RESEARCH PAPER

! ath))
Plant Biology ISSN 1435-8603

Anatomical and phenological implications of the relationship
between Schinus polygama (Cav.) (Cabrera) and the galling
insect Calophya rubra (Blanchard)

L. M. Guedes'

, N. Aguilera? ), B. G. Ferreira®

,J.Becerra', V. Hernandez' & R. M. S. Isaias>

1 Departamento de Botdnica, Facultad de Ciencias Naturales y Oceanograficas, Universidad de Concepcién, Concepcion, Chile
2 Departamento de Silvicultura, Facultad de Ciencias Forestales, Universidad de Concepcién, Concepcion, Chile
3 Departamento de Botanica, Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas Gerais, Pampulha, Belo Horizonte, Minas Gerais, Brazil

Keywords
Conical stem gall; diapause; life cycle;
mediterranean region; univoltine.

Correspondence

R. M. S. Isaias, Departamento de Botanica,
Universidade Federal de Minas Gerais,
Instituto de Ciéncias Bioldgicas, Av. Antonio
Carlos, 6627, Pampulha, 31270-090, Belo
Horizonte, Minas Gerais, Brazil

E-mail: rosy@icb.ufmg.br

Editor
K. Leiss

Received: 15 October 2017; Accepted: 12
January 2018

doi:10.1111/plb.12696

ABSTRACT

The success of galling insects could be determined by synchronisation with host plant
phenology and climate conditions, ensuring suitable oviposition sites for gall induc-
tion and food resources for their survival. The anatomical, histochemical and pheno-
logical synchronisation strategies between Calophya rubra (Blanchard) (Hemiptera:
Psylloidea) and its host, the evergreen plant Schinus polygama (Cav.) (Cabrera) (Anac-
ardiaceae), in the Mediterranean climate of southern Chile was evaluated and com-
pared to that of the congeneric C. cf. duvauae (Scott) from Brazil and closely related
host plant S. engleri in a subtropical climate.

Anatomical, histometric, histochemical and vegetative phenology studies of the stem
and galls were conducted from June 2015 to December 2016.

Based on the anatomical, histometric and histochemical analysis, the conical stem gall
traits imply gains over the non-galled stem toward the galling insect survival, but the
maintenance of phellem, secretory ducts and pith indicate conservative developmental
traits that cannot be manipulated by C. rubra. Our results indicate that the conditions
of the Mediterranean climate zone limit C. rubra immature activity during unfavour-
able periods, probably determining a diapause period and a univoltine life cycle, which
are peculiarities of the S. polygama— C. rubra system.

The synchronisation between development and seasonality confers peculiarities to the
S. polygama— C. rubra system in the Mediterranean climate zone.

INTRODUCTION

Galls are abnormal plant structures developed under the stim-
uli of a gall-inducing animal, fungus, bacterium or virus, which
govern tissue neoformation (Mani 1964; Oliveira & Isaias
2010a). The specific plant tissues differentiated at a gall devel-
opment site provide shelter, protection and nutrition to the
gall-inducing organisms and their descendants (Shorthouse
et al. 2005). The ability to induce galls on plants is a specialised
habit within the broad context of herbivorous insects (Raman
2011). The relationship between host plants and their galling
herbivores is highly specific (Abrahamson & Weiss 1997). This
specificity is strongly linked to the choice of site, time of ovipo-
sition, feeding habits of the galling herbivore, local host plant
abundance (Gongalves-Alvim & Fernandes 2001) and the sys-
tems of recognition established with the plant surface traits
(Eigenbrode & Jetter 2002).

In particular, synchronisation with host plant phenology is a
critical event for galling herbivores, as a time lag in synchroni-
sation will determine quality and quantity of available food
resources (Kerslake & Hartley 1997; Yukawa 2000; Oliveira
et al. 2016). Hence, there is a strong tendency in temperate
regions among galling insects towards univoltinism (Weis et al.
1988; Hodkinson 2009), probably due to availability of

responsive tissues being restricted to specific seasons of the year
(Rohfritsch & Anthony 1992). However, multivoltine life cycles
can occur in parasites of evergreen plants; apparently, the avail-
ability of resources and environmental conditions determine
this behaviour (Carneiro et al. 2013; Carneiro & Isaias 2015).

The crucial morphogenetic changes for gall development
involve anatomical and metabolic changes (Rohfritsch 1992).
Accordingly, cell hypertrophy, tissue hyperplasia, inhibition of
some development programmes and cytological changes may
occur (Mani 1964; Oliveira et al. 2011; Ferreira et al. 2017a).
Even though galls are usually observed in plant vegetative
organs (Aradjo ef al. 2011; Isaias et al. 2013; Guimaraes et al.
2014; Mendonga et al. 2014), few studies, particularly into the
development of stem galls and their subsequent effects on this
organ, have been conducted (Ferreira & Isaias 2013), in parti-
cular for plants from Mediterranean climate regions.

Schinus polygama (Cav.) Cabrera (Anacardiaceae) is an ever-
green shrub, previously considered native to Argentina, Brazil
and Chile (Rodriguez 2011), which hosts gall morphotypes on
its leaves and stems (Sdiz & Nunez 1997; Burckhardt & Basset
2000; Moreira et al. 2012; Dias et al. 2013a; Guedes et al. 2016).
The galls induced by Calophya cf. duvauae (Scott) on leaves of
S. polygama have previously described in Brazil (Dias et al.
2013a,b). However, the taxonomy of genus Schinus is confused
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and is under review. Probably S. polygama is distributed in Chile
and in adjacent Argentina and S. engleri (Barkley) in Brazil (D.
Burckhardt, personal communication). In response to this
information, in this work we consider that C. cf. duvauae
induces galls in leaves of S. engleri but not in leaves of
S. polygama, as suggested by Dias et al. (2013a,b).

Usually, plants adjust their phenological events to local cli-
mate conditions, which are followed by the associated galling
organisms (Yukawa & Akimoto 2006). As S. polygama is a
perennial species with potential responsive oviposition sites
throughout the year, its association with gall-inducing insects
with multivoltine life cycles is expected. The galls induced by a
multivoltine insect, C. cf. duvauae on leaves of S. engleri have
been previously been described in the transition zone between
tropical and temperate climates of southern Brazil (Dias et al.
2013a,b). Although phenological adjustments between the host
plant and the galling insect have been studied in the Neotropics
(see Oliveira et al. 2016), the Mediterranean climate has yet to
be investigated; especially the phenological events of the life
cycles of calophyids and S. polygama.

Anatomical studies on galls induced by calophyids have been
restricted to leaf galls (Oliveira & Isaias 2010a; Isaias et al.
2011; Dias et al. 2013a), and anatomical and morphological
characteristics of the conical stem gall on S. polygama have only
recently been described (Guedes et al. 2016). The conical gall
morphotype is the most frequent in stems of S. polygama in the
Mediterranean region of southern Chile (Guedes ef al. 2016). It
is induced by Calophya rubra (Blanchard) (Hemiptera: Psyl-
loidea), which has been described as a bivoltine species in Chile
(Sdiz & Nunez 1997; Burckhardt & Basset 2000).

In leaves of S. engleri, the feeding activity of the co-generic
species, C. cf. duvauae, induces parenchyma homogenisation
and the neoformation of vascular bundles and trichomes (Dias
et al. 2013a). Assuming the gall inducer’s feeding behaviour as
the determining factor for the anatomical peculiarities of the
galls (Stone & Schonrogge 2003), it is expected that the pro-
cesses of cell differentiation and redifferentiation induced by
C. rubra and C. cf. duvauae in the stems of S. polygama and
leaves of S. engleri should be similar. Accordingly, the host organ
should impose morphogenetical and phenological constraints,
which might explain gall peculiarities. To assess these premises,
we linked the phenological and anatomical development of the
conical stem gall with the life cycle of C. rubra, focusing on the
following questions: (i) do distinct climate zones drive distinct
galling synchronisation strategies in the closely related evergreen
host plant species; and (ii) what are the traits of the stem conical
gall over the host stem morphogenetic potentialities? These
questions should address the peculiarities of the S. polygama—C.
rubra system in comparison to a cogeneric galling insect, C. cf.
duvauae and the closely related host plant S. engleri.

MATERIAL AND METHODS
Sampling and collection

The current study was carried out in a population of
S. polygama in Chile, Biobio Region, Nuble Province, Chilldn
Viejo, Chile, kilometer 4 (36°39’32”S, 72°16’43”W, 150 m
a.s.l.), between July 2015 and March 2016. Plant identification
was confirmed by specialists from the Department of Botany at
the University of Concepcion (CONC). A voucher specimen
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was deposited in CONC under accession number 180330.
Meteorological data were obtained from Weatherbase (http://
www.weatherbase.com).

The vegetative phenology was monitored from June 2015 to
December 2016. Ten individuals of S. polygama were randomly
selected, based on the presence of axillary buds and new
branches, which were visually inspected each month. Ten
branches were collected from each tree, stored in plastic bags
and transferred to the Laboratory of Natural Products Chem-
istry at the University of Concepcion. There, each conical stem
gall (CSG; n =5 for each individual, total of 50 galls) was dis-
sected with a razor blade under a stereomicroscope, and
grouped considering the insect instar. Nymphs were collected
and preserved in 70% ethanol and sent to the Naturhistorisches
Museum of Switzerland (NHMB) for species identification.
The insect vouchers are deposited in NHMB under accession
numbers NMB-PSYLL0004268—NMB-PSYLL0004274  and
NMB-PSYLL0004276-NMB-PSYLL0004282.

Sample fragments of non-galled stems (NGS) and CSG, at
four developmental phases, were collected from individuals of
S. polygama (n=15) for anatomical, histometric and histo-
chemical analyses. Galls in four developmental phases were
sorted according to the instar. Growth and development were
assessed in: phase I (GDI), first instar nymphs; phase II (GDII),
second, third and fourth instar nymphs; maturation phase
(MP), fifth instar nymph; and senescent phase (SP), open gall
without insect.

Anatomical and histometric analysis

After each sampling, fragments of NGS and CSG were fixed in
4% Karnovsky (2.5% glutaraldehyde and 4.5% formaldehyde
in phosphate buffer 0.1 M, modified to pH 7.2; O’Brien &
McCully 1981) for 24 h, FAA (37% formaldehyde, glacial acetic
acid, 50% ethanol, 1:1:18, v/v; Johansen 1940) or 2.5% glu-
taraldehyde (Karnovsky 1965) and subsequently stored in 70%
ethanol. Permanent slides were prepared by dehydrating tissue
fragments in an n-butyl series and embedding in Paraplast®
(Kraus & Arduin 1997). Sections were produced using a rotary
microtome (12—18 um), the slides were stained with 0.5% astra
blue and safranin (9:1 v/v; Bukatsch 1972) and mounted in
clear varnish (Paiva et al. 2006).

Histometric and cytometric data were obtained from pho-
tomicrographs of NGS and mature CSG (n=15) using the
AxioVision LE software (CarlZeiss Microlmaging, Jena, Ger-
many). Five different sections were used for each organ and five
measurements were taken for each section. In order to compare
NGS and galls in MP, cortex thickness, height and width of
cells in the NGS and in middle cortices of CSG were measured.

Histochemical analyses

Histochemical analyses were performed for the detection of
polyphenols, lignins, suberin and lipids, according to Ferreira
et al. (2017b). Gall samples in GDI were fixed in Karnovsky’s
solution (Karnovsky 1965) and hand-sectioned. Stem and gall
samples, in GDII and MP, were fixed in Karnovsky’s solution,
embedded in polyethylene glicol (PEG; Ferreira et al. 2014,
2017b) and sectioned in rotary microtomes. Each section (20—
40 pm) was tested with the following reagents: Sudan Black B
and Sudan IV to detect suberin and lipids (Jensen 1962),
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Maule’s test for lignins, iron sulphate and 3% ferric chloride
for polyphenols (Johansen 1940). Blank sections, without stain-
ing, were also mounted and analysed for comparison. Digital
images were obtained with an optical photomicroscope Zeiss®
Primo Star.

Statistical analysis

Student’s t-test was used to compare NGS and CSG for each of
the independent variables. Data normality was verified with the
Shapiro—Wilk test. Levels of significance for all statistical analy-
ses were carried out using InfoStat version 2016, considering
P <0.05 (Rienzo et al. 2013).

RESULTS
Schinus polygama and gall description

Schinus polygama (Fig. 1A) individuals grow throughout the
year, with a sprouting peak during spring (September—
November). Inflorescences are produced in the middle of
spring and fruiting occurs during the dry season (Decem-
ber—January). Four gall morphotypes were observed on
S. polygama: one bud gall and one fusiform stem gall
induced by Lepidoptera: Cecidosidae (Fig. 1B, C), one glo-
boid leaf gall induced by Calophya mammifex (Burckhardt
& Basset; Psylloidea; Fig. ID) and a conical stem
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morphotype (Fig. 1E): the main focus of this study. This
conical gall is induced by the first-instar nymphs of C. rubra
in young stems of S. polygama.

The CSG of C.rubra occur in young stems (Fig. 1E),
petioles (Fig. 1F) and occasionally leaves (Fig. 1G). Galls at
the beginning of GDI are small conical protuberances with
a large amount of white trichomes emerging from the tip
centre (Fig. 1E). Conical stem gall colour varies slightly,
from green at the beginning of GDI (Fig. 1E) to brown in
almost all gall development stages (Fig. 1H). Through GDII,
trichomes turn coppery and disappear at the end of the
MP. The GD and MP are characterised by an increase in
gall size, and change in shape at the end of MP, when the
gall turns from conical (Fig. 1E) to globose (Fig. 1H). At
this time, the gall breaks, with an apical cross-shaped open-
ing (Fig. 1I). Grouped galls induced by C. rubra can occur,
and in this case, they take varied and indefinite forms, and
each gall shelters one chamber with a single galling insect;
insects of distinct gall chambers are often in different
instars. Senescent galls remain on the stems and the cross-
shaped opening can be still observed (Fig. 11).

Gall phenology

Gall growth and development started in November and lasted
until the following October. Between December and July, only
the first three instars are observed in galls, indicating a period

Fig. 1. Galls on Schinus polygama (Anacardiaceae). (A) Host plant in natural habitat. (B) Stem branch with bud galls. (C) Stem branch with fusiform galls. (D)
Mature leaf with several globoid galls. (E-I) Conical galls induced by Calophya rubra: (E) on a stem, at the beginning of growth and development, with white
trichomes emerging from its tip centre (arrow), (F) on petioles, (G) on the leaf (arrow), (H) mature globoid galls. (I) Senescent gall with the cross-shaped open-

ing. Scale bars: F: 2 mm; C, D, H: 5 mm; G: 0.5 ¢cm; E: 1 ¢cm; I: 1.5 cm; B: 10 cm.
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of slow insect development due to diapause. The diapause per-
iod coincides with the driest months (December to February)
and warmest (January), wettest (June) and coldest (July; Fig. 2)
times, typical of the Mediterranean climate of southern Chile.
From August to November, coinciding with the peak of leaf
sprouting, all instars were observed, with prevalence of the
fourth and fifth instars. The presence of different instars of
C. rubra during the sampled time indicates an asynchrony in
the oviposition of the female; it appears that the species is uni-
voltine. In early October, some galls reached maturation, which
lasted until December when the last senescent galls were
recorded. Gall maturation occurred during the flowering stage
of S. polygama, which begins in October and lasts until
December.

Anatomical features of the host stem

The host stems can be divided into cortex, vascular system and
pith (Fig. 3A), from the outer to the inner regions. Externally,
the bark of S. polygama is flaky and grey, but in an anatomical
cut, the phellogen and phelloderm could not be clearly dis-
cerned (Fig. 3B). The phellem consists of two or more layers of
polygonal cells (Fig. 3B, C). The cortex is seven- to 22-layered
(Fig. 3C), with elongated and narrow cells that containing
lipids and polyphenols (Fig. 3D, E). Secretory ducts and peri-
cyclic fibres are distributed within the cortical parenchyma
(Fig. 3C). The secondary xylem has vessel elements and numer-
ous fibres (Fig. 3F). Vessel elements are interspaced with radial
parenchyma cells and xylem fibres with lignified cell walls
(Fig. 3F, G). Both secondary phloem and xylem parenchyma
cells contain polyphenols (Fig. 3G). The pith is cylindrical, with
polygonal to globose cells and lignified walls (Fig. 3H).

Anatomical and histometrical features along gall development

Opviposition takes place through leaf gaps (parenchymatic space
in the vascular cylinders of primary stems, occurring in regions
of leaf trace divergence), in the stem cortex or in parenchyma
of the axillary bud (Fig. 4A, B). The start of the first instar
nymph feeding stimulates hyperplasia and hypertrophy of cor-
tical cells (Fig. 4C). The enveloping cortical emergences then
curve, covering the nymph, which becomes enclosed inside the
gall chamber. There is no tissue welding in the contact of the
emergences, but only the overlapping with trichomes, which
originate from modified epidermal cells (Fig. 4C). In GDI
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Fig. 2. Monthly record of temperature and precipitation average of Chillan,
Chile, in the period 2010 to 2016 (Data from http://www.weatherbase.c
om)
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phase, three tissue layers — the inner, middle, and outer cortex
— are observed in the gall wall, formed from the covering tis-
sues (Fig. 4C). The epidermis can still be observed during this
phase (Fig. 4D); however, its replacement by phellem with
deposition of suberin was detected (Fig. 4E). The outer cortex
is continuous to the stem cortex (Fig. 4F). The middle cortex is
formed from parenchyma with large polygonal cells without
phenols (Fig. 4G). New vascular cells redifferentiate within the
gall middle parenchyma and connect to those of the host organ
through radial parenchyma (Fig. 4H). Few neoformed vascular
units are observed at the GDI, which formed from vascular
bundles that develop into vascular cambium. Neoformed vas-
cular units are interspersed with cortical parenchyma and sur-
round the stem secondary vascular system and nymphal
chamber, to which it is oriented (Fig. 4H). The inner cortex
surrounds the nymphal chamber (41) and has periclinally elon-
gated cells containing phenols and lipids (Fig. 4], K). Secretory
ducts are rarely observed in gall development sites. The apical
portion of the gall is not vascularised and has isodiametric par-
enchyma cells.

The most relevant changes observed at the end of GDII are
an increase in gall size and number of neoformed vascular
units, particularly phloematic units. The deposition of phenols
increases in the inner cortex, and these accumulate in some
cells of the middle cortex (Fig. 4L). Lipids are present through-
out the gall parenchyma (Fig. 4M). An increase in vascular
units is accompanied by the development of large vascular par-
enchyma cells in the middle cortex (Fig. 4N). The epidermis is
totally replaced by the periderm, and deposition of suberin
(phellem) is observed (Fig. 40).

In the MP, phenolics accumulate in all three layers of the gall
cortex (Fig. 4P). At this phase, large vascular units with lipid-
rich parenchyma cells, without phenolics, are observed
(Fig. 4Q, R). At the end of MP, the nymph of C. rubra com-
pletely occupies the nymphal chamber, and its terminalia are
arranged towards the ostiolar opening. Presumably, the pres-
sure exerted by the terminalia on the ostiolar opening causes
the cross-breaking of the gall. Then, the fully mature C. rubra
adult emerges and the galls enter in the SP, when suberisation
occurs in the ostiolar opening, inner and middle cor-
tex (Fig. 4S). Finally, senescent galls become totally wilted and
dry, but remain attached to the stem.

The thickness of cortical layers significantly increases
throughout gall development in comparison to the NGS
(Fig. 5A). In addition, there is hypertrophy of cells of the mid-
dle cortex, which increase in diameter and height with regard
to cortex cells of the NGS (Fig. 5B, C).

DISCUSSION

Phenological adjustments favouring the univoltine gall life
cycle

Current analyses could diagnose phenological adjustment
between S. polygama and C. rubra in the population herein
evaluated. This means that there is a synchrony: the insect
reproductive maturation must match the most relevant host
plant phenological stages for its development (Yukawa & Aki-
moto 2006; Van Asch et al. 2007). Currently, C. rubra time for
oviposition coincides with S. polygama leaf flushing, which
seems to be a successful strategy for completion of its life cycle
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Fig. 3. Stem anatomy of Schinus polygama (Anacardiaceae). (A) Cross-sec-
tion of young stem with secondary growth. (B) Phellem layers with suberin
stained black. (C) Multilayered cortex and phellem. (D, E) Cortex cells: (D) lipid
droplets (arrows) stained black, (E) phenolics stained black. (F) Fibres on sec-
ondary xylem stained red. (G) Phenolics in secondary phloem and xylem par-
enchyma cells stained black. (H) Rounded pith. Staining: (A), (C), (H) astra blue
and safanin; (B), (D) Sudan black B; (E), (G) iron(ll) sulphate; (F) Maule’s
reagent. Abbreviations: Cx: cortex, Fb: fibres, Pi: pith, RP: radial parenchyma,
SD: secretory ducts, SPh: secondary phloem, Su: suberin, SX: secondary xylem,
VE: vessel elements, (*) lenticel. Scale bars: B-E, G: 50 um; A, F, H: 200 um.

(Hodkinson 2009). Such synchrony has been previously
observed for other Neotropical gall systems, such as Copaifera
langsdorffii (Jacq.) (L.)-Cecidomyiidae (Oliveira et al. 2013),
Aspidosperma macrocarpon (Mart)— Pseudophacopteron longi-
caudatum (Malenovsky, Burckhardt, Queiroz, Isaias & Oli-
veira) (Phacopteronidae) (Castro et al. 2013), Aspidosperma
australe (Mull.Arg.)— Pseudophacopteron aspidospermii (Malen-
ovsky,  Burckhardt,  Queiroz, Isaias &  Oliveira)
(Phacopteronidae) and Aspidosperma spruceanum (Miull.Arg.)—
Cecidomyiidae (Campos et al. 2010). The period of leaf flush-
ing corresponds to the preferred time for gall induction,
because young tissues are more responsive to the galling
insects’ stimuli (Rohfritsch & Anthony 1992).

As sessile organisms, it is expected that plants adjust their
phenological events to local climate conditions, which are fol-
lowed by the associated galling organisms (Yukawa & Akimoto
2006). For Psylloidea in the Neotropics, the availability of
resources and environmental conditions favour multivoltine
life cycles (Weis et al. 1988; Lima 2008; Dias et al. 2013a,b). In
southern Brazil, C. cf. duvauae establishes a multivoltine life
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cycle associated with S. engleri (Dias et al. 2013b). Nevertheless,
the Mediterranean climate seems to impose a distinct pheno-
logical strategy for C. rubra, which has established a univoltine
life cycle with gall induction restricted to spring. Based on the
fact that diapause provides the timing and synchronisation
mechanisms through which psyllids are able to survive unfa-
vourable periods (Canard 2005; Hodkinson 2009), we propose
that the climate conditions of the Mediterranean region limit
C. rubra nymph activity during unfavourable periods, and
could determine a diapause period and the univoltine life cycle.

For C. rubra, once diapause is broken, feeding and develop-
ment resume in spring, with adult emergence soon afterwards,
during the flowering period of S. polygama. This behaviour has
been observed among insects associated with temperate ever-
green plants, such as Strophingia ericae (Curtis) on Calluna vul-
garis (L.) (Hodkinson ef al. 1999) and Psylla buxi (L.) on Buxus
(Hodkinson 2009), and could imply a period of adequate avail-
ability of host plant resources (Yukawa & Akimoto 2006). In
general, at the onset of reproduction, plants increase the alloca-
tion of resources to reproductive stems, resulting in an increase
in the quality of phloem sap in flowering/fruiting parts (Salis-
bury & Ross 1992; Quental et al. 2005), which might indirectly
determine maturation of the CSG and the hatching of C. rubra.

Traits of stem conical gall throughout its development

The site of CSG establishment, the cortical parenchyma, has the
most plastic plant cells, which retain the capacity to reassume
meristematic activity and redifferentiate (Lev-Yadun 2003). Due
to the parenchyma cells potential large pool of cell responses to
galling stimuli (Oliveira & Isaias 2010a; Ferreira & Isaias 2013),
leading to cell hypertrophy and hyperplasia, feeding sites for the
nymphae and the major parts of the gall wall are produced. The
gall wall is a consequence of curvature of the tissues around the
nymphae, characterising a covering gall (Shorthouse & Roh-
fritsch 1992), which develops through proliferation of the epi-
dermal and outer cortical cells after gall induction in the stem
surface (Shorthouse & Rohfritsch 1992; Isaias et al. 2014a), and
may also have trichomes in the ostiolar opening.

Typical gall-inducing phloem feeders are able to modify the
organisation of their main feeding site, the plant vascular tissues,
toward an increment in food supply (Wool 2004; Alvarez 2011;
Alvarez et al. 2014, 2016; Munoz-Viveros et al. 2014; Ferreira
et al. 2017a). The vascular units differentiated within the gall
cortex, mostly phloem elements and vascular parenchyma cells,
guarantee the requirements for water and nutrients (Guedes
et al. 2016) of C. rubra, since phloem is their food source (Wool
et al. 1999). The increase in number of vascular units during
MP is a functional response to increased trophic activity of the
inducer during this phase (Isaias et al. 2014a), when it actively
feeds on phloem cells (Kraus 2009). Stem galls have a well-devel-
oped vascular parenchyma, probably because gall-inducing Psyl-
loidea can also feed on non-vascular tissue, such as vascular
parenchyma (Shorthouse & Rohfritsch 1992; Raman 2012).
Also, the role of the vascular parenchyma in the loading and
unloading of sieve tubes is responsible for photoasimilate trans-
port and favours insect nutrition. Therefore, neoformed phloem
cells are essential for inducer nourishment and for the mainte-
nance of gall cellular machinery (Dias et al. 2013a).

The morphological changes in C.rubra galls on
S. polygama are followed by alterations in colour, shape and
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Fig. 4. Development of galls of Calophya rubra (Psylloidea) on the stem of Schinus polygama (Anacardiaceae). (A) Cross-section of a young stem, showing
establishment site of C. rubra (*). (B) Longitudinal section of axillary bud, showing establishment site of C. rubra (*). (C) Cross-section of young conical stem
gall with tissue hyperplasia and cell hypertrophy. (D—K) Cross-section of galls in GDI: (D) phellem formation pushed the epidermis, (E) detail of phellem detected
with suberin in black, (F) continuum between the gall outer cortex and the stem cortex, (G) middle cortex with large polymorphic parenchyma cells, (H) neo-
formed vascular unit joining those of the stem. (I-K) Inner cortex: (I) periclinally elongated cells, (J) phenolics stained black, (K) lipid droplets stained red. (L-O)
Cross-section of galls in GDII: (L) middle cortex cells containing phenols (reddish), (M) lipid droplets in gall parenchyma stained black (arrows), (N) basal region
of the gall, highly vascularised and with vascular parenchyma cells, (O) suberin deposition detected in black. (P-R) Cross-section of mature galls: (P) apical
region of gall with parenchyma cells containing phenolics (reddish), (Q-R) vascular parenchyma cells: (Q) negative reaction to polyphenols using iron(lll) chlo-
ride reagent, (R) lipids detected in black. (S) Phellem in the inner and middle cortex of a senescent gall. Staining: A-D, F-I, L, N, P, S astra blue and safranin; E,
M, O, R Sudan black B; J, Q iron(lll) chloride; K Sudan red B. Abbreviations: AM: apical meristem, CP: cortical parenchyma, Cx: cortex, Ep: epidermis, GCX: gall
cortex, ICx: inner cortex, Le: leaf, LG: leaf gap, LT: leaf trace, MCx: middle cortex, NCh: nymphal chamber, OCx: outer cortex, Pi: pith, SPh: secondary phloem,
StCx: stem cortex, StVS: stem vascular system, Su: suberin, SX: secondary xylem, StVS: stem vascular system, VPC: vascular parenchyma cells VS: vascular sys-
tem, VU: vascular unit. Scale bars: D, E, G, I-K, M: 50 um; F, H, L, N-P, Q-S: 200 um; A-C: 500 um.
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Fig. 5. Cytological and histometric analyses of cross-sections of non-galled stem (NGS) of Schinus polygama (Anacardiaceae) and mature conical stem galls
(CSG) of Calophya rubra (Psylloidea). Bars with different letters are significantly different (Student’s t-test, P < 0.05).

increases in size, which have been associated with the devel-
opmental stage of the gall and the age of the host organ at
the time of oviposition, among other features (Isaias et al.
2014b). For CSG, the transition from conical to globoid
shape has been associated with changes in water status of
the host plants (Saiz & Nunez 2000). Currently, changes in
shape have also been associated with the degree of gall mat-
uration and development of the galling insect, which reaches
the fifth instar inside the gall.

Change in colour is a natural process linked to stem aging,
and it similarly occurs in galls — from green to brown. Along
stem and during gall maturation, there is a gradual decay of
photosynthetic pigments in deeper tissues (Pilarski et al. 2007),
which explains the colour changes. Accordingly, colour alter-
ation in the CSG on S. polygama could be stimulated by varia-
tions in the balance between photosynthetic pigments and
anthocyanin, as observed during aging in other lignified plant
tissues and species (Pilarski et al. 2007).

During late MP and SP, all tissues surrounding the nymphal
chamber degrade as a result of the end of the cell cycles. The
peculiar trichomes of the gall aperture are detached either by
the pressure exerted by the insect terminalia on the ostiolar
opening, which could facilitate the exit of the adult of C. rubra,
or by the end of gall-inducing insect feeding stimuli, as
described for S. engleri—C. cf. duvauae (Dias et al. 2013b) and
Lantara camara (L.)-Aceria lantanae (Cook) (Moura et al.
2009) systems.

Gall structural peculiarities regarding stem morphogenetical
potential

Galling psyllids, such as C. rubra, feed by inserting their stylets
into parenchyma or phloem cells (Hodkinson 2009), and
induce minor modifications in their host plant tissues, thereby
producing simple galls with high anatomical similarity to the
host organs (Oliveira & Isaias 2010a). Nevertheless, on a quan-
titative basis, the CSG traits imply gains over the NGS towards
C. rubra success.

Qualitative analysis has elucidated gall developmental steps
under the low plasticity of host stems (Formiga et al. 2015). As
stems have low plasticity when compared to leaves, galls must
develop under major morphogenetic constraints to deviate
from the ordinary pattern of the host organ (NGS; Formiga
et al. 2015). The absence of alterations in the phellem, secretory

ducts and pith are indicative traits of the S. polygama stem that
probably cannot be maniputated by C. rubra. In fact, the devel-
opment of secretory ducts is usually conservative in gall devel-
opment on distinct host plant species (Arduin et al. 2005; Dias
et al. 2013a; Amorim et al. 2017; Ferreira et al. 2017a). Regard-
ing the outer protective cell layers, the suberised cell walls of
the phellem in CSG on S. polygama is a pre-existing ordinary
development pathway of plant secondary stems (Esau & de
Morretes 1974), which may be positive for plant survival in the
hot and dry summers of the Mediterranean climate of Chile
(Giorgi & Lionello 2008). Moreover, suberisation and lignifica-
tion confer physiologically important plant-environment
interfaces, as suberin and lignin may act as barriers that limit
water and nutrient transport and protect plants from invasion
of pathogens (Franke & Schreiber 2007). Likewise, the presence
of lignins in perivascular fibres, secondary xylem and pith par-
enchyma of NGS is important for plant support as well as for
waterproofing (Boerjan et al. 2003), as suberisation and lignifi-
cation in cell walls can affect radial water transport (Franke &
Schreiber 2007). Another peculiarity of the CSG cells is the
non-lignification of the perivascular fibres and secondary
xylem, which may favour the feeding of C. rubra. Accordingly,
the stem gall on S. polygama combines the stimuli of C. rubra
and the morphogenetic constraints of the host stems, which
result in the CSG.

In the Neotropics, psyllid galls are generally parenchymatic
(Isaias etal. 2011, 2014b; Dias et al. 2013a; Formiga et al.
2015). In particular, the feeding activity of C. cf. duvuaue
induces parenchyma homogenisation and the neoformation of
few vascular bundles and trichomes in leaves of S. engleri (Dias
et al. 2013a). As a peculiarity, the CSG induced by C. rubra on
S. polygama seem to be structurally more complex than the leaf
galls induced by C. cf. duvuaue. Non-homogenous and highly
vascularised hyperplasic parenchyma, neoformation of vascular
units and vascular parenchyma cells are the major differences
to the leaf galls induced by C. cf. duvuaue.

The accumulation patterns of primary and secondary
metabolites in gall tissue compartments are commonly related
to both gall-inducing taxa and feeding behaviour (Braganga
et al. 2017). In the CSG, polyphenol accumulation in the outer
compartment seems to vary during gall development, due to
the influence of the biotic stress of gall induction over their
biosynthesis (Trabelsi et al. 2012). The major detected polyphe-
nol in the CSG on S. polygama, pyrogallol, is thought to act in

Plant Biology 20 (2018) 507-515 © 2018 German Society for Plant Sciences and The Royal Botanical Society of the Netherlands 513



Relationship between Schinus polygama (Anacardiaceae) and Calophya rubra (Hemiptera: Psylloidea)

chemical defence against natural enemies (Guedes et al. 2016).
Nevertheless, polyphenols may also play important roles in
developmental, physiological and structural processes (Hatten-
schwiler & Vitousek 2000; Lattanzio et al. 2006).

In the inner compartment of CSG, lipids accumulate, which
implies similarity to other galls induced by phloem-sucking
insects (Oliveira et al. 2006; Oliveira & Isaias 2010b). However,
while for these systems lipid accumulation has been related to
the maintenance of gall structure, we here assume an indirect
participation in C. rubra nutrition, since lipid accumulation
was observed in phloem cells. Fatty acid precursors related to
the increment in nutritional value have been detected in the
CSG tissues (Guedes et al. 2016), which is in accordance with
histochemical detection of lipids in the outer and inner tissue
compartments in a centrifugal gradient throughout CSG devel-
opment. These high-energy metabolites cannot be directly used
by C. rubra, but their location should be related to loading and
unloading of sieve tubes, the actual feeding site of C. rubra.
Current results of phenol and lipid accumulation in both NGS
and CSG could indicate that C. rubra is favoured by the pres-
ence of these metabolites in the host stems of S. polygama. Thus,
C. rubra can over-stimulate lipid and phenol synthesis pathways
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