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ABSTRACT

Genotypic variability has been considered for yeers key attribute in species adaptation to
new environments. It has been extensively studred icontext of chemical resistance, but
remains poorly studied in response to chemical sxyoin a context of global change. As
aguatic ecosystems are particularly affected byrenmental changes, we aimed to study how
genotypic variability could inflect the sensitivibf aquatic plants to chemicals. Seven genotypes
of Myriophyllum spicatum were exposed to three copper concentrations @tL6,and 0.5 mg/L.
The sensitivity of the different genotypes was ased through several endpoints such as relative
growth rate (RGR) and morphological traits, as vl physiological markers, such as plant
biomacromolecular composition. Our results showkdt tgenotypes exhibited significant

differences in their life-history traits in abserafechemical contamination. Some trait syndromes
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were observed, and three growth strategies wemdifigel: (1) biomass production and main
shoot elongation, (2) dry matter storage with demdeorls to promote resource conservation and
(3) lateral shoot production. An up to eightfoldfelience in sensitivity for growth-related
endpoints was observed among genotypes. Differeimcaensitivity were partly attributed to
morphological life-history traits. Our results conf that genotypic variability can significantly
affect M. spicatum sensitivity to Cu, and may influence the outcomeboratory testing based
on the study of one single genotype. We recommemtlding genotypic variation as an
assessment factor in ecological risk assessmentcastlidy this source of variability more in

depth as a possible driver of ecosystem resilience.

1. Introduction

Intraspecific variability has been investigated rotke years as a key attribute in the
adaptation and evolution of species (Bradshaw 1BBiesanz et al. 2010; Oliver et al. 2015). It
is acknowledged to play an important role in specasjustment to short or long term
environmental shifts. Phenotypic plasticity is spense to short-term shifisg. the ability of one
genotype to produce several phenotypes dependirits @mvironment (Sultan 2000; Whitman
and Agrawal 2009). Adaptation to long term enviremtal changes occwia genotypic
variation,i.e. the evolution of the genetic code due to somatitations, selection pressures and
gene flow (Harris et al. 1992; Cao et al. 2017)n@gpic variation can sometimes confer
specific life-history traits differing among poptitans (Reusch and Hughes 2006; Weyl and
Coetzee 2016; Toth et al. 2017). Recently, it hesnlbshown that genotypic variation strongly

influences the resilience of ecosystems after hatuces (Oliver et al. 2015; Ehlers et al. 2016;
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Timpane-Padgham et al. 2017). Indeed, a broad genkwill be more likely to provide the

proper response to an environmental shift, suclthesges in nutrient load, heat waves or
chemical contamination (Reynolds et al. 2012). @osely, a population exhibiting a low gene
pool and not able to cope with a given environnmept@ssure may disappear from the
ecosystem, whose dynamics and functions may drdttd the change in its species composition
(Timpane-Padgham et al. 2017). As such, genotypigation is considered as a driver of

ecosystem functioning, since it will affect popidat resistance and resilience in variable
environments (Woodward et al. 2010; Oliver et @12 Timpane-Padgham et al. 2017).
Differences in the sensitivity to various stressargng populations might increase over time due
to their adaptation to contrasting environmenteugh selective pressures (Brown et al. 2009;

Dalton et al. 2013; Esteves et al. 2017).

Changes in environmental conditions are more likelypccur with human activities which
inevitably impact ecosystems, notably via chemamitamination due to runoffs, wastewaters
and atmospheric depositions (Ehlers et al. 2008;eDlet al. 2015). In order to limit human
impact on ecosystems, several policies have bepteinented over the years, such as the E.U.
Water Framework Directive, the E.U. REACH regulatithe U.S. Endangered Species Act or
the U.S. Clean Water Act (Bouwma et al. 2018; Rardl et al. 2018). Those policies are based
on ecological risk assessment (ERA) which allowsassess potential impacts of stressors on
ecosystems as a result of human activities. It 8tarted in the 1970s and has evolved since,
along with environmental policies and global awasmnof human impact on the environment
(Shea and Thorsen 2012; Bouwma et al. 2018). Télesne and complexity of ERA increase as
scientific breakthrough highlights different proses which may inflect the current approaches

and their outcomes (Johnson and Sumpter 2016.difficult to assess properly via laboratory
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testing the impact of a given molecule on its emwinent as many inherent and external factors
will strongly influence the toxicity of chemical sgwounds, or the sensitivity of organisms.

Among those factors, genotypic variation is curgenot taken into account in ERA approaches.

Very few studies have looked into the impact of ejan variation in aquatic species
sensitivity to chemicals. This is of concern, as tensitivity might significantly vary among
genotypes due to contrasting morphological or piggical traits, and ultimately among
populations, depending on selection pressures dMiered out unfitted genotypes (Brown et al.
2009; Dalton et al. 2013). Among those studies, e investigated the resistance development
in Hydrilla verticillata L.f. populations exposed to chemicals for weedrm@ifArias et al. 2005).
Another has investigated the difference in sergptiio pesticides in populations of
Myriophyllum spicatum L. and hybrid populations withM. sibiricum kom. with resistant
genotypes (Thum et al. 2012). More recently, wekéab into the importance of genotypic
variation of three aquatic macrophyte species eeghds Cu and found significant differences in

sensitivity within species (Roubeau Dumont et @ll2a).

To address the question of genotypic variation isdmplication in species sensitivity to
chemicals, we examined whether contrasting serggvto copper (Cu) exposure can be found
across seven genotypesMf spicatum potentially differing in their life-history traitsCopper is
an essential trace element, which is involved wesd metabolic pathways, such as reactive
oxygen metabolism, photosynthesis and respirafitwifias et al. 2013; Pefarrubia et al. 2015).
It is also harmful beyond a species-specific pHggjical threshold, due to excessive reactive
oxygen species (ROS) production which triggersutaildamages (Fidalgo et al. 2013; Costa et
al. 2018). For example, Cu concentrations in lsafderrestrial plants range between 5 to 20 pg

g* dry mass (Yruela 2009), and the toxicity threstinlteaves of crop species is generally above
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20-30 pg g dry mass (Marschner and Marschner 2012). Coppsidisly used in agriculture as

fungicide, and is also released by industries amdngp activities; thus high Cu concentrations
can subsequently be found in top soils and aqeabsystems (Willis and Bishop 2016; Ballabio
et al. 2018). According to a recent study, Cu catregion in European top soils is on average

16.0 mg kg, and going up to 91.3 mg Kgon average in French vineyards (Ballabio et al&}0

M. spicatum originates from Eurasia, but is present now aasise species in North America and
South Africa (Weyl and Coetzee 2016). It is use@ asodel species for rooted aquatic plants in
freshwater ecosystems and is the subject of twodatdized protocols in ERA since 2014
(OECD tests n°238 and n°239, OECD 2014a, b). #sog/pic variation and phenotypic
plasticity have been widely documented regardinffeidint populations and their genetic
structure, or their plasticity toward environmentatiations (Barko and Smart 1981; Hussner et
al. 2009; Li et al. 2010; Cao et al. 2012; Weyl &uaktzee 2016; Toth et al. 2017). In this study,
we exposed seven genotypeshMf spicatum to three Cu concentrations and (1) assessed their
difference in their life-history traits, (2) studietheir difference in sensitivity through
physiological and morphological endpoints and (8kdd their differences in life-history traits

with their sensitivity.

2. Material and methods
A. Growth and Cu exposure

Six strains ofM. spicatum (Haloragaceae) werandomly harvested in natural freshwater
rivers in France between 2013 and 2016, and oaésbf M. spicatum was regrown from an
axenic culture established from material colledtedsermany in 1990Table 1, Figure S1).

Each strain was collected from a different wateghad order to increase the probability to

5
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harvest different genotypes. All stock cultures evstarted from a single plant shoot to establish
clonal strains. Each strain was grown outdoor @18 L tank filled with tap water and quartz
sediment enriched with Osmocadie(granulated fertilizer, NPK 16-09-10, Hortensid)kduring

at least six months prior to exposure experimdfas.genotype distinction, inter simple sequence
repeat (ISSR) method was used (see section 2.Bufitrer details). Prior to Cu exposure, each
shoot was cut to a length of 6 cm and rinsed inwtafer before an acclimatization of 5 days in
Smart & Barko medium pH 7.0 £ 0.1 (Smart and B&tR81). Experimental units (15 cm height
and 9 cm diameter) contained 500 mL media with 30 oh quartz sediment (0.5 - 2mm,
Castorama, France) enriched with 66.6 mg Osma®oteor exposure, one apex was placed in
each experimental unit during 10 days, with 1 cmthed shoot placed in sediment for root
development. Temperature was set at 23.0 + 0.1 light intensity at 153.0 + 2,fE-m?s™*
provided by fluorescent tubes (Grol® Sylvania Inc., Danvers, MA, USAwith a 14h/10h
day/night cycle. Three Cu concentrations were u8e@:15 and 0.5 mg/L Gli(i.e. 0, 2.38 and

7.94 mmol/L C&"), with five biological replicates per concentratio

Table 1. GPS coordinates and general characteristicsedfténch (F) and German (D) sites
from which the 7 genotypes Myriophyllum spicatum were harvested between 2013 and 2016,
and 1991 for “SCH".

Eutrophication

Names Streams Waterbody = GPS coordinates Satus Land use
DOU Doubs (F) River 47.23153, 6.02252 Mesotrophic Urban

DOR Dordogne (F) River cut-off 44.84584, 0.90596 Mesotrophic Urpan and

channel agricultural

SCH Schohsee (D) Lake  54.16624,10.4411¢ Mesotrophic _<uraland

agricultural

CAM Camargue (F) Drainage ditc 43.51133, 4.60584  Eutrophic Agricultural
GAR1 Garonne (F) River 44.02281, 1.07797  Eutrophic Agricultural
GAR2 Garonne (F) River 43.94622,1.1711  Eutrophic Agricultural
AGO Agout (F) River 43.6395, 2.31875 Mesotrophic  Natural parc
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Copper sulfate was purchased from Sigma (Analytigable, purity > 99%, CAS number
7758-99-8, Sigma, Saint-Quentin-Fallavier, Franéefoncentrated solution of 1 g/L &uwas

prepared in ultrapure water, and diluted in théed#nt media before pH adjustments.

B. Distinction of genotypes

Inter simple sequence repeat (ISSR) molecular tymethod (Zietkiewicz et al. 1994; Gupta
et al. 1994) was used to verify that clonal strasosresponded to different genotypes. ISSR
typing was conducted with 13 primerBaple S1) previously used wittM. spicatum and other
organisms (for details, see Roubeau Dumont et0dl9@). DNA was extracted and purified with
the WIZARD Genomic DNA Purification kit (Lyon, Pragga France) from about 100 mg of
fragments of apex plant samples stored at -20°@luclei Lysis Solution (Lyon, Promega
France) until DNA extraction. ISSR fragments amgdifion procedure, banding pattern analysis
and calculation of genetic distances among stragre performed as in Carriconde et(@2008)

with adaptations detailed in supplementary mateamal in Roubeau Dumont et al. (2019a).
C. Copper concentration in water samples

Copper concentrations in the media were calculaiedampling water from experimental
units at the beginning and at the end of Cu exggsarorder to assess effective concentrations at
the beginning of exposure, and calculate time-gestaconcentrations. Samples were acidified
twice with one drop of 0.37M HN$) prior to cold storage and before measurementsgusi
inductively coupled plasma with mass spectromeé@PMS, 7500ce, Agilent, California, USA).
Three technical replicates were realized for eag$sel, with control samples and re-calibration
every 12 measurements to ensure quality (referenaeerial: SLRS-6 and EPOND waters,

provided by the National Research Council of Canagéh EPOND, Switzerland, respectively)
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with a residual standard deviation of 4.02%. EffeciCu concentrations in the media were on
average 96.7 + 1.9 % of nominal concentrationshatlteginning of exposure. Time-averaged

concentrations were 54.7 £ 0.6 % and 50.9 + 1.4P0 15 mg/L and 0.5 mg/L Cu respectively.

D. Life-history traits

1) Growth-related and morphological traits

The number of roots, lateral shoots, as well asnimaber of whorls over 5 cm from the
bottom of the shoot, were recorded on the first #mel last day of Cu exposure for each
experimental unit. Stem width was measured 5 cnydwean the shoot tip, using a digital sliding
caliper. Shoot length based on main shoot andalagiioots was measured at the beginning and
at the end of exposure to calculate the Relativandgdtion Rate (RER), based either on total
shoot length (RER) or on main shoot length (RERAs9sh mass was measured at the same time
after having gently dried the plants with blottipgper, to calculate the relative growth rate
(RGR). Samples were oven-dried at 70 °C during 72fore weighting to measure the Dry

Matter Content (DMC).
RGR was calculated for each experimental unit Bevis:
RGR;_j = (In(Nj) —In(Ni)) / ¢

where RGR; is the relative growth rate from time i to j; Bnd N are the endpoint (frond
number, fresh mass) in the test or control vesséh® i and j, respectively, and t is the time
period from i to . RER and RERms were calculateitbfving the same formula, replacing the

fresh mass by the length of the main shoot (RERm#&)tal length (RER).

Dry matter content (DMC) in % was calculated as:
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100 x DM)

%DMC = ( —

where FM is the fresh mass of plant samples, DMeg corresponding dry mass.

2) Biomacromolecule composition

Fourier Transform InfraRed spectroscopy (FTIR) waed to probe molecular vibrations in
plant samples and thus gain information on theichémical composition (lipids, carbohydrates,
proteins). Samples were analysed using a FTIR stoge in attenuated total reflection (ATR)
mode (Thermo Nicolet NEXUS 470 ESR, ThermoFishefgssachusetts, USA) over the
frequency range of 4000 — 400 ¢mith a spectral resolution of 4 EmOne spectrum was an
average of 64 scans per sample. Each powderedwémplaced on the sample plate and three
independent technical replicates for each samplbig¢®bgical replicates per treatment) were
acquired. OMNIC software was used to export expeni@ spectra after Attenuated Total
Reflectance (ATR) correction (OMNIC™ FTIR SoftwaréhermoFisher™, Massachusetts,
USA). FTIR data treatment was performed using tman@e software (DemsSar et al. 2013).
Briefly, data were pre-processed which implies&@e of the region of interest (including most
of the variance among samples), vector normalimadiod smoothing by Savitzky-Golay filter.
Using the second derivative, a principal comporaeatlysis (PCA) was carried out for graphical
display (n=45). The components permitting to explai least 70% of the variance were used to
perform a subsequent linear discriminant analyisi3A). This approach permitted to plot the
samples and detect differences among groups oflsamy/hen a difference was detected, a
logistic regression was applied to the pre-proagsisea to identify wavenumbers contributing to

the difference detected among groups by the PCLDA.

E. Endpoints assessing Cu sensitivity
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1) Growth inhibition

The inhibition percentage of RGR was calculated éach treated plant to assess the
sensitivity of genotypes to Cu exposure regardtdstheir growth performance in absence of

chemical contamination, following the formula:

RGRc — RGRt
%Ir = W x 100

where %r is the inhibition percentage of the specific grlowate for a given individual plant
from the treatment grou®GRc, is the average value for RGR in the control grand RGRis
the RGR value of the individual treated plant. $amcalculations were performed for both RER

and RERms.

2) Copper concentration in plants

Copper concentration in shoot at the end of Cu sxygwas measured after acid digestion of
dry plant material, which occurred in two stepsstiplant material (at least 20 mg per sample)
was heated at 94°C during 30 minutes in a 1:1 ratideionized water: HN(65%), then
allowed to return to room temperature. Secondstmples were brought to a 2:1 ratio of HNO
(65%):H0, (30%) and heated at 94°C during 2 hours. Oncetehgerature cooled down to
room temperature, samples were filtered with a Quabfilter and diluted to obtain a final HNO
concentration of 2%. Samples were measured usiRgMS with helium gas (7500ce, Agilent,
California, USA), with three technical replicatesr gample. Quality control was achieved with
the use of control (only chemicals to test theiritgy and reference material (white cabbage,
certified reference material BCR® — 679, NIVA17 aBdPOND waters, provided by the

Norwegian Institute for Water Research and EPONWjtzZ8rland, respectively). Quality

10
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assurance was ensured with a full recalibrationrye\l measurements (residual standard

deviation of 2.34%).

F. Satistical analyses

Results were analysed using the R studio softwRr€dgre Team (2016) V 3.3.1) to assess
the effects of genotypes on plant traits with otheut Cu. Homoscedasticity was tested using
Bartlett test. Data normality was assessed witlpBtaVilk test on ANOVA residuals, with log-
transformation when normality assumption was natwith raw data. In control plants, one-way
ANOVAs were performed to assess the effect of ggrest on life-history traits. The relationship
among the different life-history traits was assdstwough PCA (8 variables=35) using the
FactoMineR package (Lé et al. 2008). The interactffect of genotype and Cu concentration
during exposure was assessed through two-way ANOWAs results showing normal
distribution, with or without log transformationukey HSD post-hoc tests were used to identify
significant differences among Cu concentrations amidong genotypes. Generalized linear
models (GLMs) with gamma distribution were use@ssess interactions in dataset showing no
normality despite log-transformation. The link beem life-history traits and Cu response was
determined with co-inertia analysis, with the R\éfficient indicating the degree of co-structure
between the two matrices (MASS package, VenabldsRapley 2003). The differences in plant
responses among genotypes and Cu concentratiors avedlysed with linear discriminant
analysis (LDA,n=105, ade4 package, Dray and Dufour 2007). Thafgignce of co-inertia and
discriminant analyses were assessed with Montes@ests with 1000 repetitions. A summary of

the analyses performed on the different endpoitsbe found in Table S2.

3. Results
11
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A. Genetic differentiation of the 7 genotypes

ISSR amplifications performed with theM. spicatum studied strains yielded a total of 88
clear and reproducible fragments of which 39 wexlgmorphic. Comparisons of resulting ISSR
profiles and analyses among strain genetic relships showed that each clonal strain
genetically differed from the others, and thatiesahus corresponded to different genotypes

(Figure S2).
B. Differencesin life-history traits among genotypes

In absence of Cu exposure, the studied genotypewesh differences in their life-history
traits, with 5 of the 8 traits considered beingngigantly different among genotype&igures
1A, B, C, D and E). Some genotypes were significantly more efficitrdn others regarding
RER (1-way ANOVA,Fe 28 = 4.156,P = 0.0041), with the “AGO” genotype having a RER of
0.049 &, compared to 0.018dfor the “DOR” genotype Rigure 1A). Stem width exhibited
significant differences among genotypes (1-way AMOQW; s = 11.55,P < 0.0001), with the
genotypes “CAM”, “DOR” and “DOU” exhibiting a stegiameter > 1 mm, against < 0.8 mm for
“AGO” (Figure 1B). Main shoot elongation differed significantly angogenotypes as well (1-
way ANOVA, Fe .5 = 4.987,P = 0.0014), with “GAR1” having a RERms of 0.042, dagainst
0.018 d" for the “DOR” genotypeRigure 1C). The density of whorls also significantly differe
from one genotype to another, ranging from 1.2 \giom (DOU) to 2.0 whorls/cm (“DOR”) (1-
way ANOVA, Fg 25 = 47.97,P < 0.0001Figure 1D). The number of lateral shoots varied among
genotypes, some producing none (1-way ANOV®&,s = 7.268,P < 0.0001,Figure 1E).
Overall, the “DOR” genotype exhibited the lowestregjation rate but the highest whorl density,

whereas the “GAR1” showed the highest main shoomgdtion rate but produced no lateral

12
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B
0.07 | P=0.0041 ** 14 | P<0.0001 ***
o . OCAM
= f - 2| ® OSCHO
: be
z_ 0.05 LI ab E ¢d BGAR1
W 0.04 " " %’ 0.8 BGAR2
0.03 T 06 mAGO
0.02 4 E 0.4 moou
2
ool a ., mDOR
0 0
c D Tk
006 | 1 00014 25 | P <0.0001
°
2005 & 2
a 0 a
g - 5
o 0.04 = a
2 ab ab ab .—‘f 1.5 a
2003 b 2
e ' b =
g 0.02
0.01 o0
5 0
E F -
3| P<0.0001 *** FE080
. 0.1
8 25 a a
E 0.08 a
2 2 ab g T
§ Z 006
1. ab &
g 8 [
3 © 0.04
s be
L 0.02
0 C c C 0
G H
16 1 P=0.1102 6 | P=0.0563
F 14 s 5 a
=
s © a g «f [ ] ¢
S 10 @ Q
g :
8 3
o [
; 6 § 2
g . @
£ 1
> 2
s 0

250 Figure 1. Life-history traits measured on 7 genotypesviyfiophyllum spicatum in absence of
251 copper contamination. The names of the differemogges are listed inB) where “CAM” =

252 Camargue, “SCHO” = Schohsee, “GAR1/2” = GaronneG@& = Agout, “DOU” = Doubs,
253 “DOR” = Dordogne, and their geographic origin canfbund in Figuresl. Relative Elongation
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Rate (RER) based on total shoot lengh), (Stem width B), main shoot elongation (RERmS)
(C), Whorls density D), lateral shoot numbeE], Relative Growth Rate (RGR) based on fresh
mass F), Dry Matter Content (DMC)@&) and root number{) were measured. 1-way ANOVA
P-values for genotype effects are provided (HSDelutkest)n = 5.

Three genotypes with contrasting life-history satSCHO” (high RERms), “DOR” (high
whorls/cm and DMC) and “CAM” (high LS and Stem wijitwere used to assess differences in
biomacromolecule composition through FTIR. Sigmfit differences were found in their
functional groupsKigure 2). The PCLDA highlighted differences between “SCH@E¥notype
and the two others mainly along the first axisvitie first 3 dimensions explaining 93% of the
total dataset inertia. Axis 1 and 3 were chosengi@phical display to highlight differences
among genotyped-(gure 2A). Logistic regression for spectrum analysis fittkd data with an
Area Under Curve (AUC) value of 0.992, and furtlaealysis in the spectra showed 8 main
peaks with significant differences among genotyjpeshe fingerprint region (1800-800 ¢m
Figure 2B). An inverse pattern was observed between “SCHQ@I @CAM” genotypes, with
either “SCHO” exhibiting the highest peaks and “CAMe lowest, or the opposite. The first
peak around 1725 chcorresponds to C=0 bonds from carboxylic acids estdrs from various
polysaccharides and fatty acids (Dokken et al. 20@ahim et al. 2015). The second peak, from
1650-1610 cril, was attributed to C=0O stretching bonds from cayhoC=C of aromatic ring
vibrations (Duarte et al. 2005; Qu et al. 2013; WReget al. 2013) and C=0 stretching from
proteins (Regvar et al. 2013; Bind et al. 2018)isTheak slightly shifted toward higher
wavenumbers for “SCHO” genotype compared to théh2rs, with a peak area of 3.13, against
2.97 and 2.81 for “DOR” and “CAM”, respectively. &lsame pattern was observed for the broad
peak around 1535 chwhich was the highest for “SCHO”, and was attréalito proteins (amide
Il bands) through N and N-H vibrations, and aromatistems through C=C vibrations (Duarte et
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al. 2005; Regvar et al. 2013). The peak around bhibwas the lowest for “SCHO” and was
assigned to amine groups from proteins (Dokken. &085), phenolic O-H compounds (Qu et al.
2013; Ibrahim et al. 2015), various polysaccharides cellulosic compounds and O-H bending
vibrations from carboxylic acid groups (Regvar et2813). The sharp peak around 1315%cm
was the highest for “SCHO” and was identified a®©CEC-H and C-N stretching vibrations
(Regvar et al. 2013; Ibrahim et al. 2015) in potgarides, mainly from cellulosic compounds.
The broad peak at 1200-1180 tmwas assigned to C-O stretching vibrations fronolkadt and
esters, proteins (amide III) mainly from polysaauthes in cellulosic compounds (Bonetta et al.
2002). It was the highest for “SCHQO” genotype, watpeak area of 0.70, against 0.46 for the two
others. The peak at 1065 ¢rwas assigned to S=O stretching bonds from sulégx@EO from
polysaccharides and esters (Regvar et al. 20133ll§i the peak at 990-970 &hwvas the lowest
for “SCHQO” (peak area of 3.31 against 3.89 andfdr1'DOR” and “CAM”, respectively) and
assigned to alkene (Arun et al. 2016), alcoholit @O stretching vibrations (Qu et al. 2013), as

well as polysaccharides such as cellulose, heralogkt and starch compounds (Regvar et al.
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Figure 2. PCLDA analysis of the Fourier-transformed infdargpectra from 3 genotypes of
Myriophyllum spicatum, “CAM” = Camargue, “DOR” = Dordogne and “SCHO” = Siltse,
exhibiting differences in life-history traitsA§, with significant differences among genotypes
identified by a logistic regression marked withdiarrows on FTIR spectr8), n = 45.

C. Reationshipsamong life-history traits

The relationships among life-history traits wereessed through PCA on control plants and
several trends were observaldtegure 3). Three main clusters were represented: Stem width
correlated to DMC and whorls/cm, and anti-correlate Lateral shoot and RER, which were
again positively correlated. RGR was clustered VRERmMs and root number, although the last
one was poorly represented in the factorial mapRRE was the main contributor to the first

axis, whereas RER was the main contributor of do®sd axis.

Figure 3. Principal Component
Analysis performed on 7 life-histor
traits for 7 genotypes dflyriophyllum
spicatum in  absence of Cu
contamination. Relationships betwese

RERms

the 8 variables Relative Growth Rai_ ) dosd
(RGR), Relative Elongation Rati i N..
(RER), RER based on main shog '~ 1" 7T (S N
(RERms), whorl number per cn® ; 02

(whorls_cm), Dry Matter Conten

(DMC), root number (Roots) as well a

lateral shoot number (LS) and Ste

width (SW) were assessed. Col

gradient represents the goodness :

representation of each variable in tt i D '(27.6%)
factorial map defined by axes 1 andh2,

= 35.
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D. Copper impact on M. spicatum: general patterns and intraspecific variation

Copper exposure negatively affected all genotypiéls a concentration-dependent effect on

growth related endpoints, and sensitivity to Cundigantly differed among genotypeEiQure

4). Sensitivity at 0.15 mg/L Cu varied up to 8 tinfes RGR, with biomass production inhibited

from 7 % for “CAM” to 62 % for “SCHO”. At 0.5 mg/Lthe range of inhibition slightly

decreased, and growth was inhibited from 40 % @OR” to 90 % for “DOU” Figure 4A).

RER showed significant variations at 0.5 mg/L Cahwdifferences in sensitivity up to 7 times

(Figure 4B). Elongation inhibition ranged from 11 % for “DOR6 70 % for “DOU” at 0.5

mg/L. Generally, the “DOU” genotype was the mostpatied genotype at high Cu

concentration, and “DOR” the least impacted, whiies genotype exhibited the lowest RER

without Cu exposure. RERms was affected by Cu #&meesway as RER, and its sensitivity was

similar, with at 0.5 mg/L “DOR” being the least iagied, and “DOU” being seven-fold more

impacted (supplementary d&3a).

Figure 4: Copper sensitivity of
7 genotypes of Myriophyllum
spicatum, assessed through the
inhibition of their Relative Growth
Rate (RGR) A) and Relative
Elongation Rate based on all
shoots (RER)H) during a 10-day
exposure. The names of the
different genotypes are listed in
(A), where “CAM” = Camargue,

“SCHO” = Schoéhsee, “GAR1/2" =
Garonne, “AGO” = Agout,
‘DOU” = Doubs, “DOR” =

Dordogne, and their geographic
origin can be found in Figur&l.
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ANOVA P-values for genotype effects are providedngtypes with same letters for a given
combination endpoint x Cu concentration are notiigantly different in terms of copper
sensitivity (HSD Tukey testh = 5 for each combination.

Significant differences in Cu accumulation in pléesues were found at 0.5 mg/L Cu, which
ranged from 2.68 mg Cu/g DW for “GAR1” to 5.18 mai/§g DW for “SCHO”, which
accumulated on average 1.5-fold more Cu than ajkeotypes (supplementary d&d). The
increase in Cu concentration in plants was tigbtigrelated with Cu in the exposure mediadf

0.96, Supplementary dat4).

The LDA revealed that Cu, Genotypes and their agions significantly influenced life-
history traits (Monte-Carlo tesf = 0.001, Figure 5, 43.7% of inertia explained). Copper
concentrations expressed 14 % of inertia, wherea®tgpes expressed 18.8 % of inertia. The
interactions between Cu concentrations and Genstgpelained 10.9 % of inertia, and were
consistent with the results iRig. 4 showing that there was a significant differenceCn
sensitivity among genotypes. The link between tfehistory traits of genotypes and their
sensitivity to Cu revealed that the studied lifstbiry traits explained 63.2 % of the response
variables; however, it was not statistically sigraht according to the Monte-Carlo test (Monte-

Carlo,P =0.1189).

4. Discussion

A. Intraspecific trait variability and trait syndromes

Our results show that the different genotypedvofspicatum significantly differed in their

morphology traits, their growth abilities and thieiomacromolecule composition. Whorl density,
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stem width, lateral shoot production, as well asltshoot and main shoot elongation greatly
varied among genotypes when no chemical stressappbed. It has been acknowledged in
numerous studies that plant individuals can exlabittrasting morphologies depending on their
environment, both through phenotypic plasticity agehotypic variation (Wersal and Madsen
2013; Arshid and Wani 2013; Ganie et al. 2015; Waydl Coetzee 2016; Grenier et al. 2016;
Toth et al. 2017, Roubeau Dumont et al. 2019b)un case, the plants were grown during at
least 6 months in a similar environment prior te #xperiment, and genotype morphologies
never converged, indicating that genotypic varratias the main source of variation. Five of the
seven genotypes were harvested from differentreseahich were not connected, increasing the
probability to get clonal strains corresponding different genotypes, due to genetic
heterogeneity among populations (Harris et al. 1¥¥2en et al. 2009; Cao et al. 2017). The
ISSR analysis confirmed that clonal strains weke@d different genotypes, even for the two

Garonne strains.

Biomacromolecule composition significantly differe@mong genotypes, especially for
“SCHO” and “CAM” which exhibited opposite peak intgties. Spectrum analyses showed that
“SCHO” genotype had a relatively higher contenfaify acid compounds, proteins (amide III)
and cellulosic compounds, compared to the 2 oteaotypes, suggesting a higher investment in
growth processes (Bashline et al. 2014). In contths 2 other genotypes, especially “CAM”
exhibited higher contents in phenolic compoundsnibellulose and starch compounds, which
have been shown to vary in other species (Howaadl 003; Mpofu et al. 2006). This suggests
differences in cell wall structure and starch ggerahence in resource conservation (Elger and

Willby 2003), although further experiments are riegghto confirm these hypotheses.
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Several trends among life-history traits were obseras traits syndromesd. link between
DMC and whorl density), and different growth stgaés were drawn from these observations. A
morphology with (1) numerous, dense whorls, likefgmoting nutrient absorption and possibly
light, (2) an architecture with a longer internoghich allows to be closer to the light source
through lateral shoot production to form a canopy3) an elongation of the main shoot to

increase both light harvesting and nutrient absamgiLiu et al. 2017).

B. Variationsin Cu sensitivity

Strong differences in sensitivity to Cu were obsdramong genotypes, with up to eightfold
difference in the inhibition range of growth-reldtendpoints. Those differences decreased along
with an increasing Cu concentration, suggesting) @ah®.5 mg/L Cu all the genotypes could no
longer cope with this stresBhe differences in sensitivity to Cu were par®2%) attributed to
the variations in life-history traits among genagp although the co-inertia analysis was not
significant, most likely due to the low number oéngtypes considered. Biomacromolecule
composition and metabolic traits, such as antiodid@mpounds and enzymatic activities, may
better explain the differences in Cu sensitivityn@® et al. 2016). Indeed, visual observations
showed a difference in pigment composition amongges (in supplementary d&8), which
has been previously proved to influence photosyittteficiency, antioxidant balance and metal
interactions (Sivaci et al. 2007; Zvezdartoand Markowe 2009; Delmail et al. 2010; Brewer
2011 Thomas et al. 2016; Borisova et al. 2017). Aibemacromolecule composition analysis also
revealed some significant variations in phenolimpounds, which may be directly linked to a
difference in sensitivity among genotypes (Grosal.et996; Gross 2001; Das and Roychoudhury
2014). Further investigations with more focus oacsfic metabolic changes would be required to

identify properly the origin of the differences iohemical response among genotypes
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(Pflugmacher et al. 1997; Kanoun-Boulé et al. 2088algo et al. 2013; Thomas et al. 2013).
Epigenetic mechanisms are also involved in stresganse in plants, although few studies have
investigated their impact in aquatic plants as § wacope with abiotic stressors (Regier et al.
2013; Gamain et al. 2017). Our results highlighe tteed to go further into the mechanisms
explaining aquatic plant responses and adaptaticenvironmental factors, including chemical

stressors.

C. Implications of intraspecific variation for environmental risk assessment

The genotypes used in these experiments were cofndmy relatively similar aquatic
environments in terms of nutrient loads, climatd anvironmental pollution, thus decreasing the
probability to harvest very different genotypes emgbing strong selection pressures (Weyl and
Coetzee 2016). Our results have shown that thetgeinovariation detected iW. spicatum may
influence the outcomes of toxicity laboratory teststh up to eightfold growth inhibition
differences among genotypes. This implies that dejpg on the genotype used in the laboratory,
the threshold value modeled from single-speciesritbry assays may not be protective enough
to ensure the absence of harmful effects on liarganisms in this compartment. Hence, a given
genotype might not be representative of the spesgasitivity, and might mislead the following
steps of ERA (Clark et al. 1999; Johnson and Sungti#6; Roubeau Dumont et al. 2019a). It is
therefore crucial to take into account the différsaurces of variation that may influence the

outcomes of laboratory testing in order to enshed treliability.

D. Ecological implications of intraspecific variation

Intraspecific variability has been recognized fecades as a promoter of diversity and as a

condition for coexistence of species within comniesi (Bolnick et al. 2011). According to
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445  Albert et al. (2011), intraspecific variability should be takiemo account in small-scale studies
446 like single-species and mesocosm approaches, &s htgher than interspecific variability.
447 Linking ecosystems and species relies on approattiesconsider how species traits affect
448 ecosystem processes (Bolnick et al. 2011). Ciansiest al. (2009) have shown that there was
449 no relationship between plant species richnesdwamaional diversity, as intraspecific variability
450 in functional traits was very high. They concludédt assessing intraspecific variation would
451 provide better predictions in species extinctiomsamuences for ecosystem processes. Several
452 studies have investigated phenotypic plasticity. iRstance, Kremp et a{2012) highlighted its
453 importance in diatom response to climate changethund in ecosystem resilience. Similarly,
454 Wolf et al. (2018) studied artic diatoms which agapto climate change through plastic
455 responses, and showed very high variability inrteensitivity. Roubeau Dumont et al. (2019b)
456 showed that environmental fluctuations could sigariitly influence aquatic plant ability to cope
457  with chemical exposure. Very few studies have fedusn the role of genotypic variation when it
458 comes to chemical exposure (Dalton et al. 2013;beau Dumont et al. 2019a). It is critical to
459 do so in the current context, in which environmenpallution increases and threatens
460 ecosystems, to assess how such variation may nttuespecies sensitivity and ecosystem
461 resilience (Oliver et al. 2015). Our results haveds light on the importance of genotypic
462 variation in the sensitivity oM. spicatum to Cu, demonstrating that individuals can exhibit
463 significantly different sensitivities, depending treir traits. Although we did not measure the
464 genetic variation within populations, our resuligegnsights on the increased resilience potential
465 that a broad genetic diversity could provide toeansystem exposed to chemicals (Oliver et al.

466  2015).

467
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5. Conclusion

We assessed the importance of genotypic variatiothé intraspecific variability oM.
spicatum sensitivity to Cu, and showed up to eightfold eliéince in sensitivity among genotypes.
ERA is an always evolving process along with sdiientiscoveries, in order to increase the
relevance of environmental regulations. As such,highlighted that genotypic variation is a
source of variation in species sensitivity to cheatd, and we showed that life-history traits are
partly linked to these differences in sensitiviye call for further studies to be conducted to
understand the underlying mechanisms, with a facuphysiological endpoints and epigenetic

changes.
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Genotypic variability has the potential to influence species sensitivity to chemicals
M. spicatum exhibits different growth strategies depending on the genotypes
Up to eightfold differencesin Cu sensitivity were found among the genotypes tested

Variations in chemical sensitivity are linked to differencesin life-history traits
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