cecidomyiids (e.g., Geocrypta galii
(LÖW), Didymomyia reamuriana (Löw)), aphids (e.g., Chermes
abietes (Linn.)), and mites (e.g., Eriophyes macrorrhyncus NAL.)
(ROHFRITSCH 1971) have shown that subcellular changes in the
specialized cells of nutrition developing solely due to feeding
action of the arthropods, involving both physical action and
chemical stimuli, in their respective host plants can revert to
parenchyma cells, after the arthropod has been either killed or
removed (ROHFRITSCH 1992). In the C. odorata—P. psuedoinsu-
lata system, reversal occurs only through the regeneration of
primordial mesophyll cells and not that of any mature meso-
phyll cell, similar to what were observed by ROHFRITSCH (1971)
in diverse systems involving arthropod and plant interactions.

5 Conclusion

In the present paper, we have demonstrated various events
that occur in the feeding interactions of P. pseudoinsulata with

C. odorata. Our observations indicate that the subcellular
modifications that occur within the host-plant mesophyll cells
respond with chlorosis, which is an exomorphic expression of
diverse changes that occur within the subcellular environment
of the host leaf, consequent to the stress induced by the feed-
ing action of the larvae, which commences with ‘wounding’
action. The action of salivary chemicals induces the cells in the
vicinity of wounded cells to respond with degeneration of
chloroplasts, which release lipids and lipidic acids. The lipid
materials, thus released, activate the biosynthesis of defense
materials, for example, jasmonates, via oxidation of lipids and
lipidic acids.
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