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Abstract1

The picture emerging from the rapidly growing literature on host-associated micro-2

biota is that host traits and fitness often depend on complex and interactive effects3

of host genotype, microbial interactions, and abiotic environment. However, testing4

these main and interactive effects typically requires large, multi-factorial experiments5

and thus remains challenging in many systems. Furthermore, most studies of plant6

microbiomes focus on terrestrial hosts and microbes. Aquatic habitats may confer7

unique properties to plant micriobiomes. We grew different populations of duck-8

weed (Lemna minor), a floating aquatic plant of increasing popularity in freshwater9

phytoremediation, in three microbial treatments (adding no, “home”, or “away”10

microbes) at two levels of zinc, a common water contaminant in urban areas. Thus,11

we simultaneously manipulated plant source population, microbial community, and12

the abiotic environment, and measured both plant and microbial performance as13

well as plant traits. Although we found little evidence of interactive effects, we found14

strong main effects of plant source, microbial treatment, and zinc on both duckweed15

and microbial growth, with significant variation among both duckweed and microbial16

communities. Despite strong growth alignment between duckweed and microbes, zinc17

consistently decreased plant growth, but increased microbial growth. Furthermore,18

as in recent studies of terrestrial plants, microbial interactions altered a duckweed19

phenotype (frond aggregation). Our results suggest that the duckweed source pop-20

ulation, its associated microbiome, and the contaminant environment may all need21

to be considered in real-world phytoremediation efforts. Lastly, we propose that22

duckweed microbes offer a robust experimental system for study of host-microbiota23

interactions under a range of environmental stresses.24

Keywords: biotic interactions, freshwater ecosystems, duckweed, host-microbe interactions,25

phytoremediation, zinc26

1

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 22, 2018. ; https://doi.org/10.1101/448951doi: bioRxiv preprint 

https://doi.org/10.1101/448951
http://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction27

Plant performance in harsh environments often depends on the associated microbial com-28

munity. Plant-microbe interactions commonly alter plant development and trait expression29

in ways that affect plant fitness, especially under stress (Friesen et al., 2011; Goh et al.,30

2013). Increasing complexity, interactions between environments and microbes (Smith31

and Read, 2008; Zhu et al., 2009; Johnson et al., 2010; Lau and Lennon, 2012; O’Brien32

et al., 2018), plant genotypes and microbes (Johnson et al., 2010; Wagner et al., 2014; Rúa33

et al., 2016), and three-way interactions among plant genotypes, microbes, and environ-34

ments (Johnson et al., 2010; Wagner et al., 2014) can all contribute to plant phenotypes35

and fitness. Indeed, local adaptation and host-microbe coevolution require genotype-by-36

environment (G x E) and genotype-by-genotype (G x G) interactions for plant or plant37

and microbial fitness, respectively. The geographic mosaic theory of coevolution predicts38

that three-way interactions (G x G x E) will be widespread (Thompson, 2005), funda-39

mentally shaping plant and microbial evolution. Yet in many systems, testing for G x E,40

G x G, and G x G x E effects is challenging because of the multi-factorial nature of the41

necessary study design, the high level of replication required, the relatively long generation42

times of plants, and the difficulties inherent in measuring microbial “fitness”.43

Here, we aimed to develop a novel experimental system to test for interactions among44

plant genotype, microbial community, and environment using field-collected plants and45

the microbes with which they associate (and potentially coevolve) in nature. As a focal46

plant, we chose the tiny, aquatic angiosperm Lemna minor (common duckweed) because it47

reproduces primarily by budding, making it easy to propagate. L. minor ocassionally flow-48

ers and sets seeds, and it has a higher outcrossing rate and greater genetic diversity than49

other duckweed species such as Spirodela polyrrhiza (Ho, 2017). Thus, L. minor collected50

from different locations are often different clonal genotypes, potentially hosting divergent51

microbial communities or adapted to different environmental conditions. Furthermore,52

duckweed very rapidly increase in density under both natural and experimental conditions,53

2

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 22, 2018. ; https://doi.org/10.1101/448951doi: bioRxiv preprint 

https://doi.org/10.1101/448951
http://creativecommons.org/licenses/by-nc-nd/4.0/


facilitating fast experiments. Lemna minor is one of the world’s smallest angiosperms,54

allowing us to grow it in merely 2.5 mL of liquid media and to load 24 experimental repli-55

cates on a single standard-size well plate.56

Our current understanding of plant-microbe interactions largely comes from studies of57

nutritional symbioses in terrestrial plants, such as legume-rhizobium or plant-mycorrhizal58

associations that alleviate a nutrient stress of the plant. However, plants support a di-59

verse community of microbes on their roots (Bulgarelli et al., 2012; Lundberg et al., 2012;60

Ishizawa et al., 2017b) that can modulate effects of other plant stressors, including en-61

vironmental contaminants. Microbes can reduce the impacts of contaminants on plants62

by preventing contaminants from being taken up, by helping plants tolerate or sequester63

compounds, or by promoting plant growth in general and simply diluting harm done by64

the contaminant (Rajkumar et al., 2012). Yet, not all microbes have the same effects. For65

example, while some microbes bioadsorb and trap heavy metals, thus preventing them66

from entering plant cells (Madhaiyan et al., 2007), others produce siderophores, which67

often increase uptake of heavy metals by plants (Braud et al., 2009). There is great poten-68

tial to harness this variation in microbial effects by optimizing plant-microbe associations69

for bioremediation of contaminated sites (Glick, 2003; Rajkumar et al., 2012).70

The extreme evolvability of microbial communities may explain why they underlie so71

much variation in plants. High species diversity, large population sizes, short generation72

times, and horizontal gene transfer may increase the response to selection in microbes73

relative to their plant hosts (Polz et al., 2013; Mueller and Sachs, 2015). For example,74

artificial selection on root-associated microbes resulted in 50% later flowering in Arabidop-75

sis thaliana (Panke-Buisse et al., 2015). Furthermore, in dual-selection on plants and soil76

biota for plant drought tolerance, it was microbial species turnover, and not plant adapta-77

tion, that accounted for most of the increase in drought tolerance (Lau and Lennon, 2012).78

Dual-selection on plants and microbes could involve microbe-independent responses in79

plants, plant-independent responses in microbes, or co-dependent responses, such as local80
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adaptation between plants and microbes for the ability to receive more benefit from local81

partners or favor beneficial partners (Kiers et al., 2003; Johnson et al., 2010; Lundberg82

et al., 2012; Simonsen and Stinchcombe, 2014; Wagner et al., 2014; Batstone et al., 2016;83

Rúa et al., 2016). However, when microbiomes are not perfectly transmitted from par-84

ent to offspring, micriobial fitness is not perfectly aligned to plant fitness or selection by85

breeders, and individual microbes may evolve to their own benefit at the expense of hosts86

(Douglas and Werren, 2016). Indeed, individual microbes can be responsible for dramatic87

increases or decreases in plant fitness (Berg and Smalla, 2009).88

Duckweed has been of long and continuing interest for its ability to take up a wide va-89

riety of contaminants from water (Mo et al., 1989; Stout et al., 2010; Stout and Nüsslein,90

2010; Sekomo et al., 2012; Gatidou et al., 2017). Duckweed have potential for bioreme-91

diation of many contaminants, including low-level zinc contamination (Dirilgen and Inel,92

1994; Radić et al., 2010; Jayasri and Suthindhiran, 2017), a common problem of urban and93

suburban water bodies (Göbel et al., 2007), including around Ontario (Miller et al., 1992;94

Glooschenko et al., 1992; Liskco and Struger, 1996; Ontario Ministry of the Environment,95

2011), likely having moderate detrimental effects on animal life (Glooschenko et al., 1992;96

Miller et al., 1992; Heijerick et al., 2002). Duckweed lines are known to vary in sensitivity97

to zinc concentrations (Van Steveninck et al., 1990), though tolerance may depend also on98

the presence of other heavy metals (Dirilgen and Inel, 1994; Balen et al., 2011). Duckweed99

growth rate is the primary factor influencing contaminant removal (Zhao et al., 2014a),100

and this varies across duckweed genotypes and nutrient levels (Sree et al., 2015; Ziegler101

et al., 2015).102

It is unclear how much of our understanding of plant-microbe interactions in terres-103

trial environments translates to floating aquatic habitats. For example, unlike the rhi-104

zosphere microbiomes of terrestrial plants, the diversity of species growing with Lemna105

minor is likely much lower (Ishizawa et al., 2017b). However, there is already some sugges-106

tive evidence for GxGxE effects in duckweed-microbiome-contaminant systems, in that mi-107
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crobial communities affect duckweed growth rates and contaminant removal (Zhao et al.,108

2014b, 2015; Ishizawa et al., 2017b). Here, we explored the interactive effects of microbial109

communities, zinc contamination, and host genotype on duckweed fitness and phenotypes,110

as well as on microbial growth. We hypothesized that as in terrestrial plants, fitness and111

phenotypes would be shaped by the interactive effects of biotic and abiotic environments.112

Methods113

To investigate the interactive effects of microbial communities and contaminants on duck-114

weed growth and phenotypes, we tested four populations of duckweed with three microbial115

treatments in two zinc environments. We collected duckweed from ponds in the Greater116

Toronto Area in the summer of 2017 (Table 1). We first extracted microbes by pulver-117

izing fresh tissue from each site of 1 or 2 fronds, plating the slurry onto yeast mannitol118

media agar plates, culturing at 29◦C for 5 days, and placing at 4◦C for storage. These119

microbes comprise the subset of the duckweed microbiome that can live on yeast mannitol120

media. We transferred field-collected live duckweed to growth media (Krazčič et al., 1995)121

and maintained stock populations of each duckweed line in 500 mL glass jars in a growth122

chamber with a cycle of 23◦C and 150 µmol/m2 lighting for 16 hours followed by 18◦C and123

dark for 8 hours.124

Our three microbial treatments were: none, added “home” microbes, and added “away”125

microbes from one of the other three populations. Which “away” microbes a duckweed126

population received was selected randomly without replacement. The randomization paired127

plants from Kelso with microbes from Moccasin, plants from McCraney with microbes128

from Kelso, plants from Moccasin with microbes from Stoney Creek, and plants from Stoney129

Creek with microbes from McCraney. We made a separate microbial inocula from each130

site by taking a swab across the stored agar plate, adding to liquid yeast mannitol media,131

culturing in a shaker for five days at 30 ◦C and 200 rpm, and then diluting to control op-132

tical density across inocula. Because communities are made of various species, the transla-133
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Site Latitude Longitude
Kelso 43.51 -79.95
McCraney 43.44 -79.74
Moccasin 43.73 -79.33
Stoney Creek 44.28 -78.70

Table 1: Locations of source sites for duckweed and associated microbes.

tion of optical density to cell count is inexact (see below), but inocula were approximately134

200 cells per µL.135

We placed each experimental plant into 2.5 mL autoclaved growth media (Krazčič136

et al., 1995) in a 3.4 mL well of a 24-well plate. Before adding each plant, we removed137

surface microbes from the lab culture by dipping in 75% ethanol. Plants selected were138

approximately the same size, and all had one mature and one immature frond each. After139

adding plants to wells, 20 µL of the treatment-specific microbial inoculum was added to140

each well.141

We crossed the 12 combinations of duckweed genotype and microbial community with142

low (0.86 micromolar) or high (3.44 micromolar) zinc water concentrations; four times the143

amount of ZnSO4 was added to the high compared to the low zinc treatment solution (a144

neglible increase of sulfate concentration). These concentrations of zinc represent natural145

(Liskco and Struger, 1996) and elevated levels, such as those generated by waste discharge146

(Ontario Ministry of the Environment, 2011) runoff events (Liskco and Struger, 1996;147

Göbel et al., 2007). We repeated the full design over 10 replicates per treatment combi-148

nation for a total of 240 plants in 10 24-well plates. Replicates were assigned to wells at149

random, and as a result treatments were spatially interspersed within plates.150

We photographed plates under a stationary camera at the beginning and end of the151

experiment. After taking the beginning photograph, each plate was sealed with a gas-152

permeable membrane to prevent contamination among wells, and placed into a growth153

chamber set to the same conditions as above (23◦C and 150 µmol/m2 lighting for 16 hours,154

18◦C and dark for 8 hours). After 10 days, we removed plates and photographed again to155
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measure change in growth and phenotypes. From the photographs, we hand counted the156

number of final fronds in each well, and used ImageJ (Schneider et al., 2012) to measure157

the total pixel area of duckweed from start to finish (growth rate), greenness of fronds158

(relative to blue and red), and the ratio of the total pixel area of the fronds in a well to159

the total perimeter of fronds in a well as a measure of the tendency of fronds to aggregate.160

More aggregated fronds may be more stable and dense on the water surface, which could161

increase shading of the water and reduce warming. Much local duckweed habitat in the162

sampling area is stormwater ponds, and reducing temperatures of the outflow water to163

streams is of concern for fish (e.g. Chu et al., 2005; Herb et al., 2009; Comte et al., 2013).164

Greenness should be a coarse indication of chlorophyll content (Adamsen et al., 1999;165

Keenan et al., 2014), indicating potential, rather than realized, growth.166

As a measure of microbial growth, we measured the optical density of suspended well167

solution, using starting growth media in the well as a blank control. Plates were frozen168

and stored at -20◦C before optical density measures, so that microbial growth did not169

continue as measurements were taken. For a subsample of replicates (3 out of 10), we170

also measured microbial growth with an alternate method. Immediately after the end of171

the experiment (before freezing), we sampled 10 µL of well solution, diluted to 1 mL and172

then plated 10 µL of the dilution onto agar petri dishes and grew at 29◦C for 5 days. We173

then scored the number of colony forming units (CFUs) on plates, as a measure of the174

total microbial growth. Some plates had colonies too numerous to accurately count, so we175

excluded those measurements (4 total) from analysis.176

We analyzed data in R (R Core Team, 2014). We first quantified the effect of inoc-177

ulation with microbes on duckweed growth and microbial optical density to verify that178

manipulation of microbes was successful and that it positively affects duckweed. We used179

linear models in MCMCglmm (Hadfield, 2010) with change in duckweed pixel area, final180

frond number (all wells started with 2 fronds), and optical density in wells as the separate181

response variables (10,000 iterations, 1,000 burn in, thinning by 50). We subset to data for182
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inoculated treatments for the remaining analyses.183

For each response variable, we searched for the best model out of all possible models184

including the potential explanatory variables of duckweed population, microbe population,185

combination of duckweed and microbes categorized as “home” or “away”, zinc treatment,186

and all possible two-way interactions using the dredge (package MuMIn Bartoń, 2013)187

and MCMCglmm functions (10,000 iterations, 1,000 burn in, thinning by 50), limited to188

a maximum of 4 parameters in addition to the intercept. Best models were determined189

by comparing DIC (Spiegelhalter et al., 2002). We re-fit the top three models for each190

response variable with increased MCMC parameters (100,000 iterations, 10,000 burn in,191

thinning by 500) to verify the best model. If the top 3 models were indistinguishable in192

DIC (swapped order in DIC fit across repeated MCMC chains), we selected the simplest.193

Frond number was treated as poisson distributed, all other variables were treated as gaus-194

sian. We report results for the best model for each response variable. We determined sig-195

nificant differences between treatments using 95% highest posterior density intervals as196

calculated from the posterior distribution of parameter effects.197

Finally, we asked whether associations exist between duckweed growth measures (plant198

fitness), traits, and optical density (total microbial growth, putatively linked to average199

microbial fitness across species) using treatment means. Strong associations would suggest200

that duckweed fitness is linked to duckweed traits or total microbial abundance. We also201

verified a relationship between optical density and colony forming units (i.e. live cells) in202

the subset of wells with both measurements. While both attempt to measure microbial203

growth during the experiment, colony forming units suffers from post-experiment compet-204

itive dynamics on petri plates, overgrowth obscuring some individual colonies, and being205

laborious data to collect. Optical density is not affected by post-experiment dynamics nor206

human counting error, but is unlikely to be equal across all microbe species, and may be207

influenced by dead cells. We measured each association by again fitting linear models with208

MCMCglmm() using duckweed growth, traits, and optical density as paired response and209
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explanatory variables, and using optical density and CFUs (100,000 iterations, 10,000 burn210

in, thinning by 500).211

Results212

We aimed to understand GxGxE effects on duckweed traits and fitness across duckweed213

gentoype, microbial communities and contaminant environments. Using a growth cham-214

ber experiment, we manipulated all three sources of variation, and quantified the effects215

of distinct microbial communities and zinc levels across different duckweed populations.216

We found first that adding microbes had a significant positive effect on average growth217

measured in either pixels or frond number (both pMCMC < 0.001) relative to sterilized218

duckweed alone, suggesting that the microbial communities as a whole, or some subset of219

the species, provide benefits to duckweed in the laboratory environment (Figure 1, across220

all other treatments combined). We also found that while our sterilization procedure for221

duckweed fronds was imperfect, there were many fewer microbes detected in the wells222

where microbes had not been re-inoculated onto duckweed (pMCMC < 0.001, Figure 1).223

We next explored variation in duckweed fitness across experimental treatments. Our224

best model for growth in pixel area included both variable effects of duckweed source pop-225

ulation (pMCMC < 0.01), microbe source population (pMCMC < 0.01) and consistently226

negative effects of increasing zinc level (pMCMC < 0.001). Comparing 95% highest pos-227

terior density intervals (HPDI), duckweed plants from Moccasin and Stoney Creek grew228

larger than plants from Kelso and McCraney, and plants from McCraney grew less than229

those from Kelso. Additionally, duckweed plants growing with Moccasin microbes grew230

more than plants with other microbes, and duckweed with Kelso microbes grew less (95%231

HPDI, Figure 2, top panel). While the best model did not include interactive effects be-232

tween any of these terms on growth in pixel area in the best model (i.e. there were no233

GxG, GxE, or GxGxE effects), we note that duckweed and microbe main effects are dif-234

ficult to distinguish from duckweed and microbe interactive effects in this experimental235
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Figure 1: Inoculation with microbes increased duckweed fitness and total microbial
growth, compared to surface-sterilized plants that did not receive additional microbes.
From left to right, plots show change in pixel area, final duckweed frond number (horizon-
tal line at 2, indicates starting frond number), and optical density of suspended microbes
comparing inoculated and uninoculated treatments. Open points are individual wells.
Grey regions are 95% highest posterior density intervals for the mean.

design. The best model for frond number (Figure 2, middle panel) included only effects of236

duckweed source population (pMCMC < 0.01) and microbe source population (pMCMC237

< 0.01), with nearly identical plant and microbe treatment effects as in the pixel area238

model, except that plants in Moccasin microbes grew the same number of fronds as plants239

in microbes from Stoney Creek and McCraney. Biotic context (microbial community),240

environment (zinc), and plant genotype (source) thus independently influence at least one241

aspect of duckweed fitness.242

Total microbial growth, inferred from optical density, also varied across experimental243

treatments. The best model for optical density included effects of microbe source (pM-244

CMC < 0.01), plant source (pMCMC < 0.01), and zinc treatment (pMCMC < 0.05). Wells245

inoculated with microbes from Moccasin had the highest microbial growth, and plants246

from Stoney Creek and Moccasin supported greater increases in optical density, as did247

treatment with high zinc (all at 95% HPDI, Figure 2). These results suggest that micro-248

bial growth is altered by variation among plant inputs, microbial community composition,249
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and zinc runoff levels, but not altered by interactions among these biotic and abiotic in-250

fluences. We also explored the relationship between optical density and colony forming251

units (i.e. viable cells) in the subset of wells for which we have both measures. The two252

measures are moderately correlated with marginal significance (ρ = 0.28, pMCMC < 0.1,253

Figure S1).254

To assess whether treatments have concerted or separate effects on microbial growth255

and plant fitness, we fit models of treatment mean fitness or growth for plants and mi-256

crobes. Duckweed fitness was significantly related to microbial growth (effectively, fitness257

averaged across all species in optical density measures) for both pixel area (pMCMC <258

0.01) and frond number (pMCMC < 0.001, Figure 3). This suggests strong fitness align-259

ment, with microbes that provide duckweed with fewer fitness benefits also having lower260

fitness, and vice versa. This occurs despite positive responses to zinc among microbes,261

but negative responses in duckweed (see above, Figure 2). However, fitness alignment262

should be interpreted with caution because abundance was not measured separately for263

each microbe species.264

The factors best explaining variation in phenotypes differed between plant pheno-265

types. For greenness of floating tissue, plant population was the only explanatory variable266

included in the best model (pMCMC < 0.01), and plants from Moccasin and Stoney Creek267

were greener than others (95% HPDI, Figure 4). In contrast, the best model for frond ag-268

gregation (pixel area divided by the perimeter of all particles) included microbe (pMCMC269

< 0.01) and plant source effects (pMCMC < 0.01), as well as negative effects of increased270

zinc (pMCMC < 0.05 ). Duckweed from McCraney were significantly less aggregated than271

other duckweed, while duckweed from Moccasin and Stoney Creek were more aggregated,272

and microbes from Kelso supported less aggregated duckweed plants (95% HPDI, Figure273

4). In sum, we see that plant genotype (source), biotic interactions (microbial community),274

and aquatic toxins (zinc level) affect phenotype expression unequally across phenotypes.275

Finally, we observed some co-correlations among response variables. Growth in pixel276
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Figure 2: Duckweed fitness and total microbial growth (optical density). Change in pixel
area (top panel) and frond number (middle panel) of duckweed plants. Bottom panel
shows optical density relative to blank media from samples of each experimental well at
the end of the experiment. Points are individual wells. Grey regions are best model 95%
highest posterior density intervals for treatment means. Different populations of duckweed
are separated by vertical dashed lines and labeled at the top, while microbe treatments are
labeled at the bottom. High zinc levels are indicated with darker gray. Plant population
and microbe effects are significant in all panels, whereas zinc effects (indicated by solid
black lines), are significant for pixel area change and optical density only.
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Figure 3: Fitness alignment between duckweed and microbes across experimental treat-
ments, where duckweed fitness is measured either as increase in pixel area or final frond
number and microbe “fitness” is optical density measured across all species in the commu-
nity. Points are means for each experimental treatment, and whiskers are standard errors.
The linear relationships in the background are the model predictions for the means (solid
line) with 95% highest posterior density intervals in gray.
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Figure 4: Duckweed traits. Frond aggregation (top, ratio of total pixels to total perimeter)
and greenness (bottom, percent of pixel area that is green) in duckweed plants at the
end of the experiment. Points are individual wells. Vertical blocks behind points are best
model predicted 95% highest posterior density intervals for the means of each treatment
combination. Different populations of duckweed are separated by vertical dashed lines and
labeled at the top, while microbe treatments are labeled at the bottom. High zinc levels
are indicated with darker gray. Plant population explains significant variation for both
traits, whereas aggregation is additionally explained by microbe and zinc level (model zinc
effect depicted by solid black lines).
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area is correlated with frond number (ρ = 0.88), frond aggregation score (ρ = 0.84) and277

greenness (ρ = 0.69). Likewise, greenness is correlated with frond number (ρ = 0.72) and278

aggregation score (ρ = 0.70), and aggregation score is also correlated to frond number279

(ρ = 0.70). Microbial abundance (optical density) is also correlated with greenness (ρ =280

0.40), and aggregation score (ρ = 0.36), indicating a link between duckweed phenotypes,281

duckweed fitness, and microbe growth (all slopes significant at pMCMC < 0.01).282

Discussion283

Microbial communities living near, on, and inside host tissues constitute a ubiquitous as-284

pect of the biotic environments of plants. Just like abiotic conditions, microbial biotic285

conditions can affect the expression of phenotypically plastic traits and fitness in terres-286

trial plants (Friesen et al., 2011; Wagner et al., 2014). We explored how abiotic and biotic287

factors may together or separately influence trait development and fitness in duckweed288

and its associated microbes. We found strong differences in phenotypes and fitness across289

duckweed driven by duckweed origin, the origin of co-cultured microbial communities, and290

treatment with the aquatic contaminant zinc, but no co-dependent effects.291

Interestingly, while the effect of duckweed source population affected all phenotypes292

and fitness measures, and microbe source affected most measures, only for pixel area, op-293

tical density, and aggregation did we observe effects of abiotic environments (Figures 2,4).294

The contrasts among patterns for phenotypes and fitness of duckweed is somewhat sur-295

prising, since growth in area and number of individuals should both be measures of growth296

rate, and since both measured phenotypes are presumably linked to fitness (all have signif-297

icant pairwise correlations). Greenness should be primarily related to chlorophyll content298

and future reproductive potential, and aggregation is likely the inverse of vulnerability299

to air and water current dispersion. It could be that the lab environment prevents fitness300

effects of variation in these phenotypes, or that other, unmeasured, phenotypes dominate301

effects on fitness. Alternatively, we may have limited power to quantify abiotic and inter-302
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active effects on fitness due to dramatic main effects of duckweed and microbial sources,303

incomplete culture of the field microbiome under lab conditions, or incomplete sterility be-304

fore microbial inoculation, although strong effects of microbial inoculation (Figures 1,2,4)305

suggests minimal influence of incomplete sterility.306

Genetic diversity among duckweed populations is a possible source for the significant307

variation across duckweed population sources. However, existing work suggests fairly low308

genetic diversity in L. minor in the local region (Ho, 2017). Duckweed phenotypic diver-309

sity could also come from variation in endosymbiotic microbes, which would not have been310

removed by our surface sterilization, or from epigenetic differences across populations.311

Such genetic, epigenetic, or endosymbiotic diversity might be generated by neutral diver-312

gence among populations, or by trade-offs for phenotypes across environments (e.g. Prati313

and Schmid, 2000; Agrawal et al., 2010; Albert et al., 2010), both commonly observed314

phenomena.315

The substantial phenotypic and growth differences among microbial treatments that316

we observed are likely in large part due to differing microbial species composition, because317

the effects of microbial communities on plants are often highly contingent on community318

composition (Berg and Smalla, 2009). Interestingly, community composition itself can319

be a function of plant influences (e.g. microbially driven plant-soil feedback Klironomos,320

2002; Anacker et al., 2014). The underlying question for the effects we observed here is321

thus why microbial communities may differ across sites. Environmental filtering of species,322

random colonization differences across space, and the duckweed plants themselves (e.g.323

plant-water feedbacks) could be involved in generating these different communities. Analo-324

gous to microbially driven plant-soil feedbacks observed in terrestrial plants (Bailey and325

Schweitzer eds., 2016), such plant-water feedbacks could be common. Consistent with326

potential for plant-water feedbacks, duckweed sources seem to drive the overall increases327

in microbial abundance (Figure 2), however, it remains unknown whether duckweed plants328

influence microbial community composition.329
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The microbial communities investigated here can best be described as beneficial (Fig-330

ure 1) from the perspective of the duckweed. In plant-microbe mutualisms, we generally331

see positive correlations between host and symbiont fitness (Friesen, 2012), although some332

environments may decouple them (Weese et al., 2015; Shantz et al., 2016). Aquatic mi-333

crobes associated with duckweed species that may affect growth are known to include334

diatoms (Desianti, 2012), nitrogen-fixing cyanobacteria (Zuberer, 1982; Duong and Tiedje,335

1985; Eckardt and Biesboer, 1988), and a collection of additional bacteria, including mem-336

bers of other nitrogen-fixing clades (Underwood and Baker, 1991; Ishizawa et al., 2017b),337

and one that may provision phosphorus (Ishizawa et al., 2017a). Here we find positive338

correlations between duckweed fitness and microbial growth across treatments (Figure 3),339

potentially indicating positive fitness feedbacks (Sachs et al., 2004) between duckweed and340

the community of microbes that live on them. This positive fitness association is despite341

average decreases in duckweed fitness, and average increases microbial growth, in response342

to increased zinc, and suggests that zinc in runoff water will not cause mutualism break-343

down between duckweed and microbes.344

The differences across duckweed populations and microbial communities we see here345

may alter the potential of duckweed to remediate environments contaminated with zinc or346

other pollutants. Others have postulated that duckweed may be of interesting and unique347

value in phytoremediation of water (Mkandawire and Dudel, 2007; Ziegler et al., 2016),348

specifically due to its uptake or modification of a wide variety of aquatic pollutants (Mo349

et al., 1989; Stout and Nüsslein, 2010; Stout et al., 2010; Sekomo et al., 2012; Uysal, 2013;350

Sasmaz et al., 2015; Baciak et al., 2016; Gatidou et al., 2017; Gomes et al., 2017). Plant-351

associated microbes are often in part responsible for removal or detoxification of contami-352

nants, and presence of various taxa on duckweed may alter its phytoremediation potential353

(Toyama et al., 2009; Zhao et al., 2015). Microbes may alter phytoremediation through354

impacts on plant growth rate (Glick, 2003; Sobariu et al., 2017), by altering the relative355

rates at which non-toxic nutrients and toxic pollutants are taken up (Burd et al., 2000),356
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or by directly metabolizing or altering pollutants, as has been discovered in a microbe in-357

habiting the roots of another duckweed species (Toyama et al., 2009). Here, we focused on358

zinc contamination. Zinc was previously found to both be sequestered by duckweed, and359

to physiologically affect duckweed (Radić et al., 2010; Jayasri and Suthindhiran, 2017).360

We found that microbes from different natural duckweed sites alter duckweed growth rates,361

respond positively to zinc, and generally increase duckweed fitness (Figures 1,2, and 3).362

Thus microbes likely indirectly influence the ongoing and potential amount of phytoreme-363

diation in duckweed-inhabited sites. However, how microbiomes affect the fate of zinc or364

other contaminants, and whether microbiome species composition plays a predictable role365

remain open questions.366

Conclusions367

Here, we found that microbiome variation has complex effects on phenotypes and fitness in368

an aquatic plant, similar to how microbiome variation affects terrestrial plants. This is de-369

spite the fact that duckweed draws a microbiome from the water environment that is less370

complex than typical terrestrial plant microbiomes (Lundberg et al., 2012; Ishizawa et al.,371

2017b). As a smaller plant with a simpler microbiome, more manipulative experimentation372

is possible for duckweed microbiomes than for terrestrial plant microbiomes. We expect373

that duckweed and its associated microbiome will thus prove pivotal in experimentally374

elucidating properties of ecology and evolution in plant-microbiome interactions, and in375

manipulating these effects for applied approaches, such as phytoremediation.376
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Krazčič, B., M. Slekovec-Golob, and J. Nemec. 1995. Promotion of flowering by mn-eddha494

in the photoperiodically neutral plant Spirodela polyrrhiza (l.) schleiden. Journal of495

plant physiology, 147:397–400.496

Lau, J. A. and J. T. Lennon. 2012. Rapid responses of soil microorganisms improve497

plant fitness in novel environments. Proceedings of the National Academy of Sciences,498

109:14058–14062.499

Liskco, Z. and J. Struger. 1996. Trace metals contamination of urban streams and500

stormwater detention ponds. In W. James, editor, Advances in modeling the manage-501

ment of stormwater impacts, chapter 17, pages 269–278. CRC Press.502

Lundberg, D. S., S. L. Lebeis, S. H. Paredes, S. Yourstone, J. Gehring, S. Malfatti,503

J. Tremblay, A. Engelbrektson, V. Kunin, T. G. del Rio, R. C. Edgar, T. Eickhorst,504

R. E. Ley, P. Hugenholtz, S. G. Tringe, and J. L. Dangl. 2012. Defining the core505

arabidopsis thaliana root microbiome. Nature, 488:86–90.506

Madhaiyan, M., S. Poonguzhali, and T. Sa. 2007. Metal tolerating methylotrophic bacteria507

reduces nickel and cadmium toxicity and promotes plant growth of tomato (lycopersicon508

esculentum l.). Chemosphere, 69:220–228.509

Miller, P., K. Munkittrick, and D. Dixon. 1992. Relationship between concentrations of510

copper and zinc in water, sediment, benthic invertebrates, and tissues of white sucker511

(catostomus commersoni) at metal-contaminated sites. Canadian Journal of Fisheries512

and Aquatic Sciences, 49:978–984.513

Mkandawire, M. and E. G. Dudel. 2007. Are lemna spp. effective phytoremediation agents.514

Bioremediation, Biodiversity and Bioavailability, 1:56–71.515

Mo, S., D. Choi, and J. Robinson. 1989. Uptake of mercury from aqueous solution by516

duckweed: the effects of ph, copper and humic acid. Journal of Environmental Science &517

Health Part A, 24:135–146.518

Mueller, U. G. and J. L. Sachs. 2015. Engineering microbiomes to improve plant and519

animal health. Trends in microbiology, 23:606–617.520
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Figure S1: Correlation between microbial community fitness measures. Points are a
subset of experimental wells for which both colony forming units and optical density were
measured. The linear relationship in the background is the model predictions for the mean
with 95% highest posterior density intervals.
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