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Abstract: Plants are continuously subjected to the unfavorable impact of abiotic stress factors, of
which soil salinity is among the most adverse. Although away from direct soil contact throughout
most of their lifecycle, stem parasitic plants of the genus Cuscuta, family Convolvulaceae are also
affected by salinity. The present study aimed to assess salt stress impact on germination and early
establishment of three Cuscuta species, in comparison to related nonparasitic vines of the same
family. It was found, that Cuscuta spp. are highly sensitive to NaCl concentration within the range of
200 mM. Germination was delayed in time and reduced by nearly 70%, accompanied by decrease in
further seedling growth, ability to infect host plants and growth rate of established parasites. The
nonparasitic vines showed similar sensitivity to salinity at germination level, but appeared to adapt
better after the stress factor was removed. However, the negative effect of salinity did not fully
prevent some of the Cuscuta species from infecting hosts, probably a beneficial characteristic at a
species level, allowing the parasite to successfully thrive under the scarce host availability under
saline conditions.

Keywords: abiotic stress; dormancy; parasitic plants; weeds

1. Introduction

Salinity stress is among the most damaging environmental factors, affecting plant
growth and development worldwide, also leading to increasing crop yield losses [1].
Although some plant species, called halophytes, are naturally adapted to saline conditions
and could sustain extreme salt concentrations [2], the predominant flora, respectively
most of the crop plants are glycophytes, e.g., salt-sensitive. As such, the question of
improvement of crop salt tolerance [1,3] has been a major topic in contemporary scientific
literature for decades.

Salts affect plants’ lifecycles at every possible stage, from breaking dormancy and
early germination events through vegetation to flowering and seed yield [4]. First, soil
salinity leads to decreased osmotic potential, preventing or impeding imbibition and seed
germination. Sodium chloride concentration as low as 50 mM could lead to over 75% de-
crease of germination percentage of some species (Arabidopsis thaliana (L.) Heynh. ecotype
Col, [4]). Certain halophytes, although also challenged by extreme salinity, may retain
germination ability above 10% at concentrations as high as 1 M or greater [5]. Seed germina-
tion ability under salinity of a particular species may vary significantly, based on genotypic
differences [6], seed heteromorphism [7] and may be altered by seed priming with nat-
ural or synthetic compounds [8]. The complex response of seeds to salt stress during
germination is generally managed by gibberellic acid [9], abscisic acid [10] or ethylene and
nitric oxide [11] triggered pathways. Further plant development is negatively affected by
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salinity through the extensively studied mechanisms of osmotic stress and ion toxicity [12],
combated by ion exclusion/sequestration [13], compatible solute accumulation [14] and
antioxidant response [15].

Abiotic stress factors also lead to substantial changes of plant communities, affecting
biodiversity and organismal interactions. Particularly salinity affects soil microbial biodi-
versity [16] and shapes plant communities by benefiting slow growing halophytes over
glycophytes [17]. Next, the arbuscular mycorrhizal symbiosis is also largely affected [18],
as well as plant susceptibility to various diseases, which may either increase [19] or de-
crease [20].

A special case here represents the interactions between parasitic plants and their
respective hosts. Although few of them are considered halophytes, they are also known to
inhabit salinized lands and parasitized on halophytic hosts [21]. Some, like Cuscuta salina
Engelm. significantly shape plant species biodiversity in salt marshes [22] and coastal
wetlands [23] by preferentially infecting and thus restricting certain species and avoiding
others. Salinity might change host preferences of the parasite. It is experienced by the
parasite through metabolic and physiological changes in the host [24] and simultaneously
the parasite may impair the proper response to salinity of its host [25].

Of approximately 4000 known parasitic flowering plants and 200 in the family Con-
volvulaceae, Cuscuta campestris Yunck. is among the most prominent. It is a North American
species, currently with worldwide distribution [26], highly invasive and challenging for
crop production in numerous countries [27]. It is a stem holoparasitic plant with gener-
alist preferences—infecting numerous host plant species simultaneously. Although not
considered a typical halophyte specialist like its relative C. salina, in 2018 it was found
on the Bulgarian sea coast, parasitizing Centaurea arenaria Bieb. & Willd. on a sand dune
(NG 67, 42°13'50” N 27°46/35” E, herbarium SO 107977 of Sofia University). Its high
ecological plasticity raises concerns that it might spread beyond optimal conditions and
damage fragile ecosystems like coastal lands and pose additional threat to the emerging
agriculture in salinized areas. Its parasitic potential under salt stress conditions, however,
is not extensively studied.

The aim of the present study was to evaluate the effect of salinity on germination
and parasitic development of C. campestris in comparison to two other Cuscuta species, the
widely distributed Asian species Cuscuta chinensis Lam. and Cuscuta japonica Choisy., as well
as two nonparasitic members of Convolvulaceae family Ipomoea tricolor Cav., Convolvulus
arvensis L. and Calystegia sepium (L.) R. Br. The choice of C. chinensis was driven by the
phenotypical similarity with C. campestris [28], while C. japonica was chosen due to its
contrasting phenotype to C. campestris and its recent status of noxious weed in North
America, suggesting its invasive potential [29]. Of the nonparasitic species, I. tricolor is
a popular ornamental plant, while Convolvulus arvensis and Calystegia sepium are widely
distributed weed species [30]. Overall, numerous species within the family are fast-growing
vines with weed potential.

2. Results
2.1. Effect of Salinity on Germination and Seedling Growth

Decrease in germination rate was different among the studied species. The most
significant effect of salinity was observed in C. campestris where decrease in germination of
nearly 70% and delay up to the 5th day at 200 mM NaCl were detected (Figure 1a). The
inhibitory effect was nonsignificant (C. chinensis, Figure 1b) or less significant (C. japonica,
Figure 1c) in the other two parasitic species, where 100 and 200 mM NaCl had similar effect
and caused reduction in germination by approximately 20%. Among the nonparasitic
plants, both salt concentrations caused similar effect and around 40% inhibition in C.
arvensis (Figure 1e), while in I. tricolor only a short delay in germination was observed
at 100 mM NaCl with an overall similar germination rate (Figure 1d). In C. sepium the
response was similar to C. campestris, although less pronounced (Figure 1f)—20% lower
germination at 100 mM and 40% lower at 200 mM NaCl as compared to controls.
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Figure 1. Germination rate of Cuscuta campestris (a), Cuscuta chinensis (b), Cuscuta japonica (c), Ipomoea tricolor (d), Convolvulus
arvensis (e) and Calystegia sepium (f) at 0 (circles), 100 mM (squares) and 200 mM (triangles) NaCl. Different letters indicate
statistical significance at p < 0.05 (Tukey’s post hoc test), one-way ANOVA analysis (* p < 0.05; ** p < 0.01). n = 3. Levene’s
homogeneity test: p > 0.05. Presented values are mean & SEM.

The significance of effect of species and salinity on final germination percentage (10th
day) was further tested (Table 1). While the effect of salinity was significant at p < 0.01, no
significant effect was found for the species or the combination of species and salinity.

Table 1. Two-way ANOVA analysis of the effect of species and salinity on the final germination
percentage.

Source of Variation df Mean Square F-Value
Species 5 673.8 2.35
Salinity 2 9792.5 34.1**
Species x salinity 10 418.1 1.46
=p <001

Further growth of seedlings was monitored at the 7th day after germination, revealing
a similar inhibiting effect (Figure 2). Salinity also affected negatively lateral roots growth in
the nonparasitic species (Figure 2d—f). In Cuscuta spp. the root is highly rudimentary [31]
and no visible differences were found or expected with salinity treatment. Seedling length
(Figure 3a) and fresh mass (Figure 3b) were decreased by over 50% at 200 mM NaCl in all
species. Cuscuta japonica and C. sepium showed the most pronounced inhibition of growth
by salinity, even at 100 mM NaCl, although these are not the most affected species in terms
of germination (Figure 1).

Opposite to seedlings” length and mass, the mass-to-length ratio increase with salinity
concentration in all nonparasitic species and in C. japonica (Figure 3c), while differences in
C. campestris and C. chinensis were nonsignificant.
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Figure 2. Seven days old seedlings of Cuscuta campestris (a), Cuscuta chinensis (b), Cuscuta japonica (c),
Ipomoea tricolor (d), Convolvulus arvensis (e) and Calystegia sepium (f) at 0, 100 mM and 200 mM NaCl
(from left to right). Scale bar =1 cm.

2.2. Hydrolytic Enzymes in Seeds

Two major classes of hydrolytic enzymes with a possible role in seeds’ storage com-
pounds were studied at the 24th and 48th hour of germination. A total of 5 differing
in molecular weight bands of amylolytic activity were detected in all studied species
(Figure 4). The larger was distributed on the top of the separating gel and was therefore
denoted as larger than 250 kDa (the highest protein standard). We do not exclude the
possibility that it was composed of several x-amylase isoforms. In Cuscuta spp. most
of the amylolytic bands were more pronounced at salt treatments and during the 24th
hour (Figure 4a,b) with the exception of C. japonica, where salt treatment seemed to inhibit
amylolytic activity (Figure 4c). In the nonparasitic species, and especially in 1. tricolor
and C. sepium (Figure 4d,f) the activity was much more uniform, but also with increase at
100 mM NaCl in comparison to controls and 200 mM NaCl-germinating seeds.

Unlike amylases, the proteolytic activity in germinating seeds was significantly lower
and fewer bands were detected (Figure 5). A single band was detected at the 48th hour in
control seeds in C. campestris and C. chinensis (Figure 5a,b), while no protease at all was
detected in C. japonica (Figure 5c). A similar pattern was observed in Convolvulus arvensis
(Figure 5e), while in 1. tricolor activity was detected in 200 mM NaCl-germinating seeds
(Figure 5d). In Calystegia sepium, however, proteases were activated by salinity and visible
at the 24th hour (Figure 5f).
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Figure 3. Seedlings growth at 0, 100 mM and 200 mM NaCl. Growth was calculated as cm day-1
(a), mg day-1 (b) and mass-to-length (mg cm 1) ratio (c) and presented as percent of control. Different
letters indicate statistical significance at p < 0.05 (Tukey’s post hoc test), one-way ANOVA analysis
(*p <0.05; ** p <0.01). n=6. Levene’s homogeneity test: p > 0.05. Presented values are mean 4+ SEM.
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Figure 4. Amylase isoforms in germinating seeds of Cuscuta campestris (a), Cuscuta chinensis (b), Cuscuta japonica (c), Ipomoea
tricolor (d), Convolvulus arvensis (e) and Calystegia sepium (f) at 0, 100 mM and 200 mM NaCl at 24th and 48th hour. Each

isoform is indicated with its calculated molecular weight in kDa.
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Figure 5. Protease isoforms in germinating seeds of Cuscuta campestris (a), Cuscuta chinensis (b), Cuscuta japonica (c), Ipomoea
tricolor (d), Convolvulus arvensis (e) and Calystegia sepium (f) at 0, 100 mM and 200 mM NaCl at 24th and 48th hour. Each
isoform is indicated with its calculated molecular weight in kDa.

2.3. Effect of Salinity on Subsequent Growth

The germinated seedlings of both parasitic and nonparasitic plants were further
transferred to soil (with A. thaliana, serving as host for Cuscuta) and monitored for growth
and survival rates. Salinity priming had a certain negative effect on Cuscuta’s ability
to infect host plants and the time periods for infection and secondary stem formation.
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Pregermination under saline conditions reflected in longer time for attachment to host (a
delay with 3—4 days) and longer time for secondary stem formation (a delay with 2-3 days).
Simultaneously, about 15% of the C. campestris seedlings, germinated under 100 mM NaCl
and nearly 50% of those under 200 mM NaCl failed to successfully infect host plants.
The effect at 100 mM NaCl was similar in C. chinensis and C. japonica, while at 200 mM
NaCl both species failed to attach to the host. This, however, proved to be the critical
developmental step for the parasite, as further development, defined as number of plants
able to form secondary stem, was not impeded by salinity pretreatment. In the nonparasitic
species all seedlings, transferred to soil developed and albeit at a slower rate than controls,
grew successfully.

Growth rate after transfer to saline soil or secondary stem formation on nonstressed
hosts was calculated as either cm day ! or mg day ! (Figure 6). It was assumed that
potential hosts encountered by the parasite would be adapted to salinity and therefore
not stressed, while the nonparasitic relative would be further challenged by soil salinity.
A similar inhibition of growth rate at 100 and 200 mM NaCl was observed in all species.
While the decrease in the nonparasitic species was within 20-30%, the effect of germination
under saline conditions in Cuscuta was higher, leading to over 70% decrease in growth rate
compared to controls (Figure 6).
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Figure 6. Growth rate in cm day-1 (a) and mg day-1 (b) of seedlings, germinated under different NaCl
concentrations on host Arabidopsis thaliana (Cuscuta spp.) or soil (other species). Data represent mean
+ SE. Different letters represent statistical significance at p < 0.05, Tukey’s post hoc test. One-way
ANOVA F-values are given below, * p < 0.05, ** p < 0.01. Levene’s homogeneity test: p > 0.05.
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3. Discussion
3.1. Seed Germination Differences Are Related to Parasitic Lifestyle

The comparative analysis of parasitic and nonparasitic members of Convolvulaceae
seed germination showed slower germination in the parasitic plants, further delayed
by salinity (Figure 1), which is in conformity with the existing literature. The strategy of
nonparasitic vines involves fast initial growth and climbing over other plants to outcompete
surrounding species [32]. The relatively big seeds of these species germinated as fast as
possible (Figure 1d—f), mobilizing starch by activation of amylases (Figure 4). In contrast,
even when physical dormancy was artificially broken (through scarification), germination
in Cuscuta spp. was slower.

The ecological strategy of the parasitic species involves strong physical and possibly
physiological dormancy [33], ensuring long seed persistence in soil and continuous germi-
nation over several years. The slower germination (Figure 1a—c) would allow emergence
when potential host species are already established, considering that although a limited
photosynthetic capacity [34,35] may support initial growth, it is not sufficient and along
with impaired ability to absorb minerals from the soil due to gene loss [36] do not ensure
survival in host absence. Therefore, the initial seedling growth in Cuscuta is directed toward
immediate attachment to a potential host. Typically, the highest infectious potential of the
seedlings is observed in the first 5-7 days, when the events of host attachment and further
haustoria and secondary stem formation were fast to immediate. Under control conditions,
the observed germination rate of 100% (Figure la—c) is also in conformity with previous
reports [33] and evidence, supporting that unlike other parasitic plants [37], breaking of
physical dormancy in Cuscuta spp. is sufficient to induce germination and no host-released
germination stimulants are required.

The involvement of storage compounds’ mobilization in germinating seeds was shown
to be similar in all species, activated toward the 48th hour with prevalence of amylase
activity (Figure 4). Dependence on amylolytic activity was further increased by salinity
and especially relevant for the parasitic plant, where the highest activity was observed
under salinity, already activated in the first 24 h under 100 mM NaCl, with a delay toward
the 48th hour under 200 mM NaCl (Figure 4). This pattern suggests an increased role of
stored starch in Cuscuta germination under suboptimal conditions, but also fast depletion
of the existing resources, in conformity with the overall tendency of parasitic plants to have
small seeds, poor in storage compounds [38]. This allows the production of large amount
of seeds by a single plant, a general strategy for longer persistence in parasitic plants [39],
but apparently is also a negative factor under stress conditions. Proteases (Figure 5) were
shown to be less involved in seed germination, especially in the parasitic species.

3.2. Salinity Negatively Affects but Does Not Obliterate Cuscuta campestris Parasitic Ability

Apparently, the parasitic Cuscuta were shown to be much more sensitive to salinity
than their nonparasitic relatives. Not only were germination rate (Figure 1) and growth
in host absence (Figures 2 and 3) negatively affected, but also the further ability to infect
potential hosts and growth rates after establishment (Figure 6). This was especially true for
C. campestris, a widely distributed invasive species, while the other two Cuscuta species
proved to be less sensitive to salinity in terms of germination (Figure 1), but also less
successful at the later developmental stages. Generally, Cuscuta spp. are known to germi-
nate under wide amplitudes of environmental conditions [33,40]. Such plasticity is largely
related to the possibility that if a suitable host plant is available, then the further growth
of the parasite is ensured. Some authors reported insensibility of Cuscuta seedlings to
stress-responsive ABA signaling [41], suggesting that under stress conditions the parasite
still strives for host attachment in an “infect-or-perish” attempt, without being affected by
common stress responsive mechanisms. Similarly, the early growth of C. campestris and
C. chinensis under salinity was subordinated to retained growth in length rather than weight
accumulation as seen from mass-to-length ratios (Figure 2c) as compared to the nonparasitic
species and successful host infection ensured further survival, although at reduced growth
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rate (Figure 6). Similarly, when dormancy was broken for any reason under unfavorable
conditions, the seeds seemed to mobilize any possible resources (Figures 4 and 5) to ensure
the early survival.

It should be noted, however, that a single Cuscuta spp. plant produces several thou-
sands of seeds [39], which are heterogenic, germinate unevenly and over several years [33].
A rough calculation from the current experiment would lead to the idea that under 200
mM NaCl approximately 15% of all Cuscuta campestris seeds would give successfully devel-
oping plants—50% attached to host from 30% germinated (Figure 1), also with a significant
delay in time. In a saline environment, however, the relatively lower biodiversity suggests
fewer and more slowly growing hosts [2], which in turns leads to the understanding that
under such conditions the slower germination and growth rate along with fewer survived
C. campestris would be in conformity to the host availability and would reduce the intraspe-
cific competition within the parasitic plant population. Even though it is probably not an
evolutionary adaptation on purpose, the inhibiting effect of salinity on the parasitic plant
may be beneficial in the above discussed situation.

4. Materials and Methods
4.1. Plant Material

Cuscuta campestris seeds were collected in August, 2018 in the Thracian Plane, LH
70, 42°27'13” N 25°30'06” E. The species was morphologically determined. Cuscuta chi-
nensis and C. japonica seeds were provided from the collection of Zhejiang Provincial Key
Laboratory of Plant Evolutionary Ecology and Conservation, Taizhou University, Taizhou,
Zhejiang Province, China. Commercially available Ipomoea tricolor seeds were purchased
from Sortovi Semena AD, Sofia, Bulgaria and grown to mature plants in greenhouse, from
which the seeds for the experiments were collected. Convolvulus arvensis and Calystegia
sepium seeds were collected in the area of Negovan (42°46/08.1” N 23°24/01.1” E), Bulgaria
and morphologically identified. The average seed weight (per 100 seeds) was as follow:
0.068 +£ 0.016 g for C. campestris, 0.057 £ 0.005 g for C. chinensis, 0.928 £ 0.159 g for C. japon-
ica, 3.364 £ 0.636 g for L. tricolor, 1.028 £ 0.107 g for C. arvensis and 2.384 £ 0.574 g for
C. sepium (n = 5).

4.2. Experimental Design

Seeds from all species were surface sterilized for 3 min in 70% ethanol, 5 min in 10%
commercial bleach, washed in distilled water 5 times, chemically scarified in concentrated
sulfuric acid for 15 min to break dormancy and placed on 5 layers of filter paper, soaked
with either 0 (control), 100 or 200 mM NacCl in distilled water in 110 mm diameter glass
petri dishes. Sodium chloride concentrations were chosen on the basis of preliminary
experiments on C. campestris alone from a concentration range from 0 to 400 mM NaCl
where less than 100 mM NaCl had little or no effect and more than 200 mM NaCl inhibited
further seedling growth, although not inhibiting germination completely. Germination was
performed in a phytostatic chamber at 27 °C, 16 h light/8 h dark photoperiod. Germination
rate was recorded for 10 days. Germination percentage was calculated as following:

Number of germinated seeds
Total number of seeds

Germination percentage = x 100 (1)

Initial seedling growth was measured as length in cm and fresh mass in mg 7 days after
germination of each individual seedling. Further development was assessed as growth in
length (cm) and fresh weight (mg) per day after transfer of the seedlings in soil:vermiculite
mixture (3:1) in individual pots (nonparasitic species) or on pregrown Arabidopsis thaliana
plants to serve as hosts (Cuscuta spp.) 10 days after transfer (nonparasitic species) or after
formation of a secondary stem (Cuscuta spp.). Plants were grown in greenhouse conditions
at 22 °C, 70% relative humidity and 16 h light/8 h dark photoperiod.
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4.3. Protein Isolation and Zymographic Analysis

Water-soluble proteins were isolated after the grinding of plant material in liquid
nitrogen, and resuspension in 0.1 mL per 0.01 g tissue of phosphate buffered saline (pH 7.2)
in absence of protease inhibitors and centrifugation at 10 000 g, 4 °C for 15 min. The
protein concentration in the supernatant was measured by Pierce’™ BCA Protein Assay
Kit (ThermoFisher Scientific, Waltham, MA, USA) and for further experiments all samples
were separated by denaturing polyacrylamide gel electrophoresis (SDS PAGE) at 15 ug
quantity. Semidenaturing SDS PAGE was performed essentially according to the Laemmli
protocol [42] at 12.5% T running gels with copolymerized substrate and 4% T stacking gels,
ran on a omniPAGE Mini vertical protein electrophoresis system (Cleaver Scientific, Rugby,
UK) at 180 V constant current, followed by 30 min wash in 10% Triton X100, extensive wash
in distilled water and overnight incubation at 37 °C in PBS pH 7.2, supplemented with 1M
CaCl; [43]. For protease activity the in-gel substrate was 0.1% gelatin and staining was
with 0.1% Coomassie Brilliant Blue R-250 in 40% methanol, 10% acetic acid. For x-amylase
activity in-gel substrate was 0.2% soluble starch and staining was with iodine solution
(10 mM I, and 14 mM KI).

4.4. Software and Statistical Analyses

Germination was performed in triplicates, each one consisting of 100 seeds (20 seeds
per petri dish for Cuscuta spp. and 5 seeds per petri dish for the nonparasitic species). All
other measurements were performed on 6 individual seedlings, originating from at least
3 individual petri dishes. Results for parameters of growth are presented as percentage
of control to allow comparison between the parasitic and nonparasitic species due to
the much bigger seeds and seedlings of nonparasitic species. All data were statistically
analyzed using analysis of variance (ANOVA) with level of significance at either p < 0.05
or p < 0.01 with Tukey’s post hoc test and Levene’s test for homogeneity on JASP 0.9.0.1
(University of Amsterdam, Amsterdam, The Netherlands). For germination percentage the
effect of salinity on germination within individual species was tested at the 5th and 10th
day. Factorial ANOVA was performed to test the effect of species, salinity and interaction
between them on the final germination. Final germination percentage (10th day) of the
controls of each species was assumed as 100% and germination percentage under salinity
was recalculated:

Number of
germinated seeds

Germination percentage = x 100 2)

Number of germinated
seeds at 0 mM NaCl

All values were transformed to angular values (arcsin v/%), tested for homogeneity
and subjected to two-way ANOVA [44]. All graphs were plotted using GraphPad Prism 8.

5. Conclusions

The presented results strongly suggest high sensitivity to salinity of the parasitic plant
Cuscuta campestris during the early germination events and seedling growth. Although it
is a highly invasive and noxious weed with broad ecological plasticity, it showed poorer
tolerance to salinity, compared to its nonparasitic relative. In contrast, it is a much more
effective parasite under salinity in comparison to the other two Cuscuta species. The
inability to cope with the negative effects of salt stress may be partially predetermined by
the low content of storage compounds in the seeds. Such sensitivity to adverse conditions,
however, may be beneficial in an ecological perspective, as lower germination and survival
rate under restricted host availability could contribute to better adjustment to the available
resources. The germination percentage of the nonparasitic vines was similarly affected,
although their further development was less affected than the parasitic species.
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