

  plants-12-02371




plants-12-02371







Plants 2023, 12(12), 2371; doi:10.3390/plants12122371




Article



The Plant Invader Alternanthera philoxeroides Benefits from Clonal Integration More than Its Native Co-Genus in Response to Patch Contrast



Wenhua You 1,2,*, Ningning Li 1, Jin Zhang 1, Ao Song 1 and Daolin Du 1,*





1



Institute of the Environment and Ecology, College of the Environment and Safety Engineering, Jiangsu University, Zhenjiang 212013, China






2



Jiangsu Collaborative Innovation Center of Technology and Material of Water Treatment, Suzhou University of Science and Technology, Suzhou 215009, China









*



Correspondence: whyou@ujs.edu.cn (W.Y.); daolindu@163.com (D.D.)







Academic Editor: Alexander P. Sukhorukov



Received: 5 May 2023 / Revised: 31 May 2023 / Accepted: 6 June 2023 / Published: 19 June 2023



Abstract

:

Different connected parts of clonal plants often grow in different patches and the resource contrast between patches has an important effect on the material transfer between the connected ramets. However, it is unclear whether the effect of clonal integration differs between the invasive clonal plant and the related native species in response to patch contrast. To explore this, we grew the clonal fragment pairs of plant invader Alternanthera philoxeroides and its co-genus native species A. sessilis under high contrast, low contrast, and no contrast (control) nutrient patch environments, respectively, and with stolon connections either severed or kept intact. The results showed that, at the ramet level, clonal integration (stolon connection) significantly improved the growth of apical ramets of both species, and such positive effects were significantly greater in A. philoxeroides than in A. sessilis. Moreover, clonal integration greatly increased the chlorophyll content index of apical ramets and the growth of basal ramets in A. philoxeroides but not in A. sessilis under low and high contrast. At the whole fragment level, the benefits of clonal integration increased with increasing patch contrast, and such a positive effect was more pronounced in A. philoxeroides than in A. sessilis. This study demonstrated that A. philoxeroides possesses a stronger ability of clonal integration than A. sessilis, especially in patchy environments with a higher degree of heterogeneity, suggesting that clonal integration may give some invasive clonal plants a competitive advantage over native species, thus facilitating their invasion in patchy habitats.
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1. Introduction


Biological invasions can reduce native species diversity and result in negative economic and human health impacts worldwide [1,2,3]. Numerous studies have been conducted to identify and understand the mechanisms underlying the process of invasion, and some inherent traits associated with clonal growth are widely recognized as critical determinants contributing to plant invasiveness [4,5]. Most notably, many of the most notorious invasive exotic plants are clonal plants [6,7,8], such as Alternanthera philoxeroides (Mart.) Griseb., Solidago canadensis L., and Eichhornia crassipes (Mart.) Solms. This raises the question of whether clonal traits exist in some invasive clonal plant species that give them an advantage over native clonal plants or non-clonal plants [9].



A unique feature of clonal plants is clonal integration, i.e., the transfer of water, nutrients, and photosynthetic products through vascular bundles driven by source–sink relationships that exist between clonal ramets [10,11]. The resources (e.g., light, water, and nutrients) required for plant growth and reproduction and the environmental conditions (e.g., temperature, humidity, disturbance, foraging) under which they live often exhibit heterogeneous distribution patterns [12,13]; thus, the physically interconnected ramets of a clonal plant with a strong capacity for horizontal expansion can often experience different resource and environmental patches [14,15]. Many studies have shown that in heterogeneous habitats, ramets growing in resource-rich patches can support the growth of ramets in resource-poor patches through clonal integration and thus improve the fitness of the whole clone [4,5,16]. Therefore, clonal integration is considered to be an important mechanism for the adaptation of clonal plants to the prevailing heterogeneity [17,18,19].



A recent focus of research is to compare differences in the ability of clonal integration between invasive alien species and native species. You et al. (2014) found that, relative to the native co-existing species Jussiaea repens, the invasive species A. philoxeroides exhibited greater clonal integration under heterogeneous resources and competitive environmental conditions, resulting in greater competitive ability and growth performance. The experimental results of Wang et al. (2017) also showed that invasive species benefited more from clonal integration than native species, leading to invasive species producing more biomass than native species. Therefore, clonal integration may confer a competitive advantage to invasive species relative to native species [5].



Contrast, which refers to the extent of the relative variation in resource availability between patches or between a patch and its surrounding matrix, constitutes one aspect of environmental heterogeneity [20]. Although environmental heterogeneity is universal, the contrast of heterogeneous patches is not the same [21], and the magnitude of contrast has a decisive influence on the transport of material between connected plant ramets [20]. The benefits of clonal integration may increase with increasing resource contrast between patches of heterogeneous environments [22,23]. However, experimental evidence on the relationship between patch contrast and clonal integration remains scarce [24,25]. In addition, it is still unclear whether this pattern differs between invasive clonal plant species and native clonal plant species. More profoundly, it means that patch contrast may affect differences in the ability of clonal integration between invasive clonal species and native clonal species, which is particularly important for our understanding of the relationship between clonal traits and plant invasion. Unfortunately, very few studies have tested this.



Through a controlled greenhouse experiment, we conducted a comparative analysis between the notorious invasive plant A. philoxeroides and its related native counterpart, A. sessilis. To investigate the effects of clonal integration on the growth performance of these two clonal plants in response to patch contrast, we grew the clonal fragments of both species under high, low, or no contrast of soil nutrients, respectively, and with stolon connections either severed (clonal integration prevented) or kept intact (clonal integration allowed). Based on past studies, we expect that increasing the contrast of resource patches will increase the benefits of clonal integration and that this pattern will be more pronounced in A. philoxeroides.




2. Results


2.1. Final Biomass and Chlorophyll Content of the Basal and Apical Ramets


Clonal integration significantly increased the biomass of the apical ramets of A. philoxeroides and A. sessilis, and the positive effects of clonal integration were always significantly greater in A. philoxeroides than in A. sessilis, as indicated by significant species * integration effects (Table 1, Figure 1B and Figure 2B). Clonal integration significantly increased the chlorophyll content index of apical ramets in A. philoxeroides but not in A. sessilis under low and high contrast (significant species * integration interactions in Table 1, Figure 1F and Figure 2F). For the basal ramets, clonal integration significantly increased the biomass of A. philoxeroides under high and low contrast rather than A. sessilis (significant species * integration interactions in Table 1, Figure 1A and Figure 2A).




2.2. Root-to-Shoot Ratio of the Basal and Apical Ramets


Clonal integration significantly increased the proportion of biomass allocated to roots in basal ramets (Figure 1C and Figure 2C), whereas it decreased it in apical ramets (Figure 1D and Figure 2D), and the effect of clonal integration on the root-to-shoot ratio for apical ramets under greater contrast was more significant, as indicated by significant integration * contrast effects (Table 1; Figure 1C,D and Figure 2C,D).




2.3. Final Biomass of the Whole Clonal Fragment


Invasive A. philoxeroides accumulated more biomass than the native A. sessilis (Figure 3). Clonal integration significantly increased the final biomass of the whole clonal fragment, and the positive effects of clonal integration were always stronger under greater contrast, as indicated by significant integration * contrast effects (Table 1, Figure 3). These differences in the effect of the clonal integration among contrasts were greater in A. philoxeroides than in A. sessilis, as indicated by significant species * integration * contrast effects (Table 1, Figure 3).





3. Discussion


Theoretical studies predicted that greater patch contrast in a patchy habitat could lead to a stronger physiological integration [26,27]. Here we found the benefits of clonal integration increased with increasing patch contrast. More importantly, in support of our predictions, the results showed that the contribution of increased patch contrast to the benefits of clonal integration was greater in A. philoxeroides than in A. sessilis.



The ubiquity of environmental heterogeneity greatly increases the difficulty for plants to obtain and utilize essential resources, affects the growth and development of plants, and is associated with fitness [28,29]. In this study, without stolon connection, the biomass of the whole clonal fragments of A. philoxeroides and A. sessilis was significantly lower under high and low contrast than under the control treatments. However, when keeping the stolon connected, the growth performance of the plants under high and low contrast greatly benefited from clonal integration. Clonal integration may be an ecological adaptation strategy developed by clonal plants in response to environmental heterogeneity [30]. Many previous studies have also shown that ramets grown in low-resource patches can benefit from clonal integration and this can improve the growth performance and thus increase the fitness of the whole clone, due to the transfer of resources from connected donor ramets grown in high-resource patches [3,31]. Our study showed that this positive effect was more pronounced under greater patch contrast; this may be caused by more resource transfers due to stronger source–sink relationships. Irrespective of the effect of clonal integration, we found A. philoxeroides always had better growth and physiological performance in terms of biomass and relative chlorophyll content. This may be due to the stronger resource absorption and utilization capabilities of A. philoxeroides [32]. Rapid biomass production can provide A. philoxeroides with the fitness advantage needed to invade native communities.



We also found that clonal integration significantly increased the root-to-shoot ratio in the basal ramets, but significantly decreased it in the apical ramets. The reduced root-to-shoot ratio in the apical ramets allows them to focus on obtaining sufficient light and carbon dioxide, and the increased root-to-shoot ratio in the basal ramets allows them to focus on obtaining abundant soil nutrients. Because resource uptake is more economical in the patches where the resource is more abundant, this division of labor significantly increased the biomass of the whole clonal fragment [33]. Such division of labor is also common in previous studies [34,35], and may be one of the important ways for clonal integration to improve the performance of clonal plants [36,37].



No significant differences in the benefits of clonal integration of the whole clonal fragment between A. philoxeroides and A. sessilis were found under the control treatments. However, in an environment without patch contrast, clonal integration significantly increased the biomass of apical ramets of A. philoxeroides and did not significantly reduce the growth of basal ramets. This is consistent with the study by Xi et al. (2019). One possible explanation is that when the apical ramets are limited by their own absorptive capacity rather than the availability of external resources, they will benefit from physiological integration even in a homogeneous environment. Additionally, if the availability of external resources is high, the performance of the exported ramets will decrease less [13,38]. Clonal integration had no effect on the growth of A. sessilis under the control treatments. Although the effects of clonal integration on the whole clonal fragments between A. philoxeroides and A. sessilis did not show significant differences, considering the important role of young ramets in exploring new open spaces and rapid expansion [18,39], clonal integration may still confer A. philoxeroides an advantage over A. sessilis in some homogeneous habitats.



Under two soil nutrient contrast treatments, clonal integration significantly increased the relative chlorophyll content of the apical ramets of A. philoxeroides, and thus increased the biomass of the whole clonal fragments of A. philoxeroides more than A. sessilis. Unexpectedly, clonal integration also significantly increased the growth performance of the basal ramets of A. philoxeroides. Possibly, the increased growth of basal ramets is a side effect of increased resource absorption and photosynthesis, which is triggered by the strong sink activity of the connected recipient ramets [40,41]. Clonal integration did not affect the biomass of the basal ramets of A. sessilis. This is consistent with many previous studies; one possible reason is that only surplus resources are transmitted by the donor ramets [42,43]. The obtained results demonstrated that A. philoxeroides had a stronger ability for clonal integration than A. sessilis, especially under higher patch contrast.



Contrary to what we expected, the benefits of clonal integration on the whole clonal fragment of A. philoxeroides and A. sessilis were not significantly different between high and low contrast. We may have underestimated the ability of clonal integration of A. philoxeroides under low contrast. Since the high contrast we used represents some extreme cases that are not common at such fine scales, this discovery will have strong practical significance. Because it represents a heterogeneous nutrient habitat that is widespread in nature, clonal integration still confers a strong absolute growth advantage on A. philoxeroides over A. sessilis.



In terms of the absolute increase in biomass, we found that the invasive species A. philoxeroides benefited more from clonal integration than the native species A. sessilis. This may be because the basal ramets of A. philoxeroides could take up and use resources such as nutrients more efficiently than those of A. sessilis so a stronger source of nutrients could be created in basal ramets of A. philoxeroides than in A. sessilis [5]. This results in more resources being passed from the basal ramets to the apical ramets. Since absolute changes in biomass rather than relative changes are critical to competition, the differences in the ability of clonal integration may give A. philoxeroides an advantage over A. sessilis [5]. More importantly, our study shows that an increase in patch contrast can amplify this ability gap. Therefore, we can reasonably speculate that increasing the spatial heterogeneity of resource supply can facilitate the invasion of A. philoxeroides. This partly explains why the disturbed communities are often severely invaded by exotic plants [44,45,46].



To sum up, using a model clonal plant, A. philoxeroides, and its native co-genus, A. sessilis, as an experimental example, we found that clonal integration may play a more important role in the invasion process of invasive clonal plants in an environment with a greater degree of resource distribution heterogeneity. It is not only reflected in the promotion of the growth of foreign invaders but also in changing the growth contrast between the invasive clonal plant A. philoxeroides and its coexisting native plant A. sessilis. We suggest that further research should consider competition experiments between invasive clonal species and native clonal species, using multiple pairs of invasive and native species to explore the role and mechanism of clonal integration in the process of alien invasive species invading local communities under different resource patch contrasts.




4. Materials and Methods


4.1. Study Species and Plant Material


Alternanthera philoxeroides (Mart.) Griseb. is a creeping perennial herb of the Amaranthaceae family, native to South America [47]. Alternanthera philoxeroides is very invasive because of its high rate of spread and adaptability to a variety of environmental conditions. In its invasive area, the grass naturally sprawls and expands rapidly, encroaching on arable land and silting up rivers, seriously threatening the ecological environment of more than thirty countries including China, Australia, India, Laos, Thailand, Mexico, and the United States [48]. In the last decade, this species has been frequently used as a model clonal plant species to examine ecological questions [49]. In China, A. philoxeroides is an asexually reproductive plant with low genetic diversity, and studies have found that even different populations still have the same genotype [50].



Alternanthera sessilis (L.) DC. is a perennial herb with two reproductive modes: sexual reproduction and clonal reproduction. A. sessilis is mainly distributed in moist habitats such as swamps, wetlands, and the edges of ditches and canals [51]. Alternanthera philoxeroides and A. sessilis have similar morphological characteristics. In natural environments, these two plant species often co-exist in diverse habitats from wet to aquatic in south China.



In April 2021, we collected the plant material of A. philoxeroides and A. sessilis from the surrounding wetlands of Gonghu Bay, Taihu Lake, Jiangsu Province, China (N 31°25′–31°28′, E 120°15′–120°21′). To enhance the probability of collecting plant material from different genotypes (genes), we obtained multiple fragments of each species from various locations separated by over 500 m. Then, plants from different locations were mixed and propagated in the greenhouse. During the experimental period, the two plant species were watered and sprayed with acaricide to ensure that the two plants were not disturbed by too many external factors before the experiment.




4.2. Experimental Design


The experiments were conducted in a greenhouse on the campus of Jiangsu University, Zhenjiang, China. In mid-August 2021, 30 similar-sized clonal fragments (tip cuttings, 15.23 ± 0.21 cm in length, 0.53 ± 0.034 g in dry mass for A. philoxeroides; 16.61 ± 0.18 cm in length, 0.74 ± 0.047 g in dry mass for A. sessilis) were selected for the experiment for each species. No differences were detected in initial size for both plant species (p > 0.05, One-way ANOVA). Each clonal fragment contained 4 ramets, of which, the two older ramets were called the basal part (close to the mother ramets), and the younger two ramets were called the apical part (distal to the mother ramets). The container used in the experiment was a rectangular plastic container with a length of 32 cm, a width of 18 cm, and a height of 8 cm. The container was divided into two parts with a fixed partition in the middle that isolated the water, nutrients, and other substances. For each clonal fragment, two ramets of the basal part were placed within basal section of a container and the other two ramets and apex of the apical part were within the apical section of the same container. The stolon of the apical ramets was anchored to the soil surface to facilitating rooting (see Figure 4). The substrate was a mixture of washed river sand and green zeolite (water retention) in a volume ratio of 3:1.



After a week of plant recovery, we began the experiments with a factorial design to test the effects of species (A. philoxeroides vs. A. sessilis), clonal integration (stolon connection represents clonal integration allowed, cutting off stolon connection represents prevention of clonal integration), and nutrient contrast. Contrast included three treatments: high contrast, low contrast, and control (no contrast). High contrast treatment was achieved by adding 1.8 g of slow-release fertilizer (OsmocoteR, N–P–K: 16–9–12) to the basal part of the plastic container and 0.2 g to the apical part. The values of low contrast and control treatment were 1.5, 0.5 and 1, 1 respectively (see Figure 4). There were 12 treatments in the experiment, and each treatment had 5 replicates.



During the experimental period, the mean light intensity was 1200–1500 µmol m−2s−1 at noon and the mean air temperature was 28–35 °C in the greenhouse. The experimental units were randomly repositioned every two weeks to avoid the effects of possible environmental heterogeneity (such as light), and regular watering was used to meet the needs of plant growth. After about 8 weeks, the experiment ended in mid-October 2021.




4.3. Measurements


Relative chlorophyll content was measured on a clear morning in direct sunlight three days before plant harvest. A pair of well-developed leaves were selected from the apical and basal ramets of each plant fragment, and the relative chlorophyll content was measured using a portable chlorophyll meter (TYS-A, TOP, Zhejiang, China). Each leaf in a pair of leaves was measured once, and after the operation error was eliminated, the average value of the two values was taken as the measured value. At the harvest, all the ramets were divided into the apical and the basal part. Then, the roots, stems, and leaves were harvested, numbered, and baked at a constant temperature of 80 °C for 72 h, and weighed separately.




4.4. Statistical Analysis


We used a generalized linear model to test the effects of species (A. philoxeroides vs. A. sessilis), integration (severed vs. intact), contrast (control vs. low vs. high), and their interactions on the final biomass, root-to-shoot ratio, chlorophyll content index of the apical and basal ramets, and the biomass of the whole clonal fragment. Post hoc least significance difference tests were used to determine if connection changed the response variables for each species under each contrast treatment. Statistical significance was assigned at p < 0.05. All data analyses were performed by SPSS 26 (SPSS, Chicago, IL, USA).
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Figure 1. Effects of experimental treatments on the final biomass, root-to-shoot ratio, and relative chlorophyll content of basal (A,C,E) and apical (B,D,F) ramets of A. philoxeroides. The data indicate the means ± SE. * indicates p < 0.05 and ** indicates p < 0.01. 






Figure 1. Effects of experimental treatments on the final biomass, root-to-shoot ratio, and relative chlorophyll content of basal (A,C,E) and apical (B,D,F) ramets of A. philoxeroides. The data indicate the means ± SE. * indicates p < 0.05 and ** indicates p < 0.01.
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Figure 2. Effects of experimental treatments on the final biomass, root-to-shoot ratio, and relative chlorophyll content of basal (A,C,E) and apical (B,D,F) ramets of A. sessilis. The data indicate the means ± SE. * indicates p < 0.05 and ** indicates p < 0.01. 
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Figure 3. Biomass of the whole clone of A. philoxeroides and A. sessilis when the clonal fragment was grown under high-contrast, low-contrast, and control conditions with connections between the basal and apical ramets severed or kept intact. The data indicate the means ± SE. 






Figure 3. Biomass of the whole clone of A. philoxeroides and A. sessilis when the clonal fragment was grown under high-contrast, low-contrast, and control conditions with connections between the basal and apical ramets severed or kept intact. The data indicate the means ± SE.



[image: Plants 12 02371 g003]







[image: Plants 12 02371 g004 550] 





Figure 4. Schematic representation of the experimental design. There were 12 experimental treatments involving species, stolon connection (clonal integration), and patch contrast. The clonal fragments of A. philoxeroides and A. sessilis, each consisting of two basal ramets (solid circles) and two apical ramets (hollow circles) with a stolon apex (horizontal arrow), were grown under control, low contrast, and high contrast conditions, respectively, and with the stolon connections between basal and apical ramets either intact or severed. 
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Table 1. Results of generalized linear models for effects of contrast, species, and integration on the final biomass of the whole clone, and the final biomass, root-to-shoot ratio, and relative chlorophyll content of the basal and apical ramets.
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Dependent Variable

	
Contrast (C)

	
Integration (I)

	
Species (S)

	
C × I

	
C × S

	
I × S

	
C × I × S




	
χ2

	
P

	
χ2

	
P

	
χ2

	
P

	
χ2

	
P

	
χ2

	
P

	
χ2

	
P

	
χ2

	
P






	
Apical

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Final biomass

	
61.552

	
<0.001

	
92.260

	
<0.001

	
428.52

	
<0.001

	
33.513

	
<0.001

	
2.208

	
0.332

	
27.759

	
<0.001

	
3.079

	
0.215




	
R/S ratio

	
25.315

	
<0.001

	
140.267

	
<0.001

	
81.147

	
<0.001

	
45.557

	
<0.001

	
2.142

	
0.343

	
0.196

	
0.658

	
2.805

	
0.246




	
Chlorophyll content index

	
36.482

	
<0.001

	
8.472

	
0.004

	
22.152

	
<0.001

	
1.632

	
0.442

	
5.871

	
0.053

	
4.945

	
0.026

	
4.529

	
0.104




	
Basal

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Final biomass

	
27.881

	
<0.001

	
5.966

	
0.015

	
174.54

	
<0.001

	
1.637

	
0.441

	
15.251

	
<0.001

	
3.970

	
0.046

	
4.248

	
0.120




	
R/S ratio

	
22.196

	
<0.001

	
45.128

	
<0.001

	
5.840

	
0.016

	
2.201

	
0.333

	
0.779

	
0.677

	
1.315

	
0.252

	
5.169

	
0.075




	
Chlorophyll content index

	
12.941

	
0.002

	
0.030

	
0.863

	
0.581

	
0.446

	
3.673

	
0.159

	
7.039

	
0.030

	
0.157

	
0.692

	
0.558

	
0.757




	
Whole fragment

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Final biomass

	
1.352

	
0.509

	
89.667

	
<0.001

	
792.98

	
<0.001

	
29.861

	
<0.001

	
10.943

	
0.004

	
33.655

	
<0.001

	
10.183

	
0.006




	
df

	
2.48

	

	
1.48

	

	
1.48

	

	
2.48

	

	
2.48

	

	
1.48

	

	
2.48

	








Values are in bold indicate p < 0.05.
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