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Summary

Associations between plants and N-fixing rhizobia intensify with decreasing nitrogen
(N) supply and come at a carbon cost to the host. However, what additional impact
parasitic plants have on their leguminous hosts’ carbon budget in terms of effects on
host physiology and growth is unknown.

Under glasshouse conditions, Ulex europaeus and Acacia paradoxa either uninfected
or infected with the hemiparasite Cassytha pubescens were supplied (HN) or not (LN)
with extra N. Photosynthetic performance and growth of the association were
measured.

Cassytha pubescens significantly reduced maximum electron transport rates and total
biomass of U. europaeus but not A. paradoxa, regardless of N. Infection significantly
decreased root biomass of 4. paradoxa only at LN, while the significant negative
effect of infection on roots of U. europaeus was less severe at LN. Infection had a
significant negative impact on host nodule biomass. Ulex europaeus supported
significantly greater parasite biomass (also per unit host biomass) than A. paradoxa,
regardless of N.

We concluded that rhizobia do not influence the effect of a native parasite on overall
growth of leguminous hosts. Our results suggest that C. pubescens will have a strong

impact on U. europaeus but not A. paradoxa, regardless of N in the field.

Key words: Biomass, hemiparasite, legume, nitrogen, nodulation, photosynthesis, rhizobia,

Ulex europaeus.

Introduction
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Parasitic plants are globally important as they are found in a wide range of ecosystems and
have profound effects on processes at the population, community and ecosystem levels (Press
& Phoenix, 2005). They vary greatly in taxonomy, form and function, but all attach to either
host stems or roots via haustoria (Press ef al., 1999). This structure joins the parasite to the
host from which it extracts resources (Kuijt, 1969). Holoparasites access resources from the
phloem and xylem of their hosts removing carbohydrate, water and nutrients but generally
have very low photosynthetic ability (Stewart & Press, 1990). Conversely, hemiparasites
typically access resources from the host xylem, and while being capable of photosynthesis
they depend on their hosts for water, nutrients and other solutes (Press & Graves, 1995), as
has been demonstrated for a range of host:parasite associations (e.g. Pate e al., 1991; Pate,

2001; Lu et al., 2013, 2014).

Parasite effects on their hosts can range from negligible to host death and such outcomes can
depend on a number of factors. One such factor is nutrient supply. For example, in some host
species, high nitrogen (N) supply reduces the effect of the hemiparsite, Striga hermonthica,
on host photosynthesis and growth, even to the point of eliminating it for Sorghum bicolor
cultivar CSH1 (Cechin & Press, 1993; Cechin & Press, 1994), while in other cultivars or host
species N does not influence the effect of this root hemiparasite (Gurney et al., 1995;
Aflakpui et al., 1998; Sinebo & Drennan, 2001; Aflakpui et al., 2002; Aflakpui ef al., 2005).
These authors suggested that in their studies, insufficient amounts of N may have been added
to influence the effects of S. hermonthica on its hosts. High N supply has also been found to
dampen the effect of the stem holoparasites Cuscuta campestris and Cuscuta reflexa on
growth of Mikania micrantha and Ricinus communis, respectively, but not for the C. reflexa-
Coleus blumei association (Jeschke & Hilpert, 1997; Jeschke et al., 1997; Shen et al., 2013).
At least for the C. campestris-M. micrantha association, the greater effect on host growth at

low N supply was attributed to increased resource removal by the parasite in these conditions
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(Shen et al., 2013). It should also be kept in mind that the influence of nutrients such as
nitrogen on the association is likely to be modified if other factors (e.g. water availability) are

altered (Té&Sitel et al., 2015).

The influence of N on host-parasite associations also becomes more complex when the host
plants are N-fixers, such as legumes which form associations with rhizobia to obtain N at a
cost of carbohydrate (Pennings & Callaway, 2002). When supplied with sufficient N, plants
have low affinity for partnerships with rhizobia, while at low N, they have a greater
engagement with these bacteria and this comes at a greater cost of carbohydrate (Lambers ef
al., 2008). This may be compounded when legumes are also infected by a parasite, as
carbohydrate may already be in short supply due to infection effects on host photosynthesis
as well as direct removal of host carbon (C) by the parasite (Gurney et al., 2002; Meinzer et
al., 2004; Shen et al., 2007; T&Sitel et al., 2010). Thus, at low N supply, the combination of
infection by a parasite and rhizobia, which may be the main N source for the host, may result

in greater pressure on host carbon and ultimately growth.

One study investigating the effects of the stem holoparasite Cuscuta reflexa on the legume
Lupinus albus found that nitrogen fixation, host growth and fruit setting were strongly
suppressed by infection (Jeschke et al., 1994). They attributed these decreases to carbon and
nitrogen removal by the parasite from the host phloem, however, in this study plants were
only supplied with nitrogen-free solution. Another study manipulated the nodulation status of
Dalbergia odorifera infected with Santalum album, but did not include uninfected plants in
the experiment (Lu ef al., 2013). Jiang ef al. (2008) did include uninfected plants in their
investigation into the effect of Rhinanthus minor on Vicia faba when colonised or not
(provided with inorganic N) with rhizobia. However, while infection effects on host abscisic
acid levels, nitrogen concentration and amino acid composition were quantified, there were

no measures of host photosynthesis, growth or nodule biomass. There have also been a
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number of studies investigating the influence of mycorrhizae (inoculated versus not
inoculated) (Davies & Graves, 1998; Salonen et al., 2001; Gworgwor & Weber, 2003; Stein
et al., 2009) on parasite effects on host growth and photosynthesis, but to our knowledge,
there are none on the influence of rhizobia (high versus low colonisation) via manipulation of
N supply which include measures of host growth or photosynthesis. This is a significant gap
in knowledge considering that plants that form associations with N-fixing bacteria are
common hosts of parasitic plants (Matthies, 1996). As below-ground process such as
rhizobial interactions and root growth are very difficult to quantify in the field, glasshouse
experimentation offers a practical and rigorous means to test the impact of combinations of
parasite and rhizobial infection on hosts in isolation from numerous other factors found in

nature.

Here we report results of an experiment investigating how N availability affected the
association between the Australian native stem hemiparasite, Cassytha pubescens and two N-
fixing hosts, a native (Acacia paradoxa) and an introduced weed (Ulex europaeus). We
hypothesised that C. pubescens would have a greater effect on host performance at low N
supply. This is because of carbohydrate limitations resulting from infection effects on host
photosynthesis coupled with the additional C demand from rhizobia in these conditions.
However, we also expected the impact of infection with C. pubescens would be greater in the
introduced host, U. europaeus, than the native host, A. paradoxa. This is because C.
pubescens has been found to negatively affect the performance of a number of introduced
hosts, including Cytisus scoparius and U. europaeus much more than that of the native host
Leptospermum myrsinoides (Prider et al., 2009; Cirocco et al., 2016a). Our study also
provides the ability to compare responses of host species within the same family (under the

same experimental conditions) to infection with a parasitic plant (Demey et al., 2015).

Materials and Methods
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Study species

Cassytha pubescens R. Br. (Lauraceae) is a perennial, stem hemiparasitic vine native to
Australia (Kokubugata et al., 2012) and abundant in the southern part of the continent. It has
much reduced scale-like leaves on a coiling stem (0.5—1.5 mm in diameter) and attaches to
host stems and leaves via multiple haustoria (McLuckie, 1924; Harden, 1990; Prider et al.,
2009). Acacia paradoxa DC. (Fabaceae) is a perennial, evergreen, leguminous shrub native to
southern Australia that grows on a range of soils and is often found in eucalypt-dominated
woodlands (Cunningham et al., 2011). Acacia paradoxa grows to c. 2.5—4 m in height and

has dark green 0.8-3 cm long phyllodes (Harden, 1991).

Ulex europaeus L. (Fabaceae) is a perennial, evergreen, leguminous shrub ¢. 1.5-2 m in
height that is native to Europe and Northern Africa (Clements ef al., 2001; Tarayre et al.,
2007). It is a serious, introduced weed in more than 15 countries worldwide, including
Australia (Lowe et al., 2000; Clements et al., 2001; Tarayre et al., 2007). Its leaves, spines
and stems are photosynthetic (Hill et al., 1991; Clements et al., 2001; Tarayre et al., 2007).
Ulex europaeus thrives in disturbed areas and grows well in nutrient poor sandy soils. Both
U. europaeus and A. paradoxa are N-fixing and typically form associations with nitrogen-
fixing bacteria from the genus Bradyrhizobium to obtain biologically reduced atmospheric N>
in exchange for carbohydrate (Lawrie, 1983; Weir ef al., 2004; Thrall et al., 2005). Images of

all three experimental species are provided in the Supporting Information (Fig. S1).

Experimental design

Acacia paradoxa plants (c. 20 cm in height) were obtained from a commercial nursery and
individually transplanted into 1.65 litre pots containing commercial soil (organic sandy loam,
Supporting Information Table S1) in late April 2011. Ulex europaeus plants (c. 15 cm in

height) were obtained from the field (Crafers, Mt. Lofty Ranges of South Australia:
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35°27°41”S, 138°43°91”E), and were individually transplanted into 1.65 litre pots containing
the same commercial soil in late January 2011. Throughout the experiment, plants were
grown in the commercial soil mentioned. This soil was not inoculated with field soil in case
of introducing any pathogens into the system. Further, although the commercial soil was not
inoculated with any rhizobial strain this may be inconsequential as nodules were present on
all experimental plants (total biomass of uninfected plants of both species in the high N (HN)
treatment were similar with those in the treatment without additional N provided (LN), Fig.
la; and as expected, nodule biomass per unit root biomass was significantly higher at LN
versus HN (independently affected by N, Tables 1 and 2)). All plants were provided with 400
ml of liquid fertiliser (Nitrosol; Rural Research Ltd, Auckland, New Zealand; NPK 8:3:6)

monthly (dilution factor and frequency in accordance with the manufacturer’s directions).

Synchronous infection with C. pubescens of randomly selected individuals of both species
was achieved in mid-June 2011 using the method described in Shen et al. (2010). Briefly,
large U. europaeus plants already infected by C. pubescens were used as the source of
infection, and the parasite was allowed to coil and attach to stems of experimental plants.
Stems of C. pubescens attached to the newly parasitised plants were severed from the U.
europaeus donor plant in early November 2011. The process of attachment took 45 months.
Experimental plants were monitored for a further week to ensure that C. pubescens had
successfully established on the hosts. All plants were then individually re-potted into 5 litre

pots containing the same commercial soil in early December 2011.

Uninfected and infected plants of both species were randomly allocated into two N
treatments. Plants in the high N treatment (HN) were provided with standard Hoagland’s
solution. Plants in the treatment without additional N (LN) were provided standard
Hoagland’s solution with KCI and CaCl, substituted for KNO3 and Ca(NO3)2.4H>0,

respectively. All plants were randomly allocated into six blocks, each block containing all
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combinations of treatments, and were re-randomised fortnightly to account for small light
differences in the glasshouse. Plants were provided with 400 ml of standard (HN) or modified
Hoagland’s solution (LN) fortnightly. Nitrogen treatments ran from early February 2012 to
mid-June 2012, lasting for 164 days. The experiment consisted of a full three-way factorial
design with host species, infection and N at two levels each with six replicates for each

combination of factors.
Photosynthesis measurements

Rapid light response curves for hosts and parasite were determined using a portable, pulse-
modulated chlorophyll fluorometer (MINI-PAM, Walz, Effeltrich, Germany) fitted with a
leaf-clip (2030-B, Walz, Effeltrich, Germany) (Supporting Information Fig. S2). Electron

transport rate (ETR) was calculated as:
ETR =Yield x PAR x 0.5 x 0.84

Where Yield is PSII efficiency in the light, PAR is photosynthetically active radiation, 0.5
signifies that two photons are required to transport a single electron and 0.84 is the
absorptance factor for a standard leaf of an angiosperm (White & Critchley, 1999; Strong et
al., 2000). Actinic light levels were automatically increased in eight steps at 10 s intervals
and included an initial measurement in darkness. Rates of electron transport were considered
to be at their maximum (ETRmax) at the same actinic light level within species where highest
rates where consistently reached and most representative of replicates. ETRmax occurred at
photon flux densities (PFD) of 1904 + 23.31 pmol m™ s™! for U. europaeus, 1308 + 20.41
umol m™2 s™! for A. paradoxa, and 1439 + 12.85 umol m™2 s™! for C. pubescens on both hosts.
In situ measurements of ETR were made between 11:00 and 13:00 on the youngest fully

expanded spine or phyllode, depending on species, on a sunny day in mid-May 2012, 103
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days after N treatments were imposed (DAT); and on C. pubescens 15 cm from the growing

tip on a sunny day in mid-May 2012 (107 DAT).

Measurements of photosynthesis (4) and stomatal conductance (gs) were obtained using a
portable Ciras—2 gas-exchange system fitted with a PLC (5) conifer cuvette (PP Systems,
Amesburg, MA). This cuvette enabled gas exchange measurements on the different
photosynthetic organs (stems with spines or phyllodes) of U. europaeus and A. paradoxa.
Measurements were made between 10:30 and 13:00 in early June 2012 (when days where
sunny between 117-129 DAT), at mean PFD=1278 + 4 pmol m2 s™!, n=32 (Results are

presented in Supporting Information Fig. S3 and Table S4).
Biomass and N concentration

A destructive harvest was conducted at the end of the experiment in mid-June 2012, 164
DAT. Nodules, roots, stems and spines (very few if any leaves present) of U. europaeus;
nodules, roots, stems and phyllodes of A. paradoxa, and stems of C. pubescens were
collected and oven dried at 70°C for three days. Nitrogen concentration of U. europaeus
spines, A. paradoxa phyllodes and C. pubescens stems was determined by complete
combustion gas chromatography at Waite Analytical Services (University of Adelaide), on

final harvest oven-dried material.
Statistical analyses

The variances of the data were homogeneous and the effects of infection with C. pubescens,
N supply and host species were assessed using a three-way ANOVA. Where a three-way
interaction was not detected, two-way interactions were considered e.g. Infection x Host
species (uninfected plants at HN and LN pooled versus infected plants at HN and LN pooled

for A. paradoxa compared with those of U. europaeus). A two-way ANOVA was
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implemented to detect the effect of N and host species on parasite parameters. Where

interactions were not significant, independent effects were then considered e.g. infection
effect with C. pubescens (uninfected plants from both host species at HN and LN pooled
versus infected plants from both host species at HN and LN pooled). Where effects were
significant, a Tukey-Kramer HSD was used for pairwise comparisons of means. All data

were analysed with the software JMP Ver. 4.0.3 (SAS institute Inc., 2000) and a=0.05.

Results

Growth, nodulation and N concentration

Nitrogen did not have any interactive or independent effect on total or shoot biomass of either
U. europaeus or A. paradoxa (Table 1, Fig. 1a, c). There was however, a species x infection
interaction for total and shoot biomass (Table 1). Total and shoot biomass of infected U.
europaeus was c. 60% less than that of uninfected plants (Fig. 1b, d). Infection had no effect
on total or shoot biomass of 4. paradoxa (Fig. 1b, d). In contrast to total and shoot biomass,
there was a three-way interaction for root biomass (Table 1, Fig. 1e). Root biomass of
infected U. europaeus in HN and LN was 56% and 36% lower compared with that of the
respective uninfected plants (Fig. 1e). Root biomass of infected 4. paradoxa in the LN
treatment was 39% less relative to that of respective uninfected plants (Fig. 1e), but infection

had no effect on root biomass of A. paradoxa in the HN treatment (Fig. 1e).

There were no treatment interactions for host leaf area, shoot:root ratio, nodule biomass or
nodule biomass per g root biomass (Table 1). There was however, an independent effect of
infection on leaf area (Table 1). Phyllode/spine area of infected plants on the whole was 42%
less than that of uninfected plants (Table 2). There was also an independent effect of infection
on nodule biomass (Table 1). Nodule biomass on roots of infected plants was 41% lower

compared with that of uninfected plants (Table 2). There was an independent effect of species
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on all four parameters. Spine area of U. europaeus was 70% lower relative to phyllode area
of A. paradoxa (Table 2). Shoot:root ratio of U. europaeus was 48% lower than that of 4.
paradoxa (Table 2). Nodule biomass of U. europaeus was 43% lower compared with that of
A. paradoxa (Table 2). Nodule biomass per g root biomass of U. europaeus was 58% lower
relative to that of A. paradoxa (Table 2). This parameter was also independently affected by
N treatment (Table 1). Nodule biomass per g root biomass of plants in LN (0.127 + 0.017)
was 20% higher than that of plants in HN treatment (0.102 + 0.014). Parasite biomass, both
total and on a per g host biomass basis, was independently affected by species but not by N
treatment (Table 3, Fig. 2a, b). Total parasite biomass on 4. paradoxa was 63% less than it
was on U. europaeus (Fig. 2a), and was nearly an order of magnitude lower per g of host on

A. paradoxa than on U. europaeus (Fig. 2b).

There was no three-way interaction for host foliar N concentration (Table 1, Fig. 3a). There
was however, an N x infection interaction for this parameter (Table 1). Host foliar N
concentration of infected plants was not significantly different from that of uninfected plants
in either HN or LN (Fig. 3b). However, foliar N of infected plants in HN was significantly
higher compared with that of infected plants in LN treatment (Fig. 3b). There was also an
independent species effect on N concentration of spines or phyllodes (Table 1). ‘Foliar’ N
concentration of U. europaeus was 32% lower than that of 4. paradoxa (Fig. 3¢). There was
no N x species interaction or independent effects on N concentration of C. pubescens stems

(Table 3, Fig. 3d).

Photosynthetic performance

As with host total and shoot biomass, N had no interactive or independent effect on ETRax
of either U. europaeus or A. paradoxa (Table 1, Fig. 4a). There was however, a species x

infection interaction for ETRmax (Table 1). Infection decreased ETRmax of U. europaeus by

11
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46% while having no effect on that of A. paradoxa, regardless of N treatment (Fig. 4b). There
was no interactive effect of N x species or any independent effects of these factors on ETRmax

of C. pubescens (Table 3, Fig. 4c).

Discussion

A simplified model of the C and N dynamics of the ‘host + parasite + rhizobia’ system is
presented as a framework from which treatment effects can be interpreted (Fig. 5). The
parasite as a partial and complete sink for C and N, respectively, may affect host C budget i.e.
‘whole plant photosynthesis’ (unit rate x ‘leaf area’) and thus, C supply to host roots +
nodulation. The latter in turn dictates the host’s ability to acquire N which can also affect

whole-plant C gain through its impact on foliar N concentration and rate of photosynthesis.

Our hypothesis that C. pubescens would have a greater effect on host performance under LN
was supported by the root biomass data, although for the native not introduced host as
expected. Acacia paradoxa root growth was affected by infection at only LN. This might be
due to the 44% reduction in phyllode area resulting from infection in these conditions. This
would result in lower whole-plant C gain, of which was evidently allocated to maintaining
similar nodulation (at the expense of roots) and thus, an increased rate of nodulation i.e. g
nod g root dwt™! relative to that of respective uninfected plants at LN. Consequently, infected
A. paradoxa in LN was still able to obtain sufficient N to maintain foliar N (and
photosynthetic performance) at the same level as found in other treatments and sustain
similar overall growth compared with respective uninfected plants. This was likely enabled
by small parasite demand for C and N from this host inferred from the much smaller C.

pubescens supported by 4. paradoxa relative to U. europaeus (Figs 2, 5).

In contrast to 4. paradoxa, although C. pubescens negatively impacted root growth of U.

europaeus, it was less severe at LN. The infection effect on root growth of U. europaeus may

12
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be due to the parasite’s significant impact on spine area and ETRmax of this host which would
negatively affect its C budget (Fig. 5). But in contrast to 4. paradoxa at LN, of that less
available C it seems that U. europaeus allocated more toward root growth (Fig. 1), but with a
56% decrease in nodule biomass and hence, lower rate of nodulation (g nod g root dwt™)
relative to respective uninfected plants (Table 2). Thus, at LN, infected U. europaeus despite
having decreased N-fixing capacity per unit root appears to have acquired adequate N supply
to maintain similar N concentration relative to other treatment combinations by increased root
biomass. This was also probably made possible by its total biomass being significantly lower
than uninfected plants. That is, although parasite demand for C and N was presumably
relatively large on this host (inferred from vigorous parasite growth), a much smaller infected
U. europaeus would require less nitrogen than a much larger uninfected plant to mainatin a

relatively similar N concentration.

Within host species, LN plants were able to maintain similar foliar N concentrations as HN
plants likely because they had significantly higher nodule biomass per gram root biomass,
and thus, sufficient access to N from rhizobia in these conditions. Therefore, it makes sense
that N treatment had no influence on ETRmax/total biomass of either host species and in turn
no interactive effect with infection on these parameters. By contrast, Shen et al. (2013) found
that the impact of Cuscuta campestris on total biomass of Mikania micrantha was more
severe at low N. Parasites can affect host growth due to effects on host photosynthesis and/or
resource removal. As Shen et al. (2013) found no significant N x infection interaction on host
photosynthesis; they attributed the greater effect on host growth at low N to increased
resource removal by Cuscuta campestris in these conditions. This difference between
findings may be in part related to Cuscuta campestris and C. pubescens being holo and
hemiparasites and or being associated with non-leguminous and leguminous hosts in these

studies, respectively.
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Cassytha pubescens significantly decreased nodule biomass of both species, regardless of N.
By contrast, Tennakoon et al. (1997) found that nodule biomass on roots of Acacia littorea
was unaffected by the root hemiparasite Olax phyllanthi. This difference may be due to
infection having a significant effect on ETRmax of U. europaeus and foliar area of both hosts
in our study, whereas O. phyllanthi had no effect on either host photosynthesis or leaf area of
its host (Tennakoon et al., 1997). As a result, infected plants in our study may have had less

C for rhizobia, which would explain why infection negatively impacted nodulation.

Another important finding of our study was that total biomass of U. europaeus but not that of
A. paradoxa, was affected by C. pubescens, regardless of N. This is similar to other studies
that have reported greater negative effects of native parasites on growth of introduced rather
than native hosts (Prider et al., 2009; Li et al., 2012; Cirocco et al., 2016a, b). Our results
may be explained by the infection effect on photosynthetic performance of U. europaeus, but
not that of 4. paradoxa (Fig. 4b). It may also in part be due to more effective resource
removal by the parasite from U. europaeus compared with A. paradoxa, resulting from a
more effective haustorial connection to the introduced host (see Gurney et al., 2003;
Cameron et al., 2006; Gurney et al., 2006; Cameron & Seel, 2007; Riimer ef al., 2007). This
is plausible considering that an earlier study with C. pubescens demonstrated that the
radioactive phosphorous isotope **P was transferred more effectively across haustoria formed
on the introduced host Cytisus scoparius (broom) than those on the native host Acacia

myrtifolia (Tsang, 2010).

This idea is further supported by the fact that in our study, photosynthesis of the parasite was
similar on both hosts, but the parasite grew significantly larger both in absolute and per unit
host biomass terms on U. europaeus than A. paradoxa (Figs 4c, 2 a, b). Again, our finding
builds on consistent reports that native parasites with indeterminate growth such as C.

pubescens, grow much more vigorously on introduced versus native hosts (Prider et al., 2009;

14
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Yuetal,2011; Liet al., 2012; Cirocco et al., 2016a). Nitrogen was not found to influence
parasite biomass in absolute terms nor on a per g host biomass basis. By contrast, Shen et al.
(2013) found that biomass of Cuscuta campestris infecting M. micrantha was significantly
greater at high than low N supply. Similarly, the root hemiparasite Santalum album grew
significantly larger on the nodulated versus non-nodulated host Dalbergia odorifera (Lu et
al., 2013, but see Jiang et al., 2008). It appears that in these studies, hosts grew larger in
response to high N/nodulation and so too did the parasites (Lu et al., 2013; Shen et al., 2013).
Here, infected plants did not grow larger in HN relative to LN. This may be due to hosts
being able to access sufficient nitrogen under LN, albeit by different mechanisms (increased
root growth in the case of U. europaeus, and increased nodulation for 4. paradoxa). This may

explain why C. pubescens did not grow more in HN on either host.

Nitrogen had no influence on the effect of C. pubescens on photosynthetic performance of
hosts, as was similarly found for the Cuscuta campestris-M. micrantha association (Shen et
al., 2013). The negative effect of C. pubescens on ETRmax of U. europaeus does not seem
related to nitrogen stress as infected plants did not have a significantly lower foliar N
concentration than uninfected plants. Although not significant, decreases in gs of U.
europaeus as a result of infection (Supporting Information Fig. S3¢) may explain the impact
of C. pubescens on photosynthetic performance of this host. Negative effects of C. pubescens
on photosynthesis of the introduced Cytisus scoparius and native Leptospermum myrsinoides
have been ascribed to decreases in stomatal conductance resulting from infection (Prider et
al., 2009; Shen et al., 2010). Importantly, our study revealed that A. paradoxa is the first
native host studied whose photosynthesis was not affected by the native hemiparasite C.
pubescens. In sum, the differential impact of Cassytha pubescens on photosynthetic

performance and overall growth of these two legumes (irrespective of N), highlights the fact
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that there can be variation within a functional group in terms of host responses/tolerance to

infection.
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maximum electron transport rates.
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Table 1 P-values from three-way ANOVA for the effects of host species (Sp), infection with
Cassytha pubescens (1) and nitrogen supply (N) on total, shoot and root biomass, foliar area
(FA), shoot:root ratio (S:R), nodule biomass (Nod), nodule biomass g! root biomass (Nod g’!
root), foliar nitrogen concentration [N] and maximum electron transport rates (ETRmax) of

Ulex europaeus and Acacia paradoxa

Total Shoot Root FA S:R Nod Nod g! [N] ETRmax
root

Sp 0.016 0.0008 0.0005 <0.0001  <0.0001 0.0005 <0.0001  <0.0001 0.944
I <0.0001 <0.0001 <0.0001 0.003 0.111 0.001 0.439 0.636 0.0005
SpxI 0.016 0.033 0.004 0.176 0.230 0.590 0.769 0.227 0.003
N 0.420 0.340 0.863 0.528 0.668 0.175 0.040 0.890 0.954
Spx N 0.310 0.408 0.125 0.522 0.770 0.236 0.409 0.382 0.219
IxN 0.693 0.660 0.959 0.895 0.245 0.773 0.691 0.017 0.546
SpxIxN 0.226 0.356 0.035 0.508 0.261 0.291 0.084 0.540 0.080
Block 0.034 0.032 0.275 0.156 0.207 0.612 0.986 0.281 0.744

Significant effects are in bold; F and sum of square values are presented in Supporting

Information Table S2.
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Table 2 Foliar area (FA: cm?), shoot:root ratio (S:R), nodule biomass (Nod: g dwt) and
nodule biomass g! root biomass (Nod g™ root) of Ulex europaeus and Acacia paradoxa

either uninfected (minus) or infected (plus) with Cassytha pubescens and supplied (HN) or

not supplied (LN) with nitrogen

Treatment FA S:R Nod Nod g™! root
- HN U. europaeus 1175 + 66 3.00 £0.07 2.68+£0.78  0.054+0.013
- LN U. europaeus 1196 + 90 2.96 £0.25 4.43 £0.40 0.094 + 0.007
+ HN U. europaeus 462 + 91 2.13+0.16 1.08+0.20  0.054+£0.011
+ LN U. europaeus 618 £96 1.92+0.11 1.94+£0.38  0.069+0.016
- HN A. paradoxa 3529 + 639 5.19+0.72 5.39+0.93 0.177 £ 0.025
- LN A. paradoxa 3391 £ 739 4.45+0.32 483+0.49 0.150+0.014
+ HN A. paradoxa 2521 + 425 4.77+0.56 351+£0.62 0.123+£0.014
+ LN 4. paradoxa 1892 + 513 5.02+0.77 401+£096 0.211+£0.054
Infection effect

uninfected 2323 +345a  390+0.29 433+0.39a 0.119+0.013
infected 1346 +252b  3.38+0.39 2.56+0.38b 0.109+0.018
Species effect

U. europaeus 863 + 85a 2.50£0.13a  2.53+0.36a 0.068 +0.007a
A. paradoxa 2883 +314b 4.85+0.28b 4.46+0.39b 0.163+£0.015b

No species x infection x nitrogen interaction for all parameters n=4-5; significant

independent infection effect for FA and Nod; significant independent species effect for all

parameters n=19-20. Different letters denote significant differences (vertically) and data are

means + 1SE.
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Table 3 P-values from two-way ANOVA for effects of host species (Sp) and nitrogen

treatments (N) on parasite biomass, parasite biomass g! host biomass, stem nitrogen

concentration [N] and maximum electron transport rates (ETRmax) of Cassytha pubescens

infecting either Ulex europaeus or Acacia paradoxa

Parasite Parasite [N] ETRmax
biomass biomass
g'! host
Sp <0.0001  0.0008  0.395 0.069
N 0.628 0.599 0.566 0.844
Spx N 0.733 0.746 0.860 0.078
Block 0.646 0.553 0.457 0.121

Significant effects are in bold; F and sum of square values are presented in Supporting

Information Table S3.
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Fig. 1 (a) Total, (c) shoot and (e) root biomass of Ulex europaeus or Acacia paradoxa either
uninfected (open bars) or infected (grey bars) with Cassytha pubescens and supplied (HN) or
not supplied (LN) with nitrogen. Species x infection effect on (b) total and (d) shoot biomass.
Different letters denote significant differences, data are means = 1SE, n=4-5 (a, c, e) and

n=19-20 (b, d).
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Fig. 2 (a) Parasite biomass and (b) parasite biomass per g host biomass of Cassytha
pubescens when infecting Ulex europaeus or Acacia paradoxa supplied (dark grey bars) or
not supplied (black bars) with nitrogen. Different letters denote significant differences
between species, data are means + 1SE, n=5 (a) and (b) (except A. paradoxa in no additional

N treatment, n=3).
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Fig. 3 (a) Foliar nitrogen concentration of Ulex europaeus or Acacia paradoxa either
uninfected (open bars) or infected (grey bars) with Cassytha pubescens and supplied (HN) or
not supplied (LN) with nitrogen. (b) Nitrogen x infection effect for host foliar nitrogen
concentration. (c) Species effect for foliar nitrogen concentration of U. europaeus (dotted
open bar) and A. paradoxa (dotted grey bar). (d) Stem nitrogen concentration of C. pubescens
when infecting either host species supplied (dark grey bars) or not supplied (black bars) with
nitrogen. Different letters denote significant differences, data are means + 1SE, n=4-5 (a, d),

n=9-10 (b) and n=19-20 (c).
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Fig. 4 (a) Maximum electron transport rates (ETRmax) of Ulex europaeus and Acacia
paradoxa either uninfected (open bars) or infected (grey bars) with Cassytha pubescens, and
supplied (HN) or not supplied with nitrogen (LN). (b) Species x infection interaction for host
ETRmax. (¢) ETRmax of C. pubescens when infecting either host species supplied (dark grey
bars) or not supplied (black bars) with nitrogen. Different letters denote significant

differences, data are means + 1SE, n=5-6 (a), n=11-12 (b) and n=4-6 (¢).
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Fig. 5 Simple model of carbon (C) and nitrogen (N) dynamics for a host+parasite+rhizobia
system. Host C and N pools are represented by the green boxes. C acquisition by the host is
determined by the unit rate of photosynthesis and the whole plant leaf area. Host N uptake is
determined by root biomass and the degree of nodulation. The parasite is a sink for both C
and N, while rhizobia are sinks for C, but contribute to host N uptake (as shown by the
arrows). The parameters, unit rate, leaf area, root biomass and nodulation are shown in
different colours to indicate that each can influence the host pools of either C (unit rate and

leaf area) or N (root biomass and nodulation) independently.
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