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Abstract. Mistletoes are parasitic plants that penetrate the host branches through a modified root and connect to their
xylem to acquire nutrients and water. Under mistletoe infection, resources that would otherwise be used by the host are
stolen by the parasite. Our aim was to compare leaf morpho-physiological traits between healthy uninfected branches
and mistletoe-infected branches of a Neotropical tree species (Handroanthus chrysotrichus (Mart. ex DC.) Mattos —
Bignoniaceae). We also investigated differences between mistletoe and host leaf traits. Morphological (petiole length and
thickness, leaf area and thickness, and specific leaf area) and physiological leaf traits (pre-dawn and midday water potential)
were measured in 10 individuals infected with the mistletoe Phoradendron affine (Pohl ex DC.) Engl. & K.Krause
(Santalaceae). Mistletoes showed smaller and thicker leaves with lower pre-dawn and midday water potential, suggesting that
mistletoes are more profligate water users than the host. Host leaves from infected branches were scleromorphic and showed
stronger water-use control (less negative water potential) than host leaves from uninfected branches. Our results indicated
that leaves from infected branches shifted to a more conservative resource-use strategy as a response to a water and nutrient

imbalance caused by mistletoe infection.
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Introduction

Mistletoes are parasitic plants that attach to the trunk or shoots
of trees, establishing a close association with the host xylem
tissue to obtain water and mineral resources for their development
and survival (Escher et al. 2008). Therefore, because mistletoes
essentially depend on water and mineral resources acquired
from the host xylem (Calder and Bernhardt 1983; Press and
Graves 1995), they need to outcompete their hosts successfully,
by displaying more efficient water- and nutrient-acquisition
strategies (Scalon and Wright 2015). In a manner similar to
that of some herbivores (such as sap-tapping aphids), mistletoes
alter resource allocation and compete with the host sinks
(Orozco et al. 1990; Meinzer et al. 2004). Mistletoes usually
exhibit higher transpiration rates than hosts, to maintain a strong
water-potential gradient and convert the mistletoe hydraulic
system into a sink, shifting water and nutrients from the host
to the mistletoe (Ehleringer et al. 1986; Scalon et al. 2016a). This
strategy suggests that the success of an infection relies on the
capacity of the hemiparasite to display a set of leaf morpho-
physiological traits that would favour resource acquisition
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(Liittge et al. 1998; Bowie and Ward 2004), ensuring the flow
of the host sap to the mistletoe. Indeed, marked differences
between mistletoe and host physiology have been reported.
For instance, mistletoes usually show higher transpiration rates
and stomatal conductance, but lower carbon assimilation and
specific leafarea (Ullmann et al. 1985; Escher et al. 2004; Glatzel
and Geils 2009).

Given this set of physiological and morphological
adaptations, resources are translocated to the hemiparasite,
which could have a detrimental effect on the host leaves
(Glatzel 1983; Glatzel and Geils 2009). The amount of
nutrients and water reaching the host meristems might be
affected, resulting in significant structural and physiological
changes in newly formed leaves. Under low resource
availability, such as water deficit and nutrient deficiency, plants
are expected to invest less in growth and build leaves with traits
leading to a more conservative resource use (i.e. sclerophyllous
leaves, lower leaf area, lower specific leaf area, and stronger
stomatal control; Niinemets 2001; Wright et al. 2004; Rossatto
and Kolb 2009).

www.publish.csiro.au/journals/ajb
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Hemiparasite infections may affect individual branches of
the host tree, or even the entire host canopy, depending on the
relative size of the mistletoe and the host (Kuijt 1969). Mistletoes
have been shown to cause changes in host allometry, growth
and reproduction (Press and Phoenix 2005), gas exchange and
water balance (Meinzer et al. 2004), and even host survival
(Reid et al. 1992). Conversely, other studies have found very
limited change between infected and non-infected host plants,
especially in carbon assimilation and carbon balance (Reblin
et al. 2006; Logan et al. 2013). Despite being debated in the
literature, morpho-physiological responses of hosts to mistletoe
infections remain under-investigated.

Most common hemiparasitic plants belong to the family
Santalaceae, which comprises 44 genera and 950 species
globally that mainly occur in tropical and subtropical regions.
Santalaceae species are classified into root or aerial-shoot
hemiparasites, according to where their haustorium (modified
root) connects to the host (Judd er al. 2016). The genus
Phoradendon (67 species) is the most widely distributed and
common hemiparasite genus in Brazil (Arruda et al. 2012).
Phoradendron plants are frequently found in many host species
from forests and savannas, and are reported to cause significant
branch mortality over short time scales (Arruda et al. 2012).

Many recent studies have focused on physiological
differences between hemirapasites and host leaves (Bannister
and Strong 2001; Scalon et al. 2013, 2016a; Scalon and Wright
2015), but few studies have assessed morpho-physiological
differences between leaves of infected and non-infected
branches (Arruda et al. 2012; Scalon et al. 2013). The present
study had the following two main objectives: (1) to compare
resource allocation strategies of mistletoe leaves and healthy
host leaves; and (2) to test whether host leaves from infected
branches would show distinct morphological and physiological
traits compared with leaves of healthy non-infected branches.
We hypothesised that mistletoe leaves would show less-
conservative water use than host leaves, because they acquire
water and nutrients directly from the host, and thus do not need
to be conservative. We also expected that host leaves from
infected branches would show a more conservative resource-
use strategy (lower leaf area, higher thickness, lower specific
leaf area, and better control of water resources) than leaves on
healthy, uninfected branches, because of the resource imbalance
caused by mistletoes directly retrieving nutrients and water
from the infected host branches.

Materials and methods

Studly site

The present study was undertaken at Faculdade de Ciéncias
Agrarias e Veterinarias, UNESP, Jaboticabal, SP, Brazil, during
November 2015 (the wet season). The study site (an Handroanthus
sp. grove; see Chaves ef al. 2016 for more details) was located at
21°14/39.37"S and 48°18'01.60"W. Average annual precipitation
in the study area is ~1420 mm (historic average for the period
1971-2010), with a marked dry season between June and August.

Studied species and morpho-physiological traits

We selected 10 adult individuals of the host Handroanthus
chrysotrichus (Mart. ex DC.) Mattos (Bignoniaceae) infected
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by the mistletoe Phoradendron affine (Pohl ex DC.) Engl. and
K.Krause (Santalaceae). Handroanthus chrysotrichus is the
preferred host species of the mistletoe P. affine (~60% of
H. chrysotrichus in parks and urban areas are infected by
P. affine according to Maruyama et al. 2012). Each sampled
tree had only one attached P. affine individual, and, for each
H. chrysotrichus individual, we selected one branch with and
one without the presence of the hemiparasite. All individual
hosts were similar in size (mean =+ s.d.: DBH=16.39 +4.32 cm),
and the selected branches were at a similar height (mean =+ s.d.:
4.0 £ 0.25 m). Branches were also exposed to similar irradiance
conditions (mean +s.d.: infected branch= 1400+ 235 pumol
m s '; and uninfected branch= 1389 4 325 umolm 2s ).

We sampled five morphological and two physiological leaf
traits related to nutrient and water use (Pérez-Harguindeguy
et al. 2013). For the morphological traits, we measured leaf
thickness (LT), leaf area (LA), specific LA (SLA, the ratio
between LA and leaf dry weight), petiole length (PL) and
petiole thickness (PT). Leaf thickness, LA and SLA are
generally related to resource availability, so that high LA
and SLA are generally favoured if nutrients and water are
not limited, whereas low LA and SLA are common in
environments under resource limitation (Wright et al. 2001).
Petiole traits (PL and PT) are related to the amount of nutrients
available to build the leaves, and are also good indicators
of how plants use and capture light (Capuzzo et al. 2012).
To understand physiological strategies related to water
resources, we measured leaf water potential at pre-dawn
(\ljpre-dawn) and at mldday (\ljmidday)- Values of lere—dawn
close to zero indicate that plants have recovered their
water status during the night and are not under water stress;
YWinidday values indicate how plants have used water during
morning photosynthesis, indicating transpiration rates
(Bucci et al. 2005). We also calculated the variation in y
(AY: Winidday — Wpre-dawn), as a proxy for the degree of stress
and amount of water available for photosynthesis (Rossatto
et al. 2013).

All traits were measured on one fully expanded sun leaf
from the mistletoe, and two from the host, one growing in an
infected branch and the other on an uninfected branch. Leaf
thickness (in mm), PL (in mm) and PT (in mm) were measured
using digital callipers (Mitutoyo, 0.001-mm precision). Leaves
were scanned (HP Scanjet 200, Hewlett Packard, Brazil) and
their LA (cm?) was determined using the software Image J
(Abramoff et al. 2004). Leaves were dried for 72h at 70°C,
and weighed to calculate SLA (in cm® g ', the ratio between LA
and dry weight). Leaf water potential (in MPa) was determined
with a Scholander pressure chamber (PMS Model 1505D-
EXP, PMS Instrument Company, Albany, OR, USA) at pre-
dawn (0400 hours to 0500 hours) and midday (1200 hours to
1300 hours).

Statistical analysis

We used the software R version 3.0.1 (R Development Core Team
2015) for all statistical analyses. Univariate and multivariate
data normality was checked with Shapiro—Wilk tests, which
is appropriate for small sample sizes (Quinn and Keough
2002). We used the package mvnormtest (Jarek 2009) for the
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multivariate test. Univariate homoscedasticity was checked
using Bartlett’s test, and multivariate variance—covariance
homogeneity was checked using Box’s M test in the ‘biotools’
package (Silva 2014). We performed a multivariate ANOVA
(MANOVA), followed by paired Student’s r-tests to test for
differences in leaf morpho-physiological traits between mistletoes
and hosts, and between infected and uninfected branches
within the host. We also tested for differences in bivariate
relationships between log;o-transformed leaf traits by using the
software SMATR (Warton et al. 2012). Relationship strength
was quantified using correlation 72, whereas relationship slopes
were described and compared using standardised major-axis

(@)
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(SMAs) slopes. For all tests, differences were considered
significant at P <0.05.

Results

Miistletoe and host leaves

Mistletoe and host leaves were different for all traits evaluated
in the study (MANOVA, F(; 14,=20.31, P<0.001). Mistletoes
showed thicker and smaller leaves, reflected in lower
SLA (Figs 1, 2). In addition, mistletoes also showed a higher
amplitude in water potential (Ay) during the day and more

(b)

Fig. 1. Leaves from branches of Handroanthus chrysotrichus that are (a) uninfected and (b) infected with the mistletoe Phoradendron affine. Scale
bar=2cm.
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Fig.2. Pair-wise comparisons between the mistletoe Phoradendron affine and the host Handroanthus chrysotrichus for specific leaf area (SLA), leaf area, leaf

thickness, amplitude of daily variation in water potential (Ay), pre-dawn and midday water potentials (Wpre-dawn and Wiidaay Tespectively). P-values from

paired Student’s -tests are shown.
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negative pre-dawn and midday water potential than healthy
uninfected host leaves (Fig. 2).

Infected and uninfected host leaves

We found significant differences between infected and
uninfected host leaves when considering all traits together
(MANOVA, F{ 14,=6.37, P=0.009). Although there was no
difference in LT, parasitised branches showed smaller leaves,
which was reflected in a lower SLA (Fig. 3). Leaves from the
infected branch also showed shorter and thinner petioles,
evidencing another morphological difference in the general
structure of the leaves (Fig. 3). Interestingly, leaves from the
infected branch showed a lower amplitude in water potential
(Ay) during the day and more negative Wpregawn, but higher
Widday (Fig. 3), suggesting a stronger response to water-deficit
stress.

Bivariate relationships

There was a correlation between SLA and leaf thickness for
leaves from healthy non-infected branches (r2 =0.42, P=0.023,
SMA slope (B 4= 95% confidence interval): —0.50 (—0.89, -0.27);
Fig. 4) and for mistletoe leaves (+*=0.17, P=0.042, SMA slope
(B£95% confidence interval): —1.42 (-1.81, —0.71); Fig. 4).
There was no relationship for leaves from infected branches
(**=0.048, P=0.542; Fig. 4), which suggests that, for a given
LT, LA decreased disproportionally when the branch was
parasitised by a mistletoe. Standardised major-axis slopes
differed between groups (P=0.02), with mistletoes showing a
steeper relationship; i.e. for a 10-fold increase in LT, host leaves
from uninfected branches showed only 3.2-fold decrease in
SLA, whereas mistletoe leaves showed 26-fold decrease in
SLA (Fig. 4).

Similarly, there was a strong correlation between Ypre-gawn
and Yigday in leaves from non-parasitised branches (r2 =0.63,
P=0.019, SMA slope (B & 95% confidence interval): 2.60 (1.46,
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Fig. 3.
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4.65); Fig. 5) and mistletoes (+*=0.46, P=0.045, SMA slope
(B £95% confidence interval): 4.10 (2.08, 8.04); Fig. 5). In
leaves from parasitised branches, Ypre-dawn and Winigday Were
uncorrelated (*=0.14, P=0.350; Fig. 5). Standardised major-
axis slopes did not differ significantly between the groups
(P=0.47, common slope (f £95% confidence interval): 2.55
(1.60, 4.01)), but the relationships differed in elevation (Wald-
statistic: 24.67; P<0.001), with uninfected branches showing
higher Widday fOr a given Wpre_gawn. Groups were also shifted
along the common axis (Wald-statistic: 6.32; P=0.042), with
mistletoes showing lower Wpre-gawn and Winigday, but maintaining
the same relationship (Fig. 5).

Discussion
Mistletoe and host differences

Mistletoe leaves differed from host leaves for all studied traits.
The trait differences corroborated our first hypothesis that
mistletoe leaves would show less-conservative water use than
the host leaves (Fig. 2). However, morphological leaf traits of
P. affine suggested a conservative resource-use strategy (such as
higher LT, and lower LA and SLA), contrasting with the more
acquisitive patterns of the host species (higher SLA, and lower
LT). The conservative strategy implies that the leaves can
live longer, providing better resource storage and recycling in
a resource-limited environment (Wright et al. 2004). Despite
having access to potentially less costly nutrients that are
transferred directly from the host xylem, and not needing to
invest in a complex root system, the hemiparasitic life form may
impose specific constraints in leaf morphological traits (Stewart
and Press 1990). For example, increasing leaf succulence could
also be a limitation imposed by the mistletoe life form to keep
ion concentration at a tolerable level (Popp et al. 1995). To
achieve lower leaf water potential than that of their hosts,
mistletoes need to accumulate great quantities of osmolytes
and have succulent fleshy leaves with a higher water-storage
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Pair-wise comparisons between leaves of Handroanthus chrysotrichus from branches uninfected and branches infected with the mistletoe Phoradendron

affine for specific leaf area (SLA), leaf area, leaf thickness, petiole thickness, petiole length, amplitude of daily variation in water potential (Ay), pre-dawn and
midday water potentials (Wpre-dawn a0d Winidday respectively). P-values from paired Student’s #-tests are shown.
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capacity (Ehleringer et al. 1986; Whittington and Sinclair 1988;
Richter and Popp 1992; Popp et al. 1995). Indeed, despite the
conservative aspects of the leaf morphology, we found more
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negative values of both pre-dawn and midday water potential for
the mistletoe leaves (Figs 1, 5). Additionally, we found that
the mistletoe showed a higher Ay than its host, which could
be a mechanism to increase water flow during the hours of
the day where transpiration demand is higher (Scalon et al.
2016a).

Mistletoes from the Loranthaceae family have been shown to
be very inefficient in resource use, which is proposed to be
a consequence of their unique life form (Scalon and Wright
2015; Scalon et al. 2016b). The patterns found for the
Santalaceae mistletoe studied here were similar, suggesting
that mistletoe leaf traits could be constrained by the life form,
or even by evolutionary aspects, because the group formed by
Santalaceae—Opiliaceae is a sister group of Loranthaceae (Der
and Nickrent 2008). Mistletoe leaf morphology may have been
shaped through natural selection by the pressure to maintain a
lower leaf water potential (consequently achieving a higher
nutrient uptake via the haustorium), combined with the lack of
usual plant sinks (roots and trunk). Evidence for this potential
mechanism is strengthened by the differences in the bivariate
relationships between traits, where the mistletoe showed slopes
different from those of the host (Figs 4, 5).

Differences between infected and uninfected branches

The genus Handroanthus is typically found in tropical forest
environments (Lohmann and Taylor 2014), normally growing
under high-water, -light and -nutrient conditions. When
uninfected, the combination of traits we found implies a
resource-acquisitive strategy. High SLA correlates with high
leaf nutrient concentrations and high carbon assimilation rates
(Reich et al. 1998; Wright et al. 2004), and larger petioles are
related to a better capacity to capture light in the forest canopy
(Capuzzo et al. 2012). Indeed, Handroanthus species from forest
environments grow faster than their congeneric species living in
savanna environments (Rossatto ef al. 2009), potentially because
they invest in these traits that favour rapid resource acquisition
and fast growth.

When infected by mistletoes, host leaves were more in line
with a conservative strategy. We found that individual plants
were able to show phenotypic plasticity, producing smaller and
thicker leaves with strong water control in infected branches
(Fig. 3). These differences suggest that infection responses
are not only at the whole-plant scale (Watling and Press
2001; Noetzli et al. 2003; Meinzer et al. 2004; Shaw et al.
2005), but can also be detected between branches on the same
individual tree. These differences are also evident in the lack of
relationships between traits for leaves from infected branches
(Figs 4, 5). Specific leaf area generally correlates with LT
(Niinemets 2001), as was found for mistletoes and host leaves
from uninfected branches (Fig. 4). However, these traits
disproportionally decreased in leaves on infected branches,
suggesting that parasites are able to change trait relationships
in their hosts. The higher LT and the lower SLA suggest that
leaves form infected branches were more scleromorphic than
were leaves from uninfected branches. Sclerophylly is usually
associated with limited nutrient and water availability during
foliar expansion (Turner 1994), which supports the idea that
the majority of nutrients and water were being preferentially
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translocated to the parasite (Schulze et al. 1984; Glatzel and
Geils 2009).

Another interesting finding in our study was the fact that
leaves from infected branches had shorter and thinner petioles
(Fig. 3). According to Capuzzo et al. (2012), PL and PT are
directly related to leaf size, aiding light capture by affecting
how leaf blades are displayed in the plant canopy. The host
responses indicated that P. affine infection was not only affecting
leaf size, but also strategies associated with how plants display
their leaves to absorb light. It is possible that changes in leaf
display in the canopy can affect the carbon balance, possibly
leading to carbon starvation if leaf display results in deficiencies
in light capture (Sevanto et al. 2014). Some studies have
reported that infected branch mortality could be caused by a
lack of sufficient nutrient and water resources to maintain
their leaves (Press and Phoenix 2005). However, our study
suggested that plants can respond to the reduction in resources
by building leaves that need less nutrients, water and sunlight
to survive. Nevertheless, in the long term, under severe nutrient
and water limitation, this capacity for leaf-trait plasticity
could become more restricted. If leaves become unable to
assimilate the minimum amount of energy necessary for their
maintenance, the vegetative part of the infected branch would
probably die.

Conclusions

Leaves from the tropical mistletoe P. affine showed conservative
morphological traits that are probably phylogenetically
conserved, combined with acquisitive physiological traits,
which allow for the efficient acquisition of water and nutrients
from their hosts. The tropical host H. chrysotrichus showed
high phenotypic plasticity under infection by mistletoe, with
infected branches producing thicker and smaller leaves that
shifted to a more conservative resource-use strategy, than
leaves from uninfected healthy branches.
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