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Local adaptation to continuous 
mowing makes the noxious 
weed Solanum elaeagnifolium 
a superweed candidate 
by improving fitness and defense 
traits
Jesus Chavana1, Sukhman Singh1, Alejandro Vazquez1, Bradley Christoffersen1, 
Alexis Racelis1,2 & Rupesh R. Kariyat1,2* 

The role of disturbance in accelerating weed growth is well understood. While most studies have 
focused on soil mediated disturbance, mowing can also impact weed traits. Using silverleaf nightshade 
(Solanum elaeagnifolium), a noxious and invasive weed, through a series of field, laboratory, and 
greenhouse experiments, we asked whether continuous mowing influences growth and plant defense 
traits, expressed via different avenues, and whether they cascade into offspring. We found that 
mowed plants produced significantly less number of fruits, and less number of total seeds per plant, 
but had higher seed mass, and germinated more and faster. When three herbivores were allowed to 
feed, tobacco hornworm (Manduca sexta) caterpillars, gained more mass on seedlings from unmowed 
plants, while cow pea aphid (Aphis craccivora), a generalist, established better on mowed seedlings; 
however, leaf trichome density was higher on unmowed seedlings, suggesting possible negative 
cross talk in defense traits. Texas potato beetle (Leptinotarsa texana), a co-evolved specialist on S. 
elaeagnifolium, did not show any differential feeding effects. We also found that specific root length, 
an indicator of nutrient acquisition, was significantly higher in first generation seedlings from mowed 
plants. Taken together, we show that mowing is a selective pressure that enhances some fitness and 
defense traits and can contribute to producing superweeds.

Weeds are generally defined as undesired plant species that can invade ecosystems, causing harm to both biotic 
and abiotic ecosystem components1,2. The factors contributing to the ability of weedy plant species to establish 
and colonize have been well understood3–5. The general consensus is that weed species tend to have enhanced 
traits that allow them to succeed either in their native or introduced habitats, when compared to their non-weedy 
counterparts6–8. This could be their ability to either outcompete heterospecifics and/or have better growth, fit-
ness, and defense traits to name a few9. For example, allelopathy in weedy sunflower (Helianthus spp.) inhibits 
mustard (Brassica spp.) seed germination and lantana (Lantana camara) inhibits wheat (Triticum aestivum), 
soybean (Glycine max), and corn (Zea mays) growth10,11. On the other hand, weeds such as Rhododendron 
ponticum and Rhododendron maximum colonize forests by adaptative switching between sexual and asexual 
reproduction, thereby reducing tree growth and regeneration, causing immense forest damage. They are also 
more tolerant to cold and shade and express plasticity in morphological and physiological adaptions to varying 
environmental conditions12. More recently, there has been tremendous interest to identify and quantify other 
contributing factors to weed success including their ability to cope with climate change, and more importantly, 
human disturbance13–15. However, most of these studies are limited to traits observed in a single growing season, 
ignoring any possible cascading effects.

The effects of human disturbance on weed success have also been well researched. Collectively, these studies 
suggest that land and soil disturbance due to human activities tend to enhance weed success both in natural and 
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agricultural environments16–18. Many plants that thrive in hot and dry environments tend to become weedy with 
fast growth and drought resistance, primarily facilitated and enhanced by human disturbance19. These can range 
from clearing, draining, and other human activities that promote erosion, collectively damaging non-weedy 
vegetation4. Recently, in the semi-arid open forest with Prosopis caldenia (Caldenal), anthropogenic disturbance 
(e.g., fire, grazing) played a significant role in the establishment of widely distributed ruderal weed specie20. In 
rhizomatous weeds such as Carolina horsenettle (Solanum carolinense; Solanaceae), a single mother plant can 
produce ~ 21 new sprouts in the following season, a grave concern to farmers when rhizomes are broken apart 
in agricultural lands as part of tillage21. While obvious human-driven disturbances have been studied extensively 
among management practices, mowing as a disturbance has been overlooked, even though mowing is known to 
dramatically reduce photosynthetic area and reduce biomass, forcing them to reallocate resources22–24.

Weeds in urban, agricultural, and other forms of managed systems undergo multiple mowing events during 
their growing season and must constantly reprogram growth, defense and fitness, else risk extinction in local 
populations25,26. For example, Yong et al. demonstrated in the invasive weed Erigeron annuus, mowing reduced 
seed mass but led to variation in pappus length, and achene size, and speculated that these differences lead to 
better spread and higher survival rate27. Moreover, mowing is also considered as mechanical wounding, lead-
ing to enhanced defenses, both locally and systemically with short and long-term effects28,29. This interplay of 
anthropogenic disturbance and weed ecology, and its role in cascading growth and defense traits needs to be 
better understood, especially since many weed species are perennial and can propagate asexually over multiple 
years and growing seasons21.

Clearly, anthropogenic disturbances have a huge impact on weed success, and we are yet to understand the 
factors that contribute to this. Plants are known to evolve in short periods of time in response to environmental 
changes including temperature and CO2 levels, and selection favors genotypes with traits capable of surviving 
such stressors. These include growth, defense, resource allocation, flowering and reproduction, and germination 
rate is considered as one of the most important factors that indicate successful adaptation against environmental 
vagaries30,31. Among the many weedy traits that provide an edge over non weedy plants, the ability to self-fertilize 
is also considered critical32,33. In line with Baker’s theory34, it is observed that self-fertility is common in weeds, 
and the ability to self-pollinate and set viable seeds ensures fitness in founding populations, when cross pollen 
from conspecifics may be low, due to small population size and reduced number of unrelated individuals35,36. 
While most studies have addressed these questions using fitness measures as variables of interest21,37, we still lack 
a complete understanding of whether other biotic and abiotic factors can contribute and complicate the interac-
tions at multiple trophic levels. In their home ranges, weeds are constantly subject to high herbivory pressure 
from co-evolved herbivores, a phenomenon lacking in their invasive habitats- commonly known as enemy free 
space. For example, the tropical fire ant, Solenopsis geminata (Frabicius), and the Asian house rat, Rattus tanezumi 
Temminck, are widely known to consume weed seeds of Digitaria ciliaris, Echinochloa colona and Eleusine indica 
and control weed populations in rice fields38 in their native ranges.

A large body of work has demonstrated that in the absence of these natural predators, weeds in an enemy free 
space are more likely to thrive and become a larger problem as they are highly invasive39–42. In addition, there 
is the possibility for local herbivores that differ in specialization and feeding guild to also impact these defense 
traits and weed fitness, by checking weed populations at an ecosystem threshold. For example, we previously 
found that in S. carolinense, intraspecific variation due to experimental inbreeding affected the recruitment of 
herbivores and natural enemies in field, by selectively improving fitness of outbred progeny when compared to 
inbred through better defenses, in addition to better growth and reproductive fitness43 with transgenerational 
effects44. Expanding this line of research into anthropogenic disturbance is critical to determine the evolutionary 
ecology, an area traditionally under-explored, but has gained momentum recently43,44. Being the chief contribu-
tor of fitness, seeds are loaded by mother plants with nutrients which have direct effects on offspring success45. 
Parental stress can lead to depleted resource allocation to seeds as a result of the lack of resources due to photo-
synthetic tissue loss by herbivory, or reallocation and tradeoffs at defense-fitness traits46–48.

To examine reproductive fitness, defenses, and possible local adaptation due to mowing, we used a com-
bination of field, growth chamber, common garden, and lab experiments with multiple genets from 4 mowed 
and unmowed sub populations of Silverleaf nightshade (SLN) to ask the following questions: (1) Does mowing 
influence growth and fitness traits, (2) On what scale does mowing affect herbivore incidence and field damage, 
(3) Does mowing lead to local adaptation on growth and fitness traits, (4) Are there cascading effects on plant 
defenses against generalist and specialist herbivores, and (5) Are these effects if any, also prevalent in root traits, 
since the species also reproduce through rhizomatous roots?

We hypothesized that due to consistent loss of photosynthetic area and growing time, mowed plants will 
exhibit lower growth and fitness traits, but have enhanced defenses since mowing is regularly inflicted and is also 
a form of mechanical wounding and can lead to defense signaling and local adaptation. We also hypothesized 
that offspring, from mowed mother plants will have compromised growth and fitness traits due to lower resource 
allocation but will also have higher constitutive defenses due to damage in the parental generation. To answer 
these questions, we used three herbivores-. Tobacco hornworm (Manduca sexta), a generalist on Solanaceae, 
cow pea aphid (Aphis craccivora) a generalist aphid and Texas Potato Beetle (Leptinotarsa texana), a co-evolved 
specialist on SLN for our herbivory experiments. And, to examine root traits, we used WinRhizo Pro 2019 root 
scanner to measure the key root traits involved in weed success.

Materials and methods
Study system.  SNL is a noxious, drought-resistant, perennial weed that is believed to have originated in the 
southwestern border of the United States and Mexico49 but is invasive worldwide50. The species thrives well in all 
environmental conditions including poor soil and nutrient availability51. It can easily spread to other locations 
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by rivers and streams, through livestock manure and anthropogenic activity such as plowing and mowing52. 
The species also exhibits allelopathy, physical and chemical defenses, and high reproductive fitness by seeds and 
asexual reproduction through rhizomes, collectively making it highly competitive and extremely invasive53,54. 
Additionally, the species exhibits gametophytic self-incompatibility, but is also plastic for the trait, producing 
selfed seeds when outcrossed pollen is limited55.

Study populations and plant materials.  For all the experiments detailed in this study, we used plants 
and seeds derived from 8 locations in the McAllen-Edinburg area of Rio Grande Valley, Texas, USA where SLN 
is native. We had been monitoring these locations in the McAllen-Edinburg city limits for over three years56 
and have confirmed the disturbance status of these populations; mowing has been done by city management 
continuously and 4 out of eight populations were disturbed by continuous mowing by the city management, and 
the rest were left undisturbed, but within 20–30 m from each other. The GPS coordinates and population size of 
these locations have been detailed in Supplementary Table 1.

Fruit collection.  All the fruits produced by ~ 100 different plants (genets) with at least ten genets from each 
location were collected over one week in December 2019. The mowing (4 rounds of mowing) ended in late sum-
mer (September) and so the plants could set and mature fruits. Care was taken to ensure that the genets were 
at least 5 m apart to minimize any clonality effects in sampling since SNL can vegetatively reproduce through 
rhizomes. The collected fruits, from different locations in the city, were pooled per genet, bagged and stored at 
room temperature in lab for seed extraction.

Seeds/fruit and total seeds.  Seeds were extracted from the fruit by cutting each fruit in half and gently squeezing 
the fruit to push out all the seeds into a fine mesh strainer (250 microns). Water was used to remove the pulp 
of the fruit from the seed. Once washed, seeds were set out to dry on a paper towel at 70 °C and 50% relative 
humidity for 24 h.

Fruit diameter and seed mass measurements.  To measure fruit diameter and seed mass, five random fruits from 
the pooled fruits of a single genet (individual plant in each sub population/treatment i.e., from each location of 
mowed and unmowed areas) were chosen. Fruit diameter was measured using a digital caliper (ABSOLUTE 
Super Caliper SERIES 500, IL, USA). Afterwards, the fruits were carefully cut in halves without causing any 
damage to seed. The fruit’s pulp was removed, and the seeds were separated using a fine mesh strainer and then 
were dried on a napkin for at least 12 h. Once dried, the seeds were counted and stored in falcon tubes at 70 °C 
and 50% relative humidity.

To create a seed bank from each location (each field area of mowed and unmowed plants) for germination 
experiment and mass measurement, 200 seeds were randomly chosen from the pooled seeds of all the fruits 
from each genet per location. 100 of these seeds from both treatments (mowed and unmowed) from each of the 
eight locations were then weighed using an analytical balance (Accuris Dx W3101A-220, Mid Sci, MO, USA) 
to get 100 seed mass.

Seed germination and establishment.  To examine seed germination and seedling establishment, 200 seeds from 
each of the pooled seed banks (from all eight locations) were used (1600 seeds in total; 800 per treatment). 
Before sowing, half of the seeds (400 each from each treatment) were treated with 20 ml of gibberellic acid in 
deionized water (mowed/unmowed) (GA3, 1000 ppm; Sigma-Aldrich, MO, USA) for 24 h to examine whether 
treatment × seed germination is impacted by the rooting hormone57. After the seed treatment, 50 seeds each 
were sown each in a plastic tray (7.5 in × 12.5 in × 2 in) using a sterilized potting mixture (Sunshine professional 
growing mix: Sun Gro Horticulture Canada Ltd., Agawam, MA, USA). All the trays were placed in popup cages 
(24 × 24 × 36 in, Biogentex Laboratories, Inc., TX, USA) inside the greenhouse conditions at 27 °C and RH 70%. 
Trays were monitored daily for germination for 70  days starting from the day after sowing until no further 
germination was observed for 5 consecutive days. Germination was measured in two ways; number of seeds 
germinated over total seeds planted (germination rate), and number of seeds germinated per week (speed of 
germination). After seedlings produced 2–4 true leaves, they were transplanted to square pots (4 × 4 × 6 in) inside 
the popup cages.

Growth traits.  The seedlings were monitored for height and leaf count every two weeks after transplanting. The 
height was measured using a ruler (cm) and the number of fully developed leaves were counted. In addition, 
total shoot length was also measured before harvesting for root traits.

Root traits.  Morphological characteristics of roots were measured from a total of 30 plants composed of both 
treatments: 15 mowed and 15 unmowed. These plants were randomly chosen from the transplanted seedlings, 
all at the same age post-transplanting (4 weeks after transplanting). The plants were cut at soil level to separate 
the shoots from the roots and then gently removed from their respective pots and placed on a 3-part strainer, 
where soil was gently washed off the roots. Image acquisition of roots was completed by placing washed roots 
submerged in water on a transparent tray and scanned with an EPSON Flatbed Scanner (EPSON Expression 
11000XL 1.8 V3.49 3.49), part of the WinRHIZO package (Regent Instruments Inc., Quebec, Canada). Win-
RHIZO has been used to efficiently and precisely determine complex root parameters that are normally prone 
to human error58 WinRHIZO was used to digitize and quantify various root traits such as total root length (cm), 
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area (cm2), the number of tips, forks, crossing (fine roots) and root volume (cm3), among others. Specific root 
length (m/g) was determined by dividing the total root length by total root dry biomass.

Detailed explanation of the variables measured are in Table 1.

Dry biomass.  After root trait quantification, roots and shoots were dried at room temperature in brown paper 
bags for two days. After drying, the bags were placed in a drying oven (Quincy lab. INC, Fisher Scientific, USA) 
at 75 °C for 48 h, and dry mass was measured using an analytical balance (Accuris Dx W3101A-220, Mid Sci, 
Valley Park, MO, USA).

Herbivory.  Field herbivory.  To determine whether mowed and unmowed plants experience similar her-
bivory levels in field, we did a field survey on ~ 10 plants per subpopulation and estimated herbivory levels on a 
0–4 scale; 0 = 0%, 1 = 25%, 2 = 50%, 3 = 75% and 4 = 100% of the leaves damaged59. Since mowing continuously 
reduced leaf area, we restricted our estimation to the youngest 5–6 fully developed leaves to be consistent across 
treatments. In addition, we also estimated herbivory presence on a yes or no (0 or 1) binary scale as an additional 
line of data for herbivory in field. The same methodology was repeated for seedlings from the next generation, 
except the transplanted seedlings in pots were transported to field and placed in SNL populations as a pair (one 
mowed and one unmowed; 15 pairs) 1 m apart for 7 days, followed by damage and herbivore assessment as 
before.

Herbivory in lab.  To determine whether mowing impacted plant response against specific herbivores, we fol-
lowed up the field experiment with lab assays with three different herbivores: Tobacco hornworm (Manduca 
sexta), a generalist on Solanaceae, cow pea aphid (Aphis craccivora) a generalist aphid, and Texas Potato Beetle 
(Leptinotarsa texana), a specialist on SLN. These three herbivores are commonly found in the native SNL popu-
lations, and have been documented to successfully complete their life cycle on SNL.

Manduca sexta larval mass gain.  M. sexta caterpillars were collected from the lab colony reared on a wheat 
germ based artificial diet (Frontier Scientific Services, Newark, DE, USA60). Two days old M. sexta eggs were 
placed on a 1 cm3 cubes diet inside a petri dish until they hatched. After hatching, first instar caterpillars were 
pre-weighed and placed on fully developed leaves of 4 weeks post transplanted seedlings of SLN. In this experi-
ment, sixty SLN plants (thirty mowed and thirty unmowed) were used. The plants were not randomly selected, 
but chosen based on similarity in size, height, and number of leaves to reduce any confounding traits on her-
bivore mass gain. A coffee filter paper was wrapped around the potted plants around the midpoint of the stem, 
such that each plant was divided into two halves, with each half receiving one caterpillar each. Two first instar 
M. sexta caterpillars were placed on each plant, one caterpillar above the coffee filter and one caterpillar below 
the filter on a fully developed leaf and could feed continuously for 4 days. The caterpillars were starved for 4–6 h 
before the experiment to clear their gut. After 4 days, the caterpillars were removed, and post mass data was 
collected. Using the following equation mass gain was calculated: mass gain = (final mass − initial mass)/initial 
mass61,62.

Aphis craccivora population growth.  Aphis craccivora used for the experiment was from a lab colony reared 
on multiple Solanaceae species. In this experiment a total of twenty-four plants; twelve mowed and twelve 
unmowed were used. For the population assay, three third instar aphid nymphs were transferred from the host 
plants to a young leaf of treatment plant using a paint brush and were allowed to grow and reproduce. The plants 
were separated and caged individually to minimize any accidental spread. Aphids were monitored and counted 
every five days and were counted twice. For both counts adults and nymphs were counted separately.

Leptinotarsa texana larval mass gain.  Like A. craccivora, we used a lab colony of L. texana reared on Solanaceae 
species from individuals collected from SNL from the native populations in the Summer of 2019. We used newly 
molted second instar grubs for the experiment, pre weighed and placed on fully developed leaves of 15 mowed 

Table 1.   Details of response variables, treatment means, statistical tests and significance from WinRhizo 
experiment. Variables that are statistically significant are in bold P values at P < 0.05.

Response variable Mean and SE (mowed) Mean and SE (un mowed) T value P value

Shoot length 21.8 ± 1.6 19.3 ± 1.2 1.24 0.225

Root width 23.46 ± 0.93 25.0 ± 0.73 − 0.130 0.204

Root height 16.12 ± 0.63 17.23 ± 0.35 − 1.54 0.138

Root length 1142 ± 110 1623 ± 104 − 0.91 0.004

Total surface area 182.9 ± 22 257.7 ± 20 − 2.54 0.017

Root volume 2.45 ± 0.39 3.38 ± 0.40 − 1.66 0.108

Root tips 7928 ± 1150 15,447 ± 1904 − 3.38 0.003

Root forks 13,483 ± 1700 19,381 ± 1569 − 2.55 0.017

Root crossings 1148 ± 131 1563 ± 144 − 2.14 0.042

Pooled fine roots 9268 ± 1256 17,349 ± 2000 − 3.42 0.0002
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and 15 unmowed treatment plants. After four days, beetles were removed from the plant using a small paint 
brush and weighed on a balance (Accuris Dx W3101A-220, Mid Sci, Valley Park, MO, USA) for the second mass. 
Like M. sexta, mass gain was then calculated.

Trichome density.  To examine how trichome density in offspring was influenced by mowing treatment imposed 
on maternal plants, we chose one leaf each from 10 randomly chosen offspring seedlings from mowed and 
unmowed parents. These leaves were cut near node of the plant to avoid any damage to the leaf, then using a hole 
punch two small disks (6 to 8 mm diameter) were cut for each leaf. Leaf disks were taped with carbon tape and 
then was placed on a 15 mm aluminum stage. To examine the trichomes in detail, we used a desktop scanning 
electron microscope (SNE-4500 M Plus Tabletop SEM; Nanoimages LLC, Pleasanton, California, USA). Images 
of abaxial and adaxial sides of leaves were taken at 60 × magnification with 5KV using SE detector. For each 
sample, we did the following measurements: trichomes on abaxial and adaxial surface, number of glandular vs 
non-glandular trichomes, and then for each sample, 10 random non glandular stellate trichomes were chosen 
and the number of individual spikes on them were counted. For counting, the scanning electron micrograph was 
saved as a .jpg file and each trichome was identified, labeled and counted63.

Statistical analysis.  For total fruits, seed mass, seeds/fruit and total seeds data, we used a General Linear 
Model (GLM) with Poisson distribution. Tukey comparisons were carried out to determine pairwise differences 
among the factors including sub-populations and mowing or unmowed treatments. Fruit diameter was analyzed 
using the non-parametric Kruskal–Wallis test to determine if mowed populations varied from unmowed, since 
data failed to meet normality assumptions even after transformation attempts. Plant height from mowed and 
unmowed sub-populations were collected twice and analyzed separately using Kruskal–Wallis tests. Damage 
assessment on 0–4 scale data was analyzed using Poisson regression. Seed germination data was also analyzed 
with a General linear Model with mowing (or unmowed control), GA (no GA control) treatment and week 
(week 0–9) as factors, followed by Tukey posthoc tests to tease apart pairwise comparisons. For analyses of root 
traits, we used a combination of two-tailed T tests and non-parametric Kruskal–Wallis tests based on the dis-
tribution of the data. Variables for which the data didn’t meet normality assumptions even after transformation 
were analyzed by Kruskal–Wallis tests. Specific root length was analyzed using two tailed t-tests. Transformed 
data was back transformed for reporting as means and for plots. In both analyses mowed/unmowed treatment 
was used as the predictor. For experimental design and analyses, each genet (individual plant) is considered as 
the unit of replication, for both parental generation (sub-populations) and seedlings. The detailed statistics are 
displayed in the table, and a few of the most relevant root traits of interest64 are displayed as plots (see Table 1). 
For field herbivore presence (yes or no) and herbivory scale (0–4) data analyses, we used binary logistic regres-
sion and ordinal logistic regression respectively with treatment (mowed /unmowed) as the predictor. P values 
were reported based on Wald’s test. To confirm that any preexisting variation in plant traits did not factor into 
field herbivory assessment, we also ran a t-test on plant height (Supplementary Data). M. sexta mass gain and 
L. texana mass gain was analyzed using the Kruskal–Wallis test due to non-normal distribution. A. craccivora 
population growth was analyzed by examining total aphids found (adults and nymphs) using a Poisson distri-
bution fit model regression due to non-normal count data. Both treatment and replicate were used as predic-
tors and P values were reported from Wald test. For trichomes we ran multiple analyses; total trichomes were 
analyzed using a 2-sample t-test, and a Two-way Anova was used for estimating whether the trichomes varied 
due to mowing treatment of leaf surface. Treatment (mowed/unmowed) and side (abaxial/adaxial) were used as 
factors. Similar to total trichomes, stellate and non-glandular trichome number, and number of spikes on stel-
late trichomes were also analyzed using 2 sample t-tests. All analyses were carried out using Minitab (Minitab 
Inc, State College, PA, USA) and plots were made using GraphPad Prism (LA Jolla, California, USA) software.

Results
Fitness traits (parents).  Analyses of total fruits production showed that unmowed genets produced sig-
nificantly more fruits (GLM; F = 48.72; P < 0.001; Fig.  1A), and total seeds (Mean seeds × total fruits; GLM; 
F = 41.90; P < 0.001; Fig. 1B). However, we also found that there was no difference for fruit diameter (Kruskal–
Wallis Test; P = 0.269; see Supplementary Fig.  1), and for mean number of seeds per fruits (GLM; F = 0.06; 
P = 0.809; Fig. 1C). Surprisingly, when we measured 100 seed mass, we found that seeds from mowed genets 
were significantly heavier than unmowed genets, suggesting that these embryos may be better fit (GLM; F = 3.35; 
P < 0.001; Fig. 1D), a question we addressed with the germination assays.

Seed germination.  Following our fitness traits experiments, seed germination showed that seeds from 
mowed maternal plants had significantly more germination than from unmowed (GLM; F = 9.85; P < 0.002: 
Fig.  2A). However, the phytohormone GA3 had no significant effect on germination rate for mowed and 
unmowed populations (GLM; F = 0.00; P = 0.974; Fig. 2B). Like other weed species, we also found significantly 
more seeds germinated during the early season than in the late season (GLM; F = 95.33; P < 0.001) with most of 
the germination taking place in the first five weeks (Fig. 2C).

Growth (offspring).  Transplanted seedlings from the germination experiment were also monitored for 
health and vigor. We found that seedlings from unmowed parents had significantly more leaves per seedling 
(Poisson distribution fit model regression; Chi-square = 15.16; P < 0.001) and were also significantly taller than 
mowed plants (Kruskal–Wallis test; t = − 3.81; P < 0.001), suggesting better growth and developmental traits in 
unmowed seedlings (Fig. 3A,B).
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Field damage (parental generation).  Analysis of herbivory data from field showed that significantly 
more herbivores were present on unmowed plants in comparison to mowed plants (Binary logistic regression; 
Chi-square = 16.92; P > 0.001; Fig. 4A). Consequently, damage done by herbivores was also significantly more on 
unmowed plants (Ordinal logistic regression; P-value = 0.037; Fig. 4B).

Herbivory in lab (offspring).  Field damage results were further confirmed by herbivory experiments 
conducted in lab. We found the number of A. craccivora on mowed plants to be significantly higher than on 
unmowed plants (Poisson distribution fit model regression; P-value < 0.001; Fig. 5A). However, our mass gain 
experiments of M. sexta show significantly lower mass gain on mowed plants than on unmowed plants (Kruskal–
Wallis test; H = 5.22; P-value = 0.022) (Fig. 5B). On the other hand, we found no significant difference in mass 
gain of L. texana on both mowed and unmowed plants (Kruskal–Wallis test; H = 0.13; P-value = 0.715) (Fig. 5C). 
Therefore, we speculate higher induction of jasmonic acid (JA) signaling pathway in mowed treatments, which 
is induced in plants upon attack by chewing insect pests. These results are akin to JA-SA (Salicylic acid pathway 
induced in plants upon attack by sucking insect pests) pathway negative crosstalk, where induction of one path-
way downregulates the other.

Trichomes (offspring).  Contrary to our expectations, our results show that unmowed plants have signifi-
cantly more trichomes than mowed treatments (Two sample T-test; t = −  2.53; P-value = 0.02) (Fig.  6A). We 
followed this by examining the abaxial and adaxial side of the leaves for both treatments. However, there was 
no significant differences in mean number of trichomes per side (Two-way Anova; F = 1.27; P-value = 0.26) 
(Fig. 6B) in either of the treatments (Two-way Anova; F = 3.50; P-value = 0.06) (Fig. 6B). SLN has both glandular 
and non-glandular (stellate) trichomes, dominated by non-glandular stellate trichomes. Similar to trichome 
density we also found that unmowed treatment had significantly more stellate trichomes (Two sample T-test; 
t = − 2.47; P-value > 0.02) (Fig. 6C), while no difference was found between treatments for glandular trichomes 
(Two sample T-test; t = − 0.10; P-value = 0.918) (Fig. 6D). Using enhanced measurement features of the tabletop 
SEM, we also examined detailed morphology of non-glandular (stellate) trichomes and found that the seedlings 
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from unmowed treatment also had significantly more spikes on their trichomes (Two sample T-test; t = − 6.26; 
P-value < 0.00) (Fig. 6E).

Root traits.  In addition to above ground traits, we also examined below-ground root traits and their differ-
ences between seedlings from mowed and unmowed parents. There were no significant differences between the 
two groups in root (Kruskal–Wallis tests; t = − 0.130; P < 0.108)  (Fig. 7A, Table 1) and shoot (Kruskal–Wallis 
tests; t = 1.24; P = 0.225) (Fig. 7B, Table 1) length. However, we found that the major root traits such as whole 
root area (Kruskal–Wallis tests; t = − 2.54 P = 0.017) (Fig. 7C, Table 1), root surface area (Kruskal–Wallis tests; 
P = 0.017) (Fig. 7D, Table 1), and fine roots (Kruskal–Wallis tests; t = − 3.42 P < 0.0002) (Fig. 7E, Table 1), were 
significantly higher in roots from seedlings of unmowed parents than their mowed counterparts. Interestingly, 
specific root length (SRL), a key root trait in resource acquisition, was significantly higher on mowed when com-
pared to the unmowed seedlings (Two tailed T test; t = 2.02; P < 0.049) (Fig. 7F, Table 1).

Discussion
In this study we examined how disturbance (mowing) affects reproductive fitness traits, defenses, and their 
cascading effects on SLN over two growing seasons. Collectively, we found that although mowing reduces repro-
ductive fitness by removing photosynthetic area, mowing also leads to local adaptation for fitness and defense 
traits in both parental and offspring generations, potentially leading to become a superweed. More importantly, 
we also found that these differences are not similar for all the traits we measured. Enhanced fitness and defense 
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traits in the offspring, from mowed parents indirectly suggest that local disturbance can lead to better fit seedlings 
with a possibility of making species like SLN a superweed, adding another layer of complexity in understanding 
its invasion and management50.

While examining fitness traits, we found that unmowed genets were taller and produced significantly more 
fruits and total seeds (total fruits X seeds/fruit) than their mowed counterparts (Fig. 2), confirming that these 
genets can flourish in anthropogenically undisturbed environments65. In contrast, while unmowed genets pro-
duced more fruits, the seed mass of mowed individuals was significantly higher (Fig. 2C). It has been well 
understood that heavier seeds tend to germinate more and rapidly, therefore seed mass is considered a strong 
indicator of fitness66. This is particularly important for a weed species such as SLN that colonize agricultural land, 
pastures and areas that are prone to constant disturbance. Our data clearly demonstrates that higher seed mass 
can have a benefit by improving progeny fitness, as documented elsewhere67 again, alluding to local adaptation.

As a consequence of heavier seeds on mowed plants, we found that germination was more frequent and more 
rapid when compared to unmowed plant seed progeny. We also introduced the phytohormone GA3 to test if the 
germination accelerant phytohormone treatment can differentially influence germination rate68, but surpris-
ingly, found that GA3 has no effect on germination rates on mowed or unmowed treatments. We speculated that 
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if GA3 brought the germination rates of unmowed plants up to par with the mowed ones, it would suggest that 
enhanced GA3 signaling in the mowed plants can possibly be induced by mowing. Clearly, enhanced germination 
is the result of the environmental stress through mowing, possibly independent of any genetic effects, an area 
that needs to be examined further. We also estimated the germination cycle of SLN in its native range. We show 
that SLN seeds have around 50% germination rate and tend to germinate the most within the first 5 weeks of 
seeding, as opposed to later in the season (Fig. 3). This coincides with a study on germination timings of another 
(of many) weed species, where Ambrosia artemisiifolia L., Ambrosia trifida (rag weed), and Polygonum pensyl-
vanicum L., (Knotweed) all had large flushes of germination in the first 5 weeks from their planting, followed by 
very little to no germination after69. Gioria and Pysek, 2016 also found a strong tendency for invasive plants to 
germinate earlier and faster than their native counterparts. In addition, since germination rate also reflects local 
adaptation70 to changes in the environment71, our data complements the list of studies on local adaptation, with 
traits measured in two generations of growth. For a weed species that tends to undergo constant disturbance 
and possible extinction of founding populations, a rapid and relatively high germination rate make it a grave 
concern for conservation, invasion and management policies72,73.

Interestingly though, enhanced germination rates and faster germination didn’t translate into better growth 
traits in mowed offspring. We found that seedlings from unmowed parents were taller and had more leaves, 
suggesting that mowing-induced trait enhancement is possibly limited to germination, rather than cascading 
throughout the growing season74, 75. Additionally, weeds like SNL have higher root investment, since rhizomes 
are a major reproductive strategy, ensuring fitness. Similar to growth and fitness traits, we found that unmowed 
plants had higher values of various metrics of root biomass, including root area and number of fine roots, but a 
key metric of the cost–benefit ratio of roots, specific root length, was significantly higher in offspring of mowed 
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plants (Table 1). Specific root length has been associated with an enhanced ability to acquire nutrients and is 
known to be independent of other plant trait economics spectra76,77. This is a significant result as it clearly shows 
that while total available resources are limited, mowed offspring construct fine roots more efficiently, and thus 
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may be able to partially offset these negative effects, giving them enhanced ability to acquire water and nutrients 
at a given size. Additionally, this ability can be critical in limited resource environments. Their potential implica-
tions for invasion success, and consequential effects on plant diversity under different land management regimes78 
can shed light into how invasive weed species can be successful under resource limitation79.

A large body of previous research has investigated the defense mechanisms in plants against insect herbivory 
in weeds56,80–82, and how these interactions are modulated by resource availability, evolutionary history, and 
breeding status21,83–85. In both years, a significant amount of our experimentation was carried out on herbivory 
and plant defenses. We hypothesized that mowing, a mode of mechanical wounding will enhance defenses and 
thereby negatively impact herbivores63 that feed on SLN. In the parental generation, we found that mowed plants 
suffered lower damage in the field. The major herbivore of SLN in our subpopulations was Texas potato beetle 
(Leptinotarsa texana) grubs and adults, other herbivores present were tobacco hornworm (Manduca sexta), 

Mowed Unmowed
0

50

100

150

W
ho

le
ro
ot

ar
ea

(c
m

2 )

*

Mowed Unmowed
0

100

200

300

400

R
oo

ts
ur
fa
ce

ar
ea

(c
m

2 )

*

Mowed Unmowed
0

10000

20000

30000

40000

Fi
ne

ro
ot
s
po

ol
ed

(#
)

*

Mowed Unmowed
0

20

40

60

80

R
oo

tl
en

gt
h
(c
m
)

ns

Mowed Unmowed
0

10

20

30

40

Sh
oo

tl
en

gt
h
(c
m
)

ns

Mowed Unmowed
0

2

4

6

Sp
ec

ifi
c
ro
ot

le
ng

th
(m

/g
)

*

Root traits on seedlings from parental sub-populations in field-
germinated and transplanted in greenhouse

A B

C D

E F

Figure 7.   Results of six major root traits show: (A) Whole root area (P < 0.108; Kruskal–Wallis tests), (B) Root 
surface area (P = 0.017; Kruskal–Wallis test), (C) Fine roots pooled (P < 0.0002; Kruskal–Wallis tests), (D) Root 
length (P = 0.004; Kruskal–Wallis tests), (7E) Shoot length (P = 0.225; Kruskal–Wallis tests), (7F) Specific root 
length (P < 0.049; two tailed T test) on mowed (orange bar) and unmowed (blue bar) plants. Means are shown by 
scale bars and asterisk denotes significantly different results at p < 0.0, while ns denotes non-significant results 5.



12

Vol:.(1234567890)

Scientific Reports |         (2021) 11:6634  | https://doi.org/10.1038/s41598-021-85789-z

www.nature.com/scientificreports/

cowpea aphid (Aphis craccivora), and eggplant tortoise beetle (Gratiana pallidula). Even more interesting was 
that the reduced herbivory was consistent in offspring when they were exposed to herbivores in an area close 
to our subpopulations. Clearly, mowing (damage) in parental generation enhanced offspring defenses and they 
possibly had higher constitutive defenses that reduced both herbivore incidence and herbivory levels44. For 
example., it has been shown that higher alkaloid production in tall fescue (Festuca arundinacea) and perennial 
ryegrass (Lolium sp.) post mowing resulted in lower herbivore damage, supporting the idea these disturbance 
help plants to withstand and maybe even better defend against herbivores86,87.

We found that our lab experiments on herbivory results were species specific; M. sexta (chewing herbivore; 
feeds on most Solanaceae members) gained less mass on mowed plants inflicting less damage to these plants than 
unmowed plants (Fig. 5B). However, L. texana (chewing herbivore, co-evolved and feeds exclusively on SLN88 
mass gain was similar in both mowed and unmowed plants (Fig. 5C). On the other hand, A. craccivora (sucking 
herbivore, generalist aphid) population fared significantly better on mowed plants (Fig. 5A). In general, aphids 
induce SA pathway (salicylic acid phytohormonal signaling that provides resistance to plants against sucking 
insect pests and pathogens; 90) while chewing herbivores induce JA (Jasmonic acid) pathway in plants. Results 
from herbivory experiments are consistent with the JA and SA pathway negative crosstalk. Plenty of studies have 
reported negative crosstalk of JA suppressing SA action89,90. Traw et al. also found suppression of SA due to JA in 
Wassilewskija wild type of Arabidopsis thaliana which increased their susceptibility to Pseudomonas syringae 89. 
We speculate that increased constitutive defenses under the JA pathway enhanced defenses against herbivores 
in general (as observed in field), and more specifically against M. sexta in lab and field damage on the seedlings. 
Consequently, JA mediated SA suppression possibly led to mowed SLN being susceptible to sucking herbivore A. 
craccivora. However, the most important herbivore that damages SLN- L. texana, a potential biocontrol agent91 
was unaffected by mowing, clearly suggesting that regardless of any enhanced defenses due to mowing, the 
co-evolved specialist herbivore was able to continuously feed and develop, as documented in other systems92,93. 
For example, Yang et al., looked at Triadica sebifera in its native (Asia) and invasive habitat (USA). Using two 
generalist and one specialist herbivores, they found that even though the chemical composition of flavonoids 
and tannins changed in their respective habitat, the specialist fed more and consequently had better growth 
when compared to the generalist herbivores94. Similarly, Blair and Wolfe, have shown that plants introduced to 
new environmental conditions found to have faster germination, growth and enhanced reproduction but invest 
less in defense traits due to reduced herbivory pressure and enemy free space95. Our results are opposite (lower 
height and reduced number of leaves in mowed plants) is possibly due to the need of increased investment in 
defense traits due to higher herbivory and continuous mowing.

Finally, the variation in herbivore response to mowing in offspring in laboratory conditions and field condi-
tions lead us to ask whether plant defenses correlate with these herbivore growth traits. Our comprehensive 
examination of the trichome morphology of SLN allowed us to address this directly. Using a series of manipula-
tive experiments, we have previously documented pre and post ingestive roles of trichomes as a plant defense 
in Solanum spp- M. sexta system60, 96,97. Surprisingly, our results showed that offspring from mowed parents 
had lower trichome density (stellate, the major trichome type), and that they also had lower number of indi-
vidual spikes on them. Trichomes have been well documented to be an effective defense against herbivores, by 
either restricting their access97,98, movement99,100 and in many cases being toxic to them60,83,96. We speculate that 
although trichomes are thought to be primarily regulated by JA pathway, other phytohormones including GA3, 
Cytokinins, SA and Ethylene also plays key roles in both initiation and branching101. Our data clearly shows 
that the interplay of JA, SA mediated defenses, herbivore feeding and trichomes are far more complicated. It 
would be interesting to identify and quantify secondary metabolites (alkaloids, and plant volatiles), signaling 
compounds (phytohormones) and their gene expression to tease apart these effects, and to examine potential 
trade-offs between chemical and structural defenses and herbivory in this species.

Taken together, our data from both parental and offspring generations affected by mowing pressure strongly 
supports the idea that environmental anthropogenic disturbances significantly influence growth and fitness traits 
and leads to cascading effects from parent to offspring that could lead to possible super weeds, independent of 
herbicide resistance. Moving forward, the role of epigenetics102–104 in offspring trait expression should be explored 
further and will be the subject of future work in SLN.

Received: 5 November 2020; Accepted: 2 March 2021

References
	 1.	 Holzner, W. Concepts, categories and characteristics of weeds. Biol. Ecol. Weeds https://​doi.​org/​10.​1007/​978-​94-​017-​0916-3_1 

(1982).
	 2.	 Randall, J. M. Weed control for the preservation of biological diversity. Weed Technol. 10, 370–383 (1996).
	 3.	 Atkinson, I. A. E. Problem Weeds on New Zealand Islands. (Dept. of Conservation, 1997).
	 4.	 Goslee, S. C., Peters, D. P. C. & Beck, K. G. Modeling invasive weeds in grasslands: the role of allelopathy in Acroptilon repens 

invasion. Ecological Modelling (2001). https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​S0304​38000​10023​19. Accessed 2 Oct 
2020.

	 5.	 Dawson, W., Burslem, D. F. R. P. & Hulme, P. E. Factors explaining alien plant invasion success in a tropical ecosystem differ at 
each stage of invasion. J. Ecol. 97, 657–665 (2009).

	 6.	 Baker, H. G. The evolution of weeds, annual review of ecology, evolution, and systematics. DeepDyve (1974). https://​www.​deepd​
yve.​com/​lp/​annual-​revie​ws/​the-​evolu​tion-​of-​weeds-​YxSFG​7LI8J. Accessed 2 Oct 2020.

	 7.	 Perrins, J., Williamson, M. & Fitter, A. A survey of differing views of weed classification: Implications for regulation of introduc-
tions. Biol. Conserv. 60, 47–56 (1992).

https://doi.org/10.1007/978-94-017-0916-3_1
https://www.sciencedirect.com/science/article/pii/S0304380001002319
https://www.deepdyve.com/lp/annual-reviews/the-evolution-of-weeds-YxSFG7LI8J
https://www.deepdyve.com/lp/annual-reviews/the-evolution-of-weeds-YxSFG7LI8J


13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:6634  | https://doi.org/10.1038/s41598-021-85789-z

www.nature.com/scientificreports/

	 8.	 Mack, R. N. Predicting the identity and fate of plant invaders: Emergent and emerging approaches. Biol. Conserv. 78, 107–121 
(1996).

	 9.	 Sutherland, S. What Makes a Weed a Weed: Life History Traits of Native (2004). https://​www.​jstor.​org/​stable/​pdf/​40005​745.​pdf. 
Accessed 2 Oct 2020.

	 10.	 Leather, G. R. Weed control using allelopathic crop plants. J. Chem. Ecol. 9, 983–989 (1983).
	 11.	 Mersie, W. & Singh, M. Allelopathic effect of parthenium (Parthenium hysterophorus L.) extract and residue on some agronomic 

crops and weeds. J. Chem. Ecol. 13, 1739–1747 (1987).
	 12.	 Derya, E., yildiz, O. & Nelson, E. T. (PDF) Ecology, Competitive Advantages, and Integrated (2006). https://​www.​resea​rchga​te.​

net/​publi​cation/​28749​1753_​Ecolo​gy_​Compe​titive_​Advan​tages_​and_​Integ​rated_​Contr​ol_​of_​Rhodo​dendr​on_​An_​Old_​Ornam​
ental_​yet_​Emerg​ing_​Invas​ive_​Weed_​Around_​the_​Globe. Accessed 2 Oct 2020.

	 13.	 Clements, D. R. & Ditommaso, A. Climate change and weed adaptation: Can evolution of invasive plants lead to greater range 
expansion than forecasted?. Weed Res. 51, 227–240 (2011).

	 14.	 Sebasky, M. E., Keller, S. R. & Taylor, D. R. Investigating past range dynamics for a weed of cultivation, Silene vulgaris. Ecol. 
Evol. 6, 4800–4811 (2016).

	 15.	 Hodgins, K. Unearthing the impact of human disturbance on a notorious weed. Mol. Ecol. 23, 2141–2143 (2014).
	 16.	 Hobbs, R. J. & Huenneke, L. F. Disturbance, diversity, and invasion: Implications for conservation. Ecosyst. Manag. https://​doi.​

org/​10.​1007/​978-1-​4612-​4018-1_​16 (1992).
	 17.	 Lozon, J. D. & Macisaac, H. J. Biological invasions: Are they dependent on disturbance?. Environ. Rev. 5, 131–144 (1997).
	 18.	 Ditomaso, J. M. Invasive weeds in rangelands: Species, impacts, and management. Weed Sci. 48, 255–265 (2000).
	 19.	 Larson, D. L., Anderson, P. J. & Newton, W. Alien plant invasion in mixed-grass prairie: Effects of vegetation type and anthro-

pogenic disturbance. Ecol. Appl. 11, 128–141 (2001).
	 20.	 Chiuffo, M. C., Cock, M. C., Prina, A. O. & Hierro, J. L. Response of native and non-native ruderals to natural and human 

disturbance. Biol. Invasions 20, 2915–2925 (2018).
	 21.	 Kariyat, R. R., Scanlon, S. R., Mescher, M. C., De Moraes, C. M. & Stephenson, A. G. Inbreeding depression in Solanum caro-

linense (Solanaceae) under field conditions and implications for mating system evolution. PLoS ONE (2011). https://​www.​ncbi.​
nlm.​nih.​gov/​pmc/​artic​les/​PMC32​36180/. Accessed 2 Oct 2020.

	 22.	 Li, B., Shibuya, T., Yogo, Y. & Hara, T. Effects of ramet clipping and nutrient availability on growth and biomass allocation of 
yellow nutsedge. Ecol. Res. 19, 603–612 (2004).

	 23.	 Jia, X., Pan, X. Y., Li, B., Chen, J. K. & Yang, X. Z. Allometric growth, disturbance regime, and dilemmas of controlling invasive 
plants: A model analysis. Biol. Invasions 11, 743–752 (2008).

	 24.	 Ramula, S. Annual mowing has the potential to reduce the invasion of herbaceous Lupinus polyphyllus. Biol. Invasions 22, 
3163–3173 (2020).

	 25.	 Liu, X. & Huang, B. Mowing effects on root production, growth, and mortality of creeping bentgrass. Crop Sci. 42, 1241–1250 
(2002).

	 26.	 Biazzo, J. & Milbrath, L. R. Response of pale swallowwort (Vincetoxicum rossicum) to multiple years of mowing. Invasive Plant 
Sci. Manag. 12, 169–175 (2019).

	 27.	 Yong, X.-H. et al. Maternal Mowing Effect on Seed Traits of an Invasive Weed, Erigeron annus in farmland. Sains Malay. 44, 
347–354 (2015).

	 28.	 Mithöfer, A., Wanner, G. & Boland, W. Effects of feeding spodoptera littoralis on lima bean leaves. II. Continuous mechanical 
wounding resembling insect feeding is sufficient to elicit herbivory-related volatile emission. Plant Physiol. 137, 1160–1168 
(2005).

	 29.	 Engelberth, J. & Engelberth, M. The Costs of Green Leaf Volatile-Induced Defense Priming: Temporal Diversity in Growth 
Responses to Mechanical Wounding and Insect Herbivory. Plants 8, 23 (2019).

	 30.	 Erfmeier, A. & Bruelheide, H. Invasive and nativeRhododendron ponticumpopulations: Is there evidence for genotypic differ-
ences in germination and growth?. Ecography 28, 417–428 (2005).

	 31.	 Milbau, A., Nijs, I., Van Peer, L., Reheul, D. & De Cauwer, B. Disentangling invasiveness and invasibility during invasion in 
synthesized grassland communities. New Phytol. 159, 657–667 (2003).

	 32.	 Etten, M. L. V., Conner, J. K., Chang, S.-M. & Baucom, R. S. Not all weeds are created equal: A database approach uncovers 
differences in the sexual system of native and introduced weeds. Ecol. Evol. 7, 2636–2642 (2017).

	 33.	 Baker, H. G. Self-compatibility and establishment after “long-distance” dispersal. Evolution 9, 347 (1955).
	 34.	 Tabassum, S. & Leishman, M. R. It doesn’t take two to tango: Increased capacity for self-fertilization towards range edges of two 

coastal invasive plant species in eastern Australia. Biol. Invasions 21, 2489–2501 (2019).
	 35.	 Pannell, J. R. & Barrett, S. C. H. Baker’s law revisited: reproductive assurance in a metapopulation. Evolution 52, 657–668 (1998).
	 36.	 Pannell, J. R. Evolution of the mating system in colonizing plants. Mol. Ecol. 24, 2018–2037 (2015).
	 37.	 Mena-Ali, J. I., Keser, L. H. & Stephenson, A. G. Inbreeding depression in Solanum carolinense (Solanaceae), a species with a 

plastic self-incompatibility response. BMC Evol. Biol. 8, 10 (2008).
	 38.	 Chauhan, B. S., Migo, T., Westerman, P. R. & Johnson, D. E. Post-dispersal predation of weed seeds in rice fields. Weed Res. 50, 

553–560 (2010).
	 39.	 Muniappan, R. & Viraktamath, C. A. Invasive alien weeds in the Western Ghats. Curr. Sci. 64, 555–558 (1993).
	 40.	 Ziller S. R. A Estepe Gramineo-Lenhosa no Segundo Plan-alto do Paraná: Diagnóstico Ambiental com Enfoque à Contami-

nacão Biológica (PhD Thesis). Universidade Federal doParaná (2000).
	 41.	 Javaid, A. & Riaz, T. Parthenium hysterophorus L., an alien invasive weed threatening natural vegetations in Punjab, Pakistan. 

Pak. J. Bot. 44, 123–126 (2012).
	 42.	 Alves, M. T. & Hilker, F. M. Hunting cooperation and Allee effects in predators. J. Theor. Biol. 419, 13–22 (2017).
	 43.	 Kariyat, R. R., Mauck, K. E., Moraes, C. M. D., Stephenson, A. G. & Mescher, M. C. Inbreeding alters volatile signalling pheno-

types and influences tri-trophic interactions in horsenettle (Solanum carolinense L..). Ecol. Lett. 15, 301–309 (2012).
	 44.	 Nihranz, C. T. et al. Herbivory and inbreeding affect growth, reproduction, and resistance in the rhizomatous offshoots of 

Solanum carolinense (Solanaceae). Evol. Ecol. 33, 499–520 (2019).
	 45.	 Nihranz, C. T. et al. Transgenerational impacts of herbivory and inbreeding on reproductive output in Solanum carolinense. Am. 

J. Bot. 107, 286–297 (2020).
	 46.	 Wilkens, R. T., Shea, G. O., Halbreich, S. & Stamp, N. E. Resource availability and the trichome defenses of tomato plants. 

Oecologia 106, 181–191 (1996).
	 47.	 Zaynab, M. et al. Role of secondary metabolites in plant defense against pathogens. Microb. Pathog. 124, 198–202 (2018).
	 48.	 Neilson, E. H., Goodger, J. Q., Woodrow, I. E. & Møller, B. L. Plant chemical defense: at what cost?. Trends Plant Sci. 18, 250–258 

(2013).
	 49.	 Boyd, J. W., Murray, D. S. & Tyrl, R. J. Silverleaf nightshade, Solarium elaeagnifolium, origin, distribution, and relation to man. 

Econ. Bot. 38, 210–217 (1984).
	 50.	 EPPO Global Database. Solanum elaeagnifolium (SOLEL)[Documents]| EPPO Global Database. https://​gd.​eppo.​int/​taxon/​SOLEL/​

docum​ents. Accessed 5th Nov 2020.
	 51.	 Travlos, I. S. Responses of invasive silverleaf nightshade (Solanum elaeagnifolium) populations to varying soil water availability. 

Phytoparasitica 41, 41–48 (2012).

https://www.jstor.org/stable/pdf/40005745.pdf
https://www.researchgate.net/publication/287491753_Ecology_Competitive_Advantages_and_Integrated_Control_of_Rhododendron_An_Old_Ornamental_yet_Emerging_Invasive_Weed_Around_the_Globe
https://www.researchgate.net/publication/287491753_Ecology_Competitive_Advantages_and_Integrated_Control_of_Rhododendron_An_Old_Ornamental_yet_Emerging_Invasive_Weed_Around_the_Globe
https://www.researchgate.net/publication/287491753_Ecology_Competitive_Advantages_and_Integrated_Control_of_Rhododendron_An_Old_Ornamental_yet_Emerging_Invasive_Weed_Around_the_Globe
https://doi.org/10.1007/978-1-4612-4018-1_16
https://doi.org/10.1007/978-1-4612-4018-1_16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3236180/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3236180/
https://gd.eppo.int/taxon/SOLEL/documents
https://gd.eppo.int/taxon/SOLEL/documents


14

Vol:.(1234567890)

Scientific Reports |         (2021) 11:6634  | https://doi.org/10.1038/s41598-021-85789-z

www.nature.com/scientificreports/

	 52.	 Mekki, M. Biology, distribution and impacts of silverleaf nightshade (Solanum elaeagnifolium Cav.). EPPO Bull. 37, 114–118 
(2007).

	 53.	 Cuthbertson, E.G. Morphology of the underground parts of silverleaf nightshade. 5th Australian Weeds Conference (1976).
	 54.	 Heap, J., Honan, I. & Smith, E. Silverleaf nigthshade: A Technical Handbook for Animal and Plant Control Boards in South Australia 

(Adelaide, 1997).
	 55.	 Petanidou, T. et al. Self-compatibility and plant invasiveness: Comparing species in native and invasive ranges. Perspect. Plant 

Ecol. Evol. Syst. 14, 3–12 (2012).
	 56.	 Kariyat, R. R. & Chavana, J. Field data on plant growth and insect damage on the noxious weed Solanum eleaegnifolium in an 

unexplored native range. Data Brief 19, 2348–2351 (2018).
	 57.	 Centibas, M. & Koyuncu, F. The ripening and fruit quality of ‘Monroe’ peaches in response to pre-harvest application gibberellic 

acid. Akdeniz Üniv. Ziraat Fakült. Dergisi 26, 73–80 (2013).
	 58.	 Pornaro, C., Macolino, S., Menegon, A. & Richardson, M. WinRHIZO technology for measuring morphological traits of Ber-

mudagrass Stolons. Agron. J. 109, 3007–3010 (2017).
	 59.	 Kariyat, R. R. et al. Inbreeding, herbivory, and the transcriptome of Solanum carolinense. Entomol. Exp. Appl. 144, 134–144 

(2012).
	 60.	 Kariyat, R. R. et al. Feeding on glandular and non-glandular leaf trichomes negatively affect growth and development in tobacco 

hornworm (Manduca sexta) caterpillars. Arthropod Plant Interact. 13, 321–333 (2019).
	 61.	 Tayal, M., Chavana, J. & Kariyat, R. R. Efficiency of using electric toothbrush as an alternative to a tuning fork for artificial buzz 

pollination is independent of instrument buzzing frequency. BMC Ecol. 20, 1 (2020).
	 62.	 Singh, S. & Kariyat, R. R. Exposure to polyphenol-rich purple corn pericarp extract restricts fall armyworm (Spodoptera fru-

giperda) growth. Plant Signal. Behav. 15, 1784545 (2020).
	 63.	 Kariyat, R. R. et al. Constitutive and herbivore-induced structural defenses are compromised by inbreeding in Solanum caro-

linense (Solanaceae). Am. J. Bot. 100, 1014–1021 (2013).
	 64.	 Paez-Garcia, A. et al. Root traits and phenotyping strategies for plant improvement. Plants 4, 334–355 (2015).
	 65.	 Pinke, G., Pál, R. & Botta-Dukát, Z. Effects of environmental factors on weed species composition of cereal and stubble fields 

in western Hungary. Open Life Sci. 5, 283–292 (2010).
	 66.	 Tremayne, M. A. & Richards, A. J. Seed weight and seed number affect subsequent fitness in outcrossing and selfing Primula 

species. New Phytol. 148, 127–142 (2000).
	 67.	 Ramesh, K., Matloob, A., Aslam, F., Florentine, S. K. & Chauhan, B. S. Weeds in a changing climate: Vulnerabilities, consequences, 

and implications for future weed management. Front. Plant Sci. 8, 1 (2017).
	 68.	 Rha, E. S. & Jamil, M. Gibberellic acid (GA3) enhance seed water uptake, germination and early seedling growth in sugar beet 

under salt stress. Pak. J. Biol. Sci. 10, 654–658 (2007).
	 69.	 Stoller, E. W. & Wax, L. M. Periodicity of germination and emergence of some annual weeds. Weed Sci. 21, 574–580 (1973).
	 70.	 Meyer, S. E. & Pendleton, B. K. Factors affecting seed germination and seedling establishment of a long-lived desert shrub 

(Coleogyne ramosissima: Rosaceae). Plant Ecol. 178, 171–187 (2005).
	 71.	 Milbau, A., Scheerlinck, L., Reheul, D., De Cauwer, B. & Nijs, I. Ecophysiological and morphological parameters related to 

survival in grass species exposed to an extreme climatic event. Physiol. Plant. 125, 500–512 (2005).
	 72.	 Gioria, M. & Pyšek, P. Early bird catches the worm: Germination as a critical step in plant invasion. Biol. Invasions 19, 1055–1080 

(2016).
	 73.	 Mahmood, A. H. et al. Influence of various environmental factors on seed germination and seedling emergence of a noxious 

environmental weed: Green galenia (Galenia pubescens). Weed Sci. 64, 486–494 (2016).
	 74.	 Mcnaughton, S. J. Grazing lawns: On domesticated and wild grazers. Am. Nat. 128, 937–939 (1986).
	 75.	 McNaughton, S. J. Adaptation of herbivores to seasonal changes in nutrient supply. Nutr. Herb. 1, 391–408 (1987).
	 76.	 Laliberté, E., Lambers, H., Burgess, T. I. & Wright, S. J. Phosphorus limitation, soil-borne pathogens and the coexistence of plant 

species in hyperdiverse forests and shrublands. New Phytol. 206, 507–521 (2014).
	 77.	 Kramer-Walter, K. R. et al. Root traits are multidimensional: Specific root length is independent from root tissue density and 

the plant economic spectrum. J. Ecol. 104, 1299–1310 (2016).
	 78.	 Losapio, G. et al. An invasive plant species enhances biodiversity in overgrazed pastures but inhibits its recovery in protected 

areas. J. Ecol. https://​doi.​org/​10.​1101/​2020.​08.​16.​227066 (2020).
	 79.	 Onen, H., Farooq, S., Gunal, H., Ozaslan, C. & Erdem, H. Higher tolerance to abiotic stresses and soil types may accelerate 

common ragweed (Ambrosia artemisiifolia) invasion. Weed Sci. 65, 115–127 (2016).
	 80.	 Wittstock, U. & Gershenzon, J. Constitutive plant toxins and their role in defense against herbivores and pathogens. Curr. Opin. 

Plant Biol. 5, 300–307 (2002).
	 81.	 Mooney, E. H., Tiedeken, E. J., Muth, N. Z. & Niesenbaum, R. A. Differential induced response to generalist and specialist 

herbivores by Lindera benzoin (Lauraceae) in sun and shade. Oikos 118, 1181–1189 (2009).
	 82.	 Baldwin, I. T. Plant volatiles. Curr. Biol. 20, 392–397 (2011).
	 83.	 Coley, P. D., Bryant, J. P. & Chapin, F. S. Resource availability and plant antiherbivore defense. Science 230, 895–899 (1985).
	 84.	 Fine, P. V. A. Herbivores promote habitat specialization by trees in amazonian forests. Science 305, 663–665 (2004).
	 85.	 Zandt, P. A. V. Plant defense, growth, and habitat: A comparative assessment of constitutive and induced resistance. Ecology 88, 

1984–1993 (2007).
	 86.	 Salminen, S. O. & Grewal, P. S. Does decreased mowing frequency enhance alkaloid production in endophytic tall fescue and 

perennial ryegrass?. J. Chem. Ecol. 28, 939–950 (2002).
	 87.	 Freeman. An Overview of Plant Defenses against Pathogens and Herbivores. The Plant Health Instructor (2008). https://​doi.​org/​

10.​1094/​phi-i-​2008-​0226-​01.
	 88.	 Davis, H. N. et al. Review of Major Crop and Animal Arthropod Pests of South Texas. Subtropical Agriculture and Environments 

(2020).
	 89.	 Traw, M. B., Kim, J., Enright, S., Cipollini, D. F. & Bergelson, J. Negative cross-talk between salicylate- and jasmonate-mediated 

pathways in the Wassilewskija ecotype of Arabidopsis thaliana. Mol. Ecol. 12, 1125–1135 (2003).
	 90.	 Bostock, R. M. Signal crosstalk and induced resistance: Straddling the line between cost and benefit. Annu. Rev. Phytopathol. 

43, 545–580 (2005).
	 91.	 Lefoe, G. et al. Assessing the fundamental host-range of Leptinotarsa texana Schaeffer as an essential precursor to biological 

control risk analysis. Biol. Control 143, 104165 (2020).
	 92.	 Chung, S. H. & Felton, G. W. Specificity of induced resistance in tomato against specialist lepidopteran and coleopteran species. 

J. Chem. Ecol. 37, 378–386 (2011).
	 93.	 Korpita, T., Gómez, S. & Orians, C. M. Cues from a specialist herbivore increase tolerance to defoliation in tomato. Funct. Ecol. 

28, 395–401 (2013).
	 94.	 Yang, Q. et al. Plant–soil biota interactions of an invasive species in its native and introduced ranges: Implications for invasion 

success. Soil Biol. Biochem. 65, 78–85 (2013).
	 95.	 Blair, A. C. & Wolfe, L. M. The evolution of an invasive plant: An experimental study with Silene latifolia. Ecology 85, 3035–3042 

(2004).

https://doi.org/10.1101/2020.08.16.227066
https://doi.org/10.1094/phi-i-2008-0226-01
https://doi.org/10.1094/phi-i-2008-0226-01


15

Vol.:(0123456789)

Scientific Reports |         (2021) 11:6634  | https://doi.org/10.1038/s41598-021-85789-z

www.nature.com/scientificreports/

	 96.	 Kariyat, R. R., Smith, J. D., Stephenson, A. G., Moraes, C. M. D. & Mescher, M. C. Non-glandular trichomes of Solanum carolin-
ense deter feeding by Manduca sexta caterpillars and cause damage to the gut peritrophic matrix. Proc. R. Soc. B 284, 20162323 
(2017).

	 97.	 Kariyat, R. R. et al. Leaf trichomes affect caterpillar feeding in an instar-specific manner. Commun. Integr. Biol. 11, 1–6 (2018).
	 98.	 Karabourniotis, G., Liakopoulos, G., Nikolopoulos, D. & Bresta, P. Protective and defensive roles of non-glandular trichomes 

against multiple stresses: Structure–function coordination. J. For. Res. 31, 1–12 (2019).
	 99.	 Kang, J.-H., Shi, F., Jones, A. D., Marks, M. D. & Howe, G. A. Distortion of trichome morphology by the hairless mutation of 

tomato affects leaf surface chemistry. J. Exp. Bot. 61, 1053–1064 (2009).
	100.	 Tian, D., Tooker, J., Peiffer, M., Chung, S. H. & Felton, G. W. Role of trichomes in defense against herbivores: Comparison of 

herbivore response to woolly and hairless trichome mutants in tomato (Solanum lycopersicum). Planta 236, 1053–1066 (2012).
	101.	 An, F. et al. Ethylene-induced stabilization of ETHYLENE INSENSITIVE3 and EIN3-LIKE1 is mediated by proteasomal deg-

radation of EIN3 binding F-Box 1 and 2 That requires EIN2 in arabidopsis. Plant Cell 22, 2384–2401 (2010).
	102.	 Lämke, J. & Bäurle, I. Epigenetic and chromatin-based mechanisms in environmental stress adaptation and stress memory in 

plants. Genome Biol. 18, 1 (2017).
	103.	 Weinhold, A. Transgenerational stress-adaption: an opportunity for ecological epigenetics. Plant Cell Rep. 37, 3–9 (2017).
	104.	 Miryeganeh, M. & Saze, H. Epigenetic inheritance and plant evolution. Popul. Ecol. 62, 17–27 (2019).

Author contributions
J.C., B.C., A.R. and R.K. designed the experiments. J.C., R.K., A.V., and S.S. collected the data. J.C. and R.K. did 
the analyses, and all J.C. wrote the first draft. All authors contributed to revisions and the final draft.

Funding
This project was funded by The University of Texas Rio Grande Valley Seed Grant to Rupesh Kariyat, and USDA 
National Institute of Food and Agriculture-HSI Grant #2016-38422-25543 to Alex Racelis.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​85789-z.

Correspondence and requests for materials should be addressed to R.R.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-85789-z
https://doi.org/10.1038/s41598-021-85789-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Local adaptation to continuous mowing makes the noxious weed Solanum elaeagnifolium a superweed candidate by improving fitness and defense traits
	Materials and methods
	Study system. 
	Study populations and plant materials. 
	Fruit collection. 
	Seedsfruit and total seeds. 
	Fruit diameter and seed mass measurements. 
	Seed germination and establishment. 
	Growth traits. 
	Root traits. 
	Dry biomass. 

	Herbivory. 
	Field herbivory. 
	Herbivory in lab. 
	Manduca sexta larval mass gain. 
	Aphis craccivora population growth. 
	Leptinotarsa texana larval mass gain. 

	Trichome density. 

	Statistical analysis. 

	Results
	Fitness traits (parents). 
	Seed germination. 
	Growth (offspring). 
	Field damage (parental generation). 
	Herbivory in lab (offspring). 
	Trichomes (offspring). 
	Root traits. 

	Discussion
	References


