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abstract 
 

 

Freshwater ecosystems are home to a multitude of species that live 
in the aquatic environment and are an integral part of the natural 
communities. Among these, freshwater macrophytes are particularly 
important, as their functions extend beyond those commonly 
provided by other freshwater primary producers, creating a variety of 
microhabitats for other species and being an important part of the 
ecosystem’s structure as well. The contamination of freshwater 
systems by herbicides has been recognized for several decades, and 
is linked with the increasing trends in the use of these pesticides. 
Glyphosate is the most widely applied herbicide in the world, with its 
popularity being attributed to the development of the Roundup 
formulation by Monsanto, which increases the toxicity of the active 
ingredient to the plants by promoting its penetration into the tissues. 
In the present dissertation, we assessed the effects of glyphosate 
and its commercial formulation Roundup to the two water 
macrophytes, Lemna minor and Lemna gibba. To better understand 
the impacts these chemicals have on overall plant health, we 
evaluated the sensitivity of four growth-endpoints (weight, frond 
number, frond area, and root length), as well as the assessment of 
sugar profiles as biochemical endpoints, to address the knowledge 
gap related to non-target biochemical effects of glyphosate in plants. 
Results evidenced Roundup to be more toxic to both macrophytes 
than the active ingredient alone, as well as a higher sensitivity of L. 
minor compared to L. gibba. The lowest EC10 value (0.75 mg a.i. l-1) 
was obtained for Yield in weight of L. minor exposed to Roundup. 
Furthermore, root length experienced an abrupt decrease from the 
concentration of 1 to 3 mg a.i. l-1 in both macrophytes exposed to 
Roundup, and is argued to be a good bioindicator of pollution by this 
compound. The concentrations of the different sugars remained 
unaltered across the evaluated concentrations for both macrophytes, 
except for the sugar profiles of L. minor, which displayed a significant 
increase in their content of xylose, galactose, and glucose at the 
concentration of 5 mg a.i. l-1 of Roundup, relative to the control. 
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risco 

resumo 

 
Os ecossistemas de água doce alojam múltiplas espécies que 
habitam no ambiente aquático e formam uma parte integral das 
comunidades naturais. Entre estes, as macrófitas de água doce são 
particularmente importantes, uma vez que as suas funções vão para 
além daquelas comummente prestadas por outros produtores 
primários de água doce, criando uma variedade de microhabitats 
para outras espécies e sendo também uma parte importante da 
estrutura dos ecossistemas. A contaminação de sistemas de água 
doce por herbicidas tem sido reconhecida há várias décadas e é 
atribuída à crescente tendência no uso destes pesticidas. O glifosato 
é o herbicida mais aplicado à escala mundial, devendo a sua 
popularidade ao desenvolvimento da formulação Roundup pela 
Monsanto, a qual aumenta a toxicidade do ingrediente ativo para as 
plantas ao promover a sua penetração nos tecidos. Na presente 
dissertação, avaliámos os efeitos do glifosato e da sua formulação 
comercial Roundup a duas macrófitas aquáticas, Lemna minor e 
Lemna gibba. Para compreender melhor os impactos que estes 
químicos têm na saúde global das plantas, avaliámos a sensibilidade 
de quatro parâmetros de crescimento (peso, número de frondes, 
área das frondes e comprimento da raiz), bem como a avaliação de 
perfis de açúcares como parâmetros bioquímicos, de forma a 
colmatar a lacuna de conhecimento relacionada com efeitos 
bioquímicos não-alvo em plantas. Os resultados revelaram que o 
Roundup é mais tóxico que o ingrediente ativo para ambas as 
macrófitas, bem como uma sensibilidade mais elevada de L. minor 
comparativamente a L. gibba. O valor de EC10 mais baixo (0.75 mg 
i.a. l-1) foi obtido para o Rendimento de peso em L. minor expostas a 
Roundup. Adicionalmente, o comprimento da raiz experienciou um 
decréscimo abrupto da concentração 1 para 3 mg i.a. l-1 em ambas 
as macrófitas expostas a Roundup, colocando-se a hipótese de este 
ser um bom bioindicador de poluição por este composto. As 
concentrações dos diferentes açúcares permaneceram inalteradas 
para todas as concentrações avaliadas em amabs as macrófitas, 
com a exceção para os perfis de açúcares de L. minor, os quais 
apresentaram um aumento significativo no seu conteúdo em xilose, 
galactose e glucose para a concentração de 5 mg i.a. l-1 de Roundup, 
relativamente ao controlo. 
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I. Introduction 

1. Freshwater ecosystems 

1.1 The aquatic environment and freshwater biodiversity  

All known life forms are composed and depend upon a subset of nearly thirty 

chemical elements, which are present either as their ionic forms (e.g., K+) or integrated in 

molecules, from the simplest to the most complex (e.g., O2 and DNA, respectively). Carbon, 

oxygen, hydrogen, and nitrogen comprise the majority of atoms present in living beings and 

are an integrant part of virtually all their constituent molecules (Alberts, 2017; Chellan & 

Sadler, 2015; Jonsson et al., 2017; Maret, 2016). From this collection, however, a special 

emphasis must be given to the water molecule, composed solely by one oxygen and two 

hydrogen atoms but that is, nonetheless, one of the fundamental molecules required for 

sustaining life. Despite occurring naturally on Earth in its solid, liquid, and gaseous states, 

the unique chemical properties water displays, and which make it possible to support life, 

are characteristic of its liquid form – a gaseous medium does not provide a suitable 

environment for the occurrence of controlled chemical reactions, due to disperse and errant 

movement of particles, while in a solid medium said reactions would be too slow, due to the 

close-packed nature of matter. Liquid water exhibits further convenient physical and 

chemical properties, such as a high specific heat (buffering environmental temperature 

fluctuations), a high viscosity and surface tension (facilitates important interactions with and 

within organisms), and is a solvent for a wide range of substances, mediating almost all 

biochemical reactions (Ball, 2017; Brack, 1993; Good, 1973; Lilley, 2004; Moss, 2018; 

Podgornik, 2011; Sokhan et al., 2015; P. S. Welch, 1952). It is therefore not surprising that 

the main schools of thought regarding the origin of life acknowledge that it arose in the 

aquatic environment (Bada et al., 1994; Corliss, 1990; Macleod et al., 1994; Nisbet, 1986; 

Price, 2007; Saladino et al., 2018).  

Water also participates in numerous other processes on the planet that are outside the 

direct spectrum of the biosphere but that influence it, nonetheless. Moss (2018) drew an 

elegant analogy between the roles of water on Earth and those of blood in an organism, as 

both serve as the carrier medium for dissolved substances in their respective systems, 

redistributing them along their paths, and enabling their reaction in given compartments or 

transporting them inertly in others. Akin to the function of a heart, the water cycle serves as 
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the pump that causes water to move sequentially trough evaporation, cooling, and 

condensation. This process ultimately enables the movement of water from the ocean to the 

land from which it will runoff, completing the cycle. During the latter process, however, 

water is retained and transported across a system of streams, groundwaters, wetlands, lakes, 

and estuaries, before returning to the ocean. While it is being retained on the land area, water 

has a relative low concentration of dissolved salts comparatively to ocean water (saltwater 

or seawater) and is classified as freshwater, which represents only 2.5% of all water in the 

hydrosphere. Of this fraction, 68.7% is perennially frozen and 29.9% is located underground, 

with only 0.26% being retained in rivers, lakes, and other reservoirs, ultimately making up 

less than 0.01% of the total water available on the planet. Saltwater, in turn, accounts for the 

remaining 97.5% of the total water in the hydrosphere (Carpenter et al., 2011; Moss, 2018; 

Wetzel, 2001). Notwithstanding the dramatic difference in the respective water volume they 

hold, the biodiversity of freshwater environments is remarkably comparable to that of marine 

ones and largely exceeds the latter when normalized according to their respective volume. 

Comprehensive assessments of biodiversity in aquatic systems are scarce and often lack a 

complete representation of all kingdoms and lower taxa. Most comparative studies regarding 

net speciation in aquatic environments concern data for fish species, of which approximately 

40% can be found in freshwater environments, while the remaining 60% inhabit marine 

ecosystems (Bloom et al., 2013; Carrete Vega & Wiens, 2012; Puebla, 2009). Concerning 

the totality of animal species, 9.7% and 26.8% inhabit freshwater and marine environments, 

respectively, with the remaining species being terrestrial (Moss, 2018). Several hypotheses 

have been proposed to explain the discrepancy in diversity per volume of water between 

both types of aquatic ecosystems. These include the notion that freshwater ecosystems have 

a higher abundance of macroscopic primary producers when compared to their marine 

counterparts which, allied to a less extensive degree of herbivory on primary producers in 

the former ecosystem, creates a greater net primary production per volume. The presence of 

larger primary producers also increases the complexity of the habitat which, combined with 

the higher number of barriers that is characteristic of freshwater ecosystems, creates more 

ecological niches (unlike the case for marine ecosystems, where there is habitat continuity, 

freshwater ecosystems are mostly isolated from one another). These, in turn, contribute to a 

higher degree of speciation in freshwater habitats, with species having a narrower ecological 

specialization and smaller geographical ranges (Balian et al., 2008; Benton, 2001; May, 
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1994). In total, approximately 126,000 species of freshwater animals have been described 

(9.7% of all animal species), with insects having the largest representation (60.4%), followed 

by vertebrates (14.5%), crustaceans (10%), arachnids (5%), mollusks (4%), and other taxa. 

Freshwater macrophytes comprise 2,614 reported species, representing ca. 1% of the total 

number of number of known vascular plant species, a substantial number considering 

macrophytes are predominantly terrestrial (Balian et al., 2008). In regards to microbial 

eukaryote richness, a total number of 200,000 to 250,000 species have been estimated to 

exist in freshwater environments (Debroas et al., 2017). 

 

1.2 Types of freshwater ecosystems 

Freshwater systems can be divided into two different types, according to the presence 

or absence of water flow. These are, respectively, lotic (or riverine) and lentic (or lacustrine) 

ecosystems, each constituting a heterogeneous system that exhibits internal variation in their 

hydrology, morphology, and physicochemical composition, which influence the biodiversity 

they support. 

Riverine systems exhibit a continuous unidirectional flow of water through a channel, 

caused by the gradual decrease in altitude from source to mouth. Examples include rivers, 

streams (terms that are often used interchangeably to refer to lotic systems in general), 

springs, creeks, and brooks (Lampert & Som, 2007; P. S. Welch, 1952). Streams merge with 

each other as they flow over land, forming new, larger streams in a process that is repeated 

multiple times, resulting in the dendritic network of affluents. This pattern of stream 

aggregation serves as the basis for the hierarchical classification of streams in different 

orders, according to the number and nature of tributaries each segment possesses (Figure 1) 

(Strahler, 1957). First-order streams are located headwaters and do not possess any 

tributaries, with water originating from land runoff in the watershed or from groundwaters. 

As water moves along the drainage basin, two first-order streams may merge, forming a 

second-order stream to which they become tributaries. In the same manner, third-order 

streams are formed when two second-order streams merge, and so forth. A stream of a given 

order may have further tributaries of lower orders, with no alteration to its own order. If it 

meets a stream segment of higher order it will become the tributary of the latter, with stream 

order only increasing when two streams of the same order merge (Lampert & Som, 2007; 



4  
 

Strahler, 1957). Generally, the larger the river, the more orders it will have (e.g., the Nile 

and Amazon rivers are eleventh and twelfth-order streams, respectively) (Downing, 2012). 

Despite being based solely on the number and type of intersections that occur along a lotic 

system, this classification is useful when studying stream ecology, as segments of similar 

order share many features. For instance, lower-order streams have a lower discharge and 

higher velocity, due to a smaller catchment area and more pronounced slope of the terrain, 

respectively, causing them to be more erosive, generally transporting sedimentary material 

such as sand, gravel, and rocks. Higher-order streams, on the contrary, are usually located in 

flatter terrain, with a relatively small slope, and have a higher discharge (due to the high 

number of tributaries and ampler catchment). For this reason, the surface area of the river is 

larger and water velocity decreases, exhibiting a more depositional nature (Lampert & Som, 

2007; Moss, 2018; Strahler, 1957).  

 

 

Figure 1. Stream orders in a stream according to the Strahler method of hierarchical classification on a dendritic 

system. Arrow indicates the direction of discharge (reproduced from Smock (2002)). 

 

The intensity of flow is, therefore, a critical feature of lotic systems that conditions 

the organisms that inhabit them. The directional flow requires organisms to be able to attach 

themselves in order to avoid being washed away with the current. This constitutes a problem 

mainly in lower-order streams, as the high velocity of the water and transport of sediments 

hinders the fixation of organisms (Besemer et al., 2007; Karaouzas et al., 2019; Statzner & 

Holm, 1982). Planktonic species are, therefore, mostly absent in rivers, with some exceptions 

occurring in some higher-order stream segments, where the turnover rate of the plankton 
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population is higher than the washout rate of water (Descy et al., 2012; Moorhouse et al., 

2018; Quadroni et al., 2017; Sługocki et al., 2019). 

Lentic or lacustrine ecosystems constitute the second type of freshwater system, 

which include lakes, ponds, bogs, swamps, marshes, and fens characterized by the presence 

of still water, permanently or semi-permanently retained in a basin. Basins contain the water 

that drains from the catchment area of the lake and are most often formed as a result of 

tectonic, glacial, or fluvial activity (Agrawal, 1999; Brönmark & Hansson, 2005). Due to the 

still nature of this type of ecosystem, water is not thoroughly mixed by its own flow and is, 

therefore, more prone to display vertical gradients in respect to several parameters. 

Nevertheless, water mixing does occur in still waters as a result of wind forces. In shallow 

lakes, the wind action may be able to exert turbulence over the entirety of the water column, 

resulting in a rather homogenous system. In deeper lakes, however, wind currents cannot 

effectively mix all the water, restricting its action to the uppermost layers, which leads to 

stratification (Becherer & Umlauf, 2011; Bocaniov et al., 2014).  

The first axis of stratification is that of temperature, which is regarded as the most 

important physical phenomenon for a lake’s structure and function, greatly conditioning the 

resident biota and their metabolism, distribution, and behavior. The main source of heat in a 

freshwater system is solar radiation, more specifically the part of solar radiation that is not 

used for primary production and is absorbed as thermal energy (see section 1.2.1 of the 

present chapter). This radiation, however, can only penetrate a certain depth into the water 

column before being completely absorbed and extinguished (Brönmark & Hansson, 2005; 

Jacobs et al., 2008). Nevertheless, wind can effectively mix the topmost layer of water, 

making it isothermal despite the decreasing gradient of light intensity, while the lower layer 

remains colder. These two strata constitute, respectively, the upper, warmer epilimnion that 

rests atop the colder and denser hypolimnion, intersected by the metalimnion (also named 

thermocline) (Koue et al., 2018; Lampert & Som, 2007; Moss, 2018; Prats & Danis, 2019; 

Ullyott & Holmes, 1936; P. S. Welch, 1952). Since light penetration is often restricted to the 

epilimnion, this layer is characterized by the occurrence of primary production by 

autotrophs, which are absent in the hypolimnion where decomposition and sedimentation 

processes predominate, in the dark. Hence, the presence of light can be regarded as the 

second axis of stratification, as it conditions the occurrence of primary production. 

Therefore, as transmitted radiation decreases exponentially with depth, so does 



6  
 

photosynthesis and, consequently, the generation of organic matter and oxygen by 

autotrophs (Chen et al., 2016; Moss, 2018; Ostrom et al., 2005; Ye et al., 2018). Oxygen 

synthesis, in particular, is of utmost importance for aerobic organisms, which constitute the 

majority of freshwater species. Atmospheric oxygen may also diffuse into the epilimnion 

through the air-water interface but cannot scatter through to the hypolimnion, same as the 

oxygen derived from internal photosynthesis. Hence, two new strata can be defined in regard 

to the relation between oxygen synthesis and respiration: the upper water layer where net 

oxygen production is higher than net respiration is called the euphotic zone, while the 

underlying layer where this relation is inverted is called the profundal (or aphotic) zone. The 

two zones are separated at the compensation level, where oxygen production and respiration 

are equal, roughly corresponding to the depth at which 1% of the surface light remains 

(Agrawal, 1999; Brönmark & Hansson, 2005). The marginal zone of the lake that supports 

growth of rooted plants is approximately limited by the intersection of the compensation 

level with the profile of the benthic environment (i.e., sediment) and constitutes the littoral 

zone. Beyond this zone is located the limnetic zone, or open waters, that include the water 

column located above the profundal zone, including it (Brönmark & Hansson, 2005; 

Lampert & Som, 2007; Moss, 2018). For clarity and summary purposes, a general scheme 

of the lake zones described is represented in Figure 2. 

 

 

Figure 2. General diagram of zones in a lentic system (redrawn and adapted from Malkani (2017)). 

 

The composition of lentic communities is, therefore, very diverse and varies 

according to different zones. Photosynthetic organisms such as macrophytes and 

phytoplankton are confined to the upper parts of the epilimnion, where light is available to 
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perform photosynthesis. As a result, zooplanktonic and nektonic organisms are most 

abundant in the euphotic zone, where oxygen levels are high and primary producers are 

abundant (Brönmark & Hansson, 2005; Lampert & Som, 2007). In the profundal zone, 

however, the absence of light inhibits photosynthesis and oxygen levels decrease drastically. 

As a result, profundal communities are less diverse, with resident organisms exhibiting 

evolutionary adaptations to cope with low oxygen levels (e.g., some chironomids that live 

on the bottom of lakes possess hemoglobin to concentrate oxygen) (Bérg et al., 1962; Panis 

et al., 1995; Vafopoulou-Mandalos & Laufer, 1984). 

 

1.3 Primary production 

Living organisms can be acknowledged as thermodynamically open systems, much 

like the whole ecosystem they are part of. Therefore, the maintenance of such levels of 

organization requires a continuous flow of energy that enables the performance of the 

necessary physicochemical reactions (Lampert & Som, 2007). For most organisms, this 

energy is provided by catabolic chemical reactions, which are exergonic (i.e., reactions that 

release energy). Chemoorganotrophic organisms – which comprise all animals, fungi, 

protozoa, and some bacteria – derive their energy from the oxidation of chemical bonds in 

organic compounds such as carbohydrates, lipids, and proteins. These compounds, in turn, 

must be obtained from other organisms, as chemoorganotrophic organisms cannot 

synthesize organic matter from inorganic compounds. As such, chemoorganotrophs are 

dependent upon primary producers, which are autotrophic organisms that can fix inorganic 

forms of carbon into the organic compounds required for the subsistence of the former and 

are thus regarded as the foundation of trophic webs, constituting the first trophic level 

(Matveev & Robson, 2014).  

In freshwater ecosystems, organic matter can be separated into two different groups 

with respect to their source: matter imported from outside the ecosystem is termed 

allochthonous and includes dead plant or animal material (e.g., twigs, leaves, insects, birds, 

mammals, etc.) whereas autochthonous matter is generated inside the system as the result of 

primary production (Brönmark & Hansson, 2005; Lampert & Som, 2007; Maltby, 1992). 

The relative importance of allochthonous organic matter varies between freshwater 

ecosystem and even inside the same ecosystem. For instance, allochthonous matter 

constitutes virtually the entirety of the organic material input in mid sections of forested river 
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streams. In fact, the nature and relative contribution of allochthonous organic matter dictates 

the composition of communities along the course of stream systems (K. W. Cummins, 1974, 

2016; Dent et al., 2002; Giller & Malmqvist, 1998; Vannote et al., 1980). In lakes, the 

importation of allochthonous matter can alter the energy budget of the ecosystem, leading to 

a state of net-heterotrophy when organism abundance is enhanced beyond the levels 

supported by internal productivity (Brönmark & Hansson, 2005). Autochthonous organic 

matter, on the contrary, is produced inside the freshwater habitat, mainly by 

photoautotrophic organisms that fix carbon dioxide and dissolved nutrients into organic 

molecules that serve as the carriers of energy through the trophic webs within the ecosystem 

(Lampert & Som, 2007). 

Solar radiation is the primary source of energy available on Earth and its storage into 

reduced carbon forms in made possible through the process of photosynthesis. It follows, 

therefore, that the availability of light in a freshwater system is one of the main limiting 

factors for primary production (Tanabe et al., 2019). When light reaches a water system, part 

of it is reflected at the water-air interface, with reflection increasing with the disturbance of 

the water surface (e.g., through the action of waves or ripples). The light that penetrates the 

water phase is either scatter, absorbed as heat, or gathered by photosynthetic pigments such 

as chlorophyll and stored in organic molecules through photosynthesis. These molecules are 

composed of both carbon and nutrients which are, respectively, derived from atmospheric 

CO2 and dissolved in water in the form of ionic compounds (Abelho, 2001; Brett et al., 2017; 

Giller & Malmqvist, 1998). Nutrients may originate from the catchment area, being 

transported by runoff into the freshwater ecosystem, or from within the system itself, derived 

from the mineralization of organic compounds by decomposers. Living organisms require a 

plethora of nutrients in order to survive, including ionic forms of iron, sulfur, silicon, copper, 

zinc, among others. However, the relative requirements of each nutrient vary between 

species, with most being required only in trace amounts. Nonetheless, phosphorus and 

nitrogen are often the two limiting nutrients for primary production (Vanni, 2002; R. M. 

Welch, 1995).  

Freshwater primary producers may be divided into algae (phytoplanktonic and 

periphytic) and macrophytes. Algal species include members of the Cyanobacteria 

(photosynthetic bacteria), Rhodophyceae, Chrysophyceae, Bacillariophyceae, Dinophyceae, 

Euglenophyceae, Chlorophyceae, among other groups. The composition of the community 
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varies according to the type of habitat and water quality, and it is therefore widely used as a 

tool for water quality assessment (Gökçe, 2016; Kelly, 2013; Lewis, 1990; Pasztaleniec & 

Poniewozik, 2010; WFD-CIS, 2009). As previously discussed, phytoplankton is mostly 

absent in lotic systems since planktonic species are unable to swim against the water current 

that is typical of these environments and are inevitably washed away. Hence, planktonic 

communities are predominantly represented and diverse in lentic systems. In higher-order 

streams, however, planktonic populations that constitute the potamoplankton can remain 

established due to their high turnover rates that exceed the outflow of water (Chételat et al., 

2006; Dokulil, 2014). While the phytoplanktonic component of the potamoplankton can 

account for a substantial portion of the primary production in floodplain rivers, the majority 

of the algae components of riverine habitats are periphytic (i.e., associated with the 

substrate). Periphyton may colonize substrates such as sand, rocks, and aquatic plants 

(classified respectively as epilithic, epipsammic, and epiphytic) and are usually constituents 

of biofilms which are formed by algae, fungi, bacteria, and other microorganisms. Due to 

adhesion of these assemblages to the substrate, algae are not washed away by the water flow 

and can persist in lower order streams, despite the higher water flux. Periphyton is present 

is rivers and lakes alike, provided the required levels of light and nutrients are available 

(Agrawal, 1999; Azim et al., 2005; Feminella & Hawkins, 1995).  

Aquatic plants are the macroscopic components of the assemblage of freshwater 

photosynthetic organisms and are thus commonly referred to as macrophytes. Macrophytes 

are the dominant organisms in wetlands, as well as in lake and stream margins, and are thus 

central elements of their respective food webs. These include nonvascular plants, such as 

bryophytes, and vascular plants, such as ferns and angiosperms. The latter, in particular, are 

the dominant aquatic plants and, as a consequence, have been more extensively studied in 

freshwater ecology (Brönmark & Hansson, 2005; Padial et al., 2008; Smock, 2002). 

Freshwater macrophytes are traditionally divided into emergent (rooted in the sediment and 

producing aerial leaves), submersed (entirely aquatic life cycle, excluding flowering), 

floating attached (rooted in the sediment, with floating leaves), and free floating plants 

(floating leaves, without attachment of roots to the sediment) (Figure 3). Adding to their role 

as primary producers, macrophytes provide further functions as structural components of the 

aquatic ecosystem, serving as a spawning or hiding habitat for many organisms, and limiting 

the amount of light that penetrates the underlying water column, conditioning the growth of 
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other macrophytes and algae (Moss, 2018; Thomaz & Cunha, 2010; Vejříková et al., 2017; 

Wu et al., 2007). 

 

 

Figure 3. Zonation of macrophytes in a lake is generally marked by the growth of emergent macrophytes closer 

the margin, followed by floating attached and submersed plants. Free-floating plants may be present within 

and beyond the littoral zone, as they are not attached to the sediment (in Brönmark & Hansson, 2005). 

 

1.4 Declining state of freshwater ecosystems 

 Freshwater constitutes a valuable resource for human populations who depend on its 

continuous access to survive. Freshwater consumption varies according to the setting they 

are used in, with agricultural activities accounting for the majority of the water usage 

(64.9%), followed by industrial (23.6%) and urban uses (7.3%). The high demand of water 

in agriculture is mostly related to its use in irrigation practices, which are expected to 

continue to increase in order to cope with the food requirements of a growing world 

population. In fact, the total volume of water used for irrigations schemes increased ten-fold 

during the course of the XX century alone (Kirshen & Strzepek, 1997). Freshwater 

ecosystems offer further provisioning services, as many organisms are hunted or collected 

for human consumption, whereas others (namely plants) are used as building material or 

exhibit medicinal characteristics. Additionally, freshwater ecosystems also provide 

regulatory, cultural, and supporting services, all of which directly or indirectly influence 

human well-being and survival (Lead et al., 2005). Nonetheless, most freshwater systems 

have been affected as a result of anthropogenic activities, with detrimental impacts not only 
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to the services they provide but mostly to their biological communities. Dudgeon et al. 

(2006) identified the five major point threats to freshwater biodiversity as the 

overexploitation of organisms, flow modification in lotic systems, destruction or degradation 

of habitats, invasion by exotic species, and chemical pollution. Global changes in 

environmental conditions, such as the increase in UV radiation levels, global warming, 

nitrogen deposition, and acidification are also major drivers of disturbance in freshwater 

ecosystems and are superimposed to the previous five treats, which usually produce more 

localized impacts. This list has since been revised to include emerging threats that may or 

may not be derived from those aforementioned, and include the disseminations of infectious 

diseases, expanding hydropower usage, microplastic pollution, and salinization, among 

others (Reid et al., 2019). 

As a result, ecosystems are disappearing or being permanently modified, populations 

are experiencing severe declines, and extinction of freshwater species is increasing at an 

alarming rate, with harmful consequences to whole communities. The global freshwater 

biodiversity crisis of vertebrates, in particular, has been monitored through the development 

of the Living Planet Index (LPI). Briefly, the LPI measures average trends in vertebrate 

populations in land, marine, and freshwater habitats over time, since 1970 (i.e., whether they 

are stable, declining, or increasing and the magnitude of this variation), and evidences a 

concerning scenario for freshwater populations (Figure 4) (WWF International, 2018). 

Although such a comprehensive evaluation is lacking for freshwater invertebrates, numerous 

studies concerning the assessment of trends of particular species or higher invertebrate taxa 

evidence a similar declining scenario (Clausnitzer et al., 2009; Cumberlidge et al., 2009; 

Darwall et al., 2012; C. Taylor et al., 2007). An equivalent knowledge gap is verified for the 

state of global trends in freshwater macrophyte and algae populations. Being keystone 

elements of freshwater communities, effects on primary producers (whether positive or 

negative) will have particularly severe consequences for the whole ecosystem. In particular, 

macrophytes – as discussed in the previous subsection – serve functions in freshwater 

ecosystems that add to their intrinsic role of primary production (nutrient recycling, synthesis 

of organic matter, and oxygen release), as they create habitats for many aquatic species, 

stabilize the sediment, and improve water quality by inhibiting the unmeasured growth of 

phytoplankton. Several macrophyte monitoring programs have been conducted in particular 

lake systems, reporting an overall loss of aquatic vegetation in the last five decades. The 
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main causes for this decline have been attributed to anthropogenic influences, namely the 

degradation of freshwater habitats and eutrophication (Kolada, 2014; Körner, 2002; Liira et 

al., 2010; Sand-Jensen et al., 2000; Stefanidis et al., 2019; Zhang et al., 2017). Since 

macrophytes mitigate eutrophication processes by removing nutrients from the water and 

constitute a key structural feature in freshwater habitats, the degradation of plant 

communities as a result of anthropogenic influence will result in its further intensification, 

in a positive feedback manner. For this reason, the restoration of macrophyte populations is 

a commonly employed strategy to remediate damaged freshwater systems (Dhote, 2007; 

Dong-ru et al., 1997; Gao et al., 2009; J. Hilton et al., 2006; D. Qiu et al., 2001; Yu et al., 

2019). Nonetheless, prevention has been widely regarded as the key management strategy 

for halting the decline of freshwater ecosystems and communities (Moss, 2018; Stefanidis 

et al., 2019; Zhang et al., 2017).  

Several management strategies have been implemented in an effort to improve the 

current state of freshwater systems, with specific goals that should be met in order to 

effectively restore the damaged systems and prevent the degradation of undamaged ones. 

One of such management schemes is the Water Framework Directive, which commits the 

member states of the EU to achieve good quality status of all their surface water bodies, 

including all freshwater systems, by 2015 (European Comission, 2019; European Parliament 

and the Council, 2000). Despite this objective not having been accomplished within the 

designated time frame, the management and monitoring strategies are still being used to 

amend the condition of these ecosystems. In order to do so, the ecological and chemical 

status of surface waters should be considered ‘good’, according to criteria that evaluate its 

biological, hydromorphological, physicochemical, and chemical quality. The assessment of 

the first three elements is used to define the ecological state of a water mass, whereas the 

chemical quality is the only element used to evaluate its chemical state. The criteria required 

to achieve ‘good’ chemical quality of a system is related to the concentration of certain 

pollutants that are present in the water and that should not exceed their respective maximum 

allowable concentrations, such as those established in the Directive 2008/105/EC for priority 

substances (European Union, 2008), which are derived from ecotoxicological tests 

performed in the scope of risk assessment schemes.  
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Figure 4. Variation of the Living Planet Index for freshwater vertebrates, from 1970 to 2014, evidencing a 

declining trend for freshwater biodiversity (in WWF International, 2018).  

 

2. Pesticides 

2.1 A brief overview of pesticide history and regulation 

According to the US Code, and as currently adopted by the Environmental Protection 

Agency (EPA), a pesticide is defined as any substance or mixture of substances that aims to 

prevent, destroy, repel, or mitigate a pest. The term ‘pesticide’ also includes plant regulators, 

defoliants, desiccants, and nitrogen stabilizer substances (Federal Insecticide, Fungicide, 

and Rodenticide Act., 2013). Concerning the chemical properties of their active ingredients 

(i.e., the compounds with biological activity) pesticides may be classified as carbamates, 

thiocarbamates, pyrethroids, pyrazoles, organochlorines, organophosphates, 

organonitrogens, metal compounds (e.g., mercury, arsenic, or copper), or others. Regarding 

their more colloquial pest-control definition, pesticides are generally categorized according 

to their target organisms as insecticides (insects), rodenticides (rodents), herbicides (weeds), 

fungicides (fungi), bactericides (bacteria), and others (World Health Organization, 2009). 

Pesticides may be applied in a variety of settings, such for veterinary, domestic, sanitary, 

medical, and public health purposes, but are most commonly used for crop protection in the 

agriculture sector, which accounts for 89% of total pesticide usage in the US (Atwood & 

Paisley-Jones, 2017).  
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Historically, the use of pesticides started to become common in agriculture practices 

after World War II, when synthetic materials such as DDT allowed farmers to increase the 

productivity of their crops by protecting them from pests. This not only contributed to a 

greater yield, but also decreased the costs of production, as pesticide application constituted 

a cheaper alternative to the use of heavy machinery, fuel, and labor for pest controlling, 

namely the mechanical removal of weeds (Fernandez-Cornejo et al., 1998). Combined with 

the development of pesticide resistant-crops and the use of fertilizers, the use of pesticides 

continued to grow (J. G. Gardner et al., 2009). As reported by the United States Department 

of Agriculture (USDA), in a study concerning the evolution of pesticide use in 21 selected 

crops in the US, the application of pesticides grew from 89,000 tonnes of active ingredient 

in 1960 to 290,000 tonnes in 1981, followed by a slow decrease until 2008, when 230,000 

tonnes of active ingredient were applied. This sudden increase in pesticide usage in little 

over two decades was mainly due to the increased use of herbicides: while pesticides which 

targeted animals or microorganisms – such as insecticides and fungicides, respectively – had 

been extensively used for many years by farmers, the development and widespread use of 

herbicides during the 1960s constituted a major turning point for the agriculture sector. 

Herbicides enabled the control of weeds without the need for intensive labor, while having 

relatively low costs when compared to manual and mechanized removal of weeds, gradually 

leading to the reduction of tillage practices. As a result, the relative use of herbicides 

increased from 18%, in 1960, to 76% of the total weigh of active ingredient of pesticides 

applied in 2008. In opposition, the relative use of insecticides – which were the most 

common pesticide applied in 1960 – decreased from 58% to 6% over the same time period 

(Figure 5) (USDA, 2014). The current EU scenario is different from that of the US in terms 

of pesticide use percentage: according to the Eurostat, the total amount of pesticides sold in 

the EU in 2016 was just under 440,000 tonnes of active ingredient, with fungicides and 

bactericides having a cumulative contribution of 43%, followed by herbicides, haulm 

destructors, and moss killers, with a cumulative percentage of 30% (EEA, 2018; Eurostat, 

2018).  
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Figure 5. Evolution of pesticide application in 21 selected crops in the USA., from 1960 to 2008 (in USDA 

(2014)). 

 

 The global scenario of the last three decades reveals a growing use of pesticides, with 

a total of 4,088,168 tonnes of active ingredient applied in 2016, an almost two-fold increase 

from the 2,285,315 tonnes applied in 1990 (Figure 6) (FAOSTAT, 2019b). According to 

FAOSTAT (2019a), the global average for pesticide use per area of cropland varied from 

1.5 kg ha-1 to 2.57 kg ha-1, in 1990 and 2016, respectively, with both Asia and the Americas 

consistently presently higher averages during this period (Asia: 2.12 kg ha-1 to 3.62 kg ha-1; 

Americas: 1.59 kg ha-1 to 3.39 kg ha-1). 

 

 

Figure 6. Total pesticide use in the world, from 1990 to 2016 (retrieved from FAOSTAT (2019b)). 
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Together with the increasing use of pesticides, concerns about potential risks to 

human health started to rise. This included not only the farmers who came into direct contact 

with the pesticides during the application process, but also consumers who were exposed to 

these products through residues present on food. Environmental concern also increased 

during this time, as pesticides used in agricultural fields reached the environment either 

through point sources (e.g., discharge of waste waters) or diffuse sources (e.g., spray-drift, 

leaching, or runoff), leading to severe effects on the ecosystem (Aktar et al., 2009). Perhaps 

one of the most infamous examples of environmental impacts by pesticides is the one of 

DDT, an organochloride insecticide widely used during the 1940s and 1950s to control the 

vector-insects of malaria and typhus but was also used for crop and house pest control. The 

environmental impacts of this and other pesticides were notably addressed in the book Silent 

Spring, published by Rachel Carlson in 1962, ultimately leading to the ban of DDT in the 

US by the EPA, in 1972, and a worldwide ban from agricultural use by the Stockholm 

Convention on Persistent Organic Pollutants, in 2001 (Kinkela, 2013; United Nations, 2001; 

US EPA, 1972). 

Currently, both the pesticide market and the acceptable levels for pesticide 

application and presence in food residues are heavily regulated by the competent bodies, 

which base these limits not only on prior- and posteriorly conducted peer-reviewed studies, 

but also on continuous monitoring programs. The responsible entities for pesticide regulation 

vary according to each country/union of member states and include the EPA, the European 

Food Safety Authority (EFSA), the Food and Agriculture Organization of the United Nations 

(FAO), among others. In the particular case of the European Union, the main responsible 

parties for pesticide and active ingredient evaluation and authorization are the EFSA, the 

Member States, and the European Commission, which act in accordance with Regulation 

(EC) No 396/2005 and Regulation (EC) No 1107/2009 (EFSA, 2018; European Parliament 

and the Council, 2005, 2009).  Regulation of novel chemical substances is achieved through 

a phased peer review system that ultimately leads to the publishing of a report by EFSA, 

which is then subject to evaluation by the European Commission, whose decision determines 

if the substance is included in the EU’s list of approved active substances or not. The 

evidence used for the risk assessment of a pesticide or active substance includes a set of 

mandatory safety studies and a review of relevant scientific literature on the side-effects of 

the substance and its active metabolites performed by EFSA, but can also include data 
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submitted by third parties. Contrarily to the other two objects of evaluation, mandatory safety 

studies are required to follow strict guidelines, such as the conduction of experiments in 

accordance to several OECD protocols, including protocols on good laboratory practices 

(EFSA, 2018; OECD, 1998). This extensive, rigorous, and phased process aims to ensure 

that pesticides and their maximum residue levels are safe to human health and the 

environment. 

 

2.2 Herbicides and agriculture 

 Herbicides  are currently the most widely used group of pesticides, accounting for 

46% of the global pesticide sales at the beginning of the millennium, followed by insecticides 

(26%), and fungicides (21%) (IndexBox Inc, 2019; Zimdahl, 2010). Despite all the major 

classes of pesticides being accountable for the increase of crop yields, weed control is 

perhaps the most ancient form of pest management in agriculture, dating back to the 

beginning of this activity. Ever since humans started to cultivate plants for sustenance, the 

growth of competing, less desirable plants became a nuisance and, therefore, its removal was 

beneficial. The forms of weed control, however, progressed very slowly and can be divided 

into six stages, according to Hay (1974): 1) 10,000 BC – weed removal by hand, 2) 6000 BC 

– use of primitive hand tools, 3) 1000 BC – use of animal-powered implements, 4) 1920 AD 

– mechanical powered implements, 5) 1930 AD – biological control, and 6) 1947 AD – 

chemical control. Despite its ancient origins, the improvement of weed management 

methods had not been properly recognized as a fundamental aspect for the advancement of 

agriculture until recent years (Hamill et al., 2004; Hay, 1974; Kortekamp, 2011; Timmons, 

1970; Zimdahl, 2010). To better understand this, however, it is first necessary to understand 

the history of agricultural development. 

 Zimdahl (2010) proposes a division of the agriculture history of the US and Europe 

into different developmental stages, or eras, with each transition corresponding to a major 

development in farming practices. The first stage was named the “blood, sweat and tears 

era” and is described as a period of famine and fatigue for self-sustained farmers (which 

were the general population), due to the poor yields of crops and the exhaustion caused by 

the laborious farming techniques. The second period, the “mechanical era”, was 

characterized by the use of labor-saving machines and the implementation of practices such 
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as tillage and crop rotations (Gittins, 1950; Wicker, 1957). These advancements had a major 

effect on overall crop production, gradually reducing the number of farms and allowing a 

large part the population to abandon agricultural activities (USDA, 1975). This facilitated 

the development of various scientific and technical fields, as less farmers were required to 

sustain the overall population. Furthermore, most of these fields had a direct or indirect 

influence on agriculture and life on the farms, further contributing to agricultural 

development (Smil, 2006). The start of the “chemical era” was marked by the production of 

synthetic nitrogen fertilizer through the Haber-Bosch process for the synthesis of ammonia 

– a process that has been regarded as one on the most significant developments for 

agriculture (Smil, 2004). The boost of crop production further contributed for the decrease 

in the number of people on farms, while providing resources for a growing population. 

However, and despite all the advances in agricultural methods across the different eras, the 

control of weeds had not seen any major developments apart from those which had been 

accomplished by the implementation of tillage in the mechanical era, which itself was an 

indirect result of soil preparation. This implied weed management was not an important 

concern for agricultural development and remained a mechanical task (Hamill et al., 2004; 

Hay, 1974; Timmons, 1970; Zimdahl, 2010). Chemical forms of weed control, while 

available at the time, were not widespread or generally accepted by farmers. It was not until 

World War II that herbicides began to be properly researched, although their original 

applications were related to their use as chemical weapons in herbicidal warfare, intended to 

destroy crops or plants which could provide concealment in enemy territory (CRHEVVE & 

Institute of Medicine, 1994; Davis, 1979; Westing, 1972). Ultimately, all these 

developments made possible to decrease the percentage of farmers in the current days to less 

than 1 and 2% of the population in the US and Europe, respectively.1  

 Even though the rapid research of chemical herbicides for weed management started 

during WWII, the use of chemical substances for the control of unwanted plants largely 

predates the chemical era of agricultural development. For instance, Homer reported the use 

of sulfur for weed control by the Greeks, in 1000 BC (E. L. Taylor et al., 2007). The use of 

oil and the juice of hemlock to kill young trees by pouring the substances onto their roots 

had been described by Theophrastus and Democritus, respectively, both dating ca. 400 BC 

 
1 The fourth and presently unfolding era of agricultural development is defined by Zimdahl (2010) as the “era 

of biotechnology” and will be discussed in the following sub-section. 
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(Arteca, 2014). In a more recent period, inorganic compounds such as calcium cyanamide, 

magnesium sulfate, potassium chloride and industrial chemicals including sulfuric acid, 

ammonium sulfamate, and various metallic salts had been widely used since the nineteenth 

century for weed control. During this time, waste oils from industrial activities were also 

used for the same end (Norman et al., 1950; Timmons, 1970). These herbicides, albeit greatly 

effective at killing plants, did so in a non-selective manner, eliminating undesired and 

desired plants alike. While this was certainly useful in some areas, such as in railway tracks 

or car roads, the application of these herbicides in arable lands was harmful to the crops. 

Furthermore, depending on the substance’s persistence and mode of action, the herbicidal 

effect could remain for long periods. Phenoxyacetic acids were discovered during WWII and 

acted as plant growth regulators, selectively killing broadleaf dicotyledonous plants but not 

monocotyledonous plants, which was advantageous for controlling weeds in cereal crops 

(Templeman & Marmoy, 1940). In particular, 2,4-Dichlorophenoxyacetic acid (2,4-D) was 

developed by British and American researchers during the beginning of the 1940s and was 

made commercially available in the US by 1945 and in Europe by 1947, marking the 

beginning of the chemical era of weed control. This revolutionized weed management since, 

for the first time, a selective herbicide had been made widely accessible for farmers (Hay, 

1974; Peterson et al., 2016; Rao, 2000). The success of 2,4-D promptly stimulated the 

pesticide industry to invest in the research of herbicides that could selectively exterminate 

weed populations, leading to the discovery of several other compounds with selective 

activity such as monuron, a substitute for urea, in 1951, acylanilide in 1953, triazine 

herbicides, and allidochlor in 1956 (Foissner, 1984; Hamm, 1974; Kortekamp, 2011; Smith, 

2017).  

 The extensive number of herbicides that have been developed since the 40s and 50s 

naturally compelled the creation of systems to group the different compounds based on their 

similarities. As such, three main approaches have been used to organize herbicides in 

different classes, according to their method of application, chemical family, and site of action 

(Vats, 2015). The method of application is dependent upon the type of uptake by the plant, 

and divides herbicides into two main groups, according to their application onto the soil or 

the leaves, but conveys little to no information about the underlying mechanism of toxicity. 

The mode of action, however, concerns the metabolic pathway the herbicide acts upon, 

causing toxicity to the plant, and is more closely linked with the chemical family of the 
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compound. According to this classification, Retzinger & Mallory-Smith (1997) developed a 

system for the Weed Science Society of America (WSSA), which assorted herbicides with 

a shared mode of action to the same group, identified with a number. This classification has 

since been adjusted to include a similar classification system that had been independently 

devised by the Herbicide Resistance Action Committee (HRAC), which used letters instead 

of numbers (Schmidt, 1998). The revised classification combines both the grouping format 

of WSSA and HRAC (Mallory-Smith & Retzinger, 2003) (Table 1).  

 

Table 1. Classification of herbicides according to their mode of action. Adapted from Mallory-Smith & 

Retzinger (2003) and WSSA (2011). 

Mode of Action Groups Examples 

Acetyl CoA Carboxylase Inhibitors 1 (A) Clodinafop, Haloxyfop, 

Butroxydim, Sethoxydim 

Acetolactate Synthase (ALS) or Acetohydroxy 

Acid Synthase (AHAS) Inhibitors 

2 (B) Imazaquim, Pyrithiobac, 

Iodosulfuron, Florasulam 

Mitosis Inhibitors 3 (K1), 15 (K3), 23 

(K2) 

Benefin, Acetochlor, 

Mefenacet, Pyrazoxyfen 

Synthetic Auxins 4 (O) 2,4-D, MCPA, Dicamba, 

Clopyralid 

Photosystem II Inhibitors 5 (C1), 6 (C3), 7 

(C2) 

Pyrazon, Atrazine, Betazon, 

Tebuthiuron 

Fatty Acid and Lipid Biosynthesis Inhibitors 8 (N), 16 (N) Butylate, Prosulfocarb, 

Triallate, Ethosumesate  

Enolpyruvyl Shikimate-3-Phosphate (EPSP) 

Synthase Inhibitors 

9 (G) Glyphosate 

Glutamine Synthetase Inhibitors 10 (H) Glufosinate 

Carotenoid Biosynthesis Inhibitors 11 (F3), 12(F1), 13 

(F4), 27 (F2) 

Amitrole, Picolinafen, 

Clomazone, Pyrazoxyfen 

Protoporphyrinogen Oxidase (PPG oxidase or 

protox) Inhibitors 

14 (E) Bifenox, Flumiclorac, 

Butafenacil, Sulfentrazone 

Potential Nucleic Acid Inhibitors or Non-descript 

mode of action 

17 (Z), 25 (Z), 26 

(Z) 

DSMA, Flamprop, Dazomet, 

Pelargonic acid 

Dihydropteroate Synthetase Inhibitors 18 (I) Asulam 

Auxin Transport Inhibitors 19 (P) Naptalam, Diflufenzopy 

Cellulose Inhibitors 20 (L), 21 (L), 28, 

29 

Dichlobenil, Isoxaben, 

Isoxaflutol, Indaziflam 

Photosystem I Inhibitors 23 (K2) Carbetamide 

Oxidative Phosphorylation Uncouplers 24 (M) Dinoterb 
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Since weed communities in crop lands are composed of different species with 

different sensitivities to a given herbicide, it was common practice among farmers in the US 

and Europe to use a combination of herbicides with different modes of action for weed 

management, especially during the 70s and 80s. This ultimately led to the development of 

herbicide resistance by crops, in which the plants developed the ability to survive and 

reproduce following the exposure to a dose of herbicide that would typically be lethal to 

their wild type (Jasieniuk et al., 1996). Unlike tolerance, which is inherent to plants and is 

the basis of herbicide harmlessness to the crops they are applied to, herbicide resistance 

occurs as a result of post-exposure selection of biotypes (i.e., phenotypes of a species that 

consistently exhibit a specific trait or collection of traits, namely biochemical or 

morphological) of weeds which are normally susceptible (Heap, 1997; WSSA, 1998). This 

leads to the increased representation of the resistant biotypes in weed populations, often 

resistant to more than one mode of action (multiple resistance), ultimately rendering the 

applied herbicides ineffective. The mechanisms that modulate resistance are varied and 

include the development of morphological barriers that reduce the uptake, 

compartmentalization or sequestration of the pesticide, detoxification, altered target site, and 

overproduction of the target enzyme (Vats, 2015). The expression of these mechanisms may 

not only result in the resistance to the applied herbicides but to herbicides the weeds have 

not been exposed to as well (a phenomenon known as cross resistance) (Heap, 1997). So far, 

herbicide resistance to specific modes of action has been confirmed for inhibitors of 

photosystem I, photosystem II, ALS, ACCase, protox, carotenoid synthesis, EPSP synthase, 

and mitosis, as well as for synthetic auxins. Since the first observations of 2,4-D resistant 

weeds (Commelina diffusa and Daucus carota) in 1957, the number of resistant biotypes has 

rapidly increased, with a total of 502 unique cases (species x site of action) reported as of 

August 2019 (Figure 7) (Heap, 2019; H. W. Hilton, 1957; Prather et al., 2000; Switzer, 

1957). 
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Figure 7. Evolution of the number of unique cases of weed resistance to herbicides from 1950 to 2019. A 

unique case is defined as the resistance of a singular species to a singular mode of action of an herbicide, 

according to the HRAC classification (adapted from Heap (2019)). 

 

2.2.1 Herbicide resistant crops in the era of biotechnology – the case of glyphosate 

 Apart from the three eras of agricultural development previously elaborated upon in 

this introduction, Zimdahl (2010) further describes the fourth and currently ongoing “era of 

biotechnology”. Biotechnology concerns the genetic manipulation of organisms, moving 

genetic material across different species to generate crops that can respond to specific human 

needs (Middendorf et al., 1998). Ongoing research topics include the manipulation of crops 

to use resources more efficiently. This implies not only a better allocation of water and 

nutrients, but also improved photosynthetic rates, allowing for a better fixation of 

atmospheric CO2. Overall, crops that exhibit these traits will wave better yields, greatly 

improving production in less fertile conditions (P. L. Cummins et al., 2018). While this and 

other researches are still under development, numerous genetically engineered crops have 

been made available on the market in the past decades. The first genetically modified plant 

approved for human consumption was the tomato CGN-89564-2, more commonly known as 

the Flavr Savr tomato, in 1992, which differed from the unmodified fruit by taking more 

time to rotten and thus having a longer shelf-life (Redenbaugh, 1992). More noticeably, 

crops have been genetically engineered to incorporate traits of herbicide and insect 
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resistance. The former, in particular, take up more than 80% of the global area occupied by 

genetically modified crops (ISAAA, 2018). Herbicide tolerant crops were first introduced in 

the market in 1996, with the commercialization of Roundup Ready soybeans, patented by 

Monsanto (Dill, 2005; Monsanto, 2000). These crops were genetically altered to be resistant 

to Roundup’s active ingredient, glyphosate, a highly effective broad-spectrum herbicide, and 

its engineering process accurately illustrates the application of biotechnology as a motor for 

agricultural development: 

 The development of Roundup began in 1960, when Monsanto’s inorganic division 

conceived a new method for synthetizing analogs of aminomethylphosphonic acid (AMPA), 

which were originally intended to be applied as water softening agents. As part of a routine 

herbicide screening program, the herbicidal activity of these compounds was assessed, with 

two of them exhibiting promising results, although it was not significant enough for them to 

be of commercial interest. Analogous and derivatives of these molecules were synthesized 

in an attempt to produce more effective compounds, but none displayed sufficient activity 

to be commercialized. However, in 1970, chemist John E. Franz hypothesized that the 

degradation of these two compounds could generate common metabolites that would, in 

theory, be more active in plants (Dill et al., 2010; Franz, 1985). One of such metabolites was 

glyphosate, which showed great herbicidal activity, leading to its rapid introduction in the 

market as the active ingredient of the Roundup formulation. The herbicide was first made 

available in the market in the US and Europe in 1974 (Baird et al., 1971; Dill et al., 2010). 

 Glyphosate acts by competing with phosphoenol pyruvate (PEP) for the target site of 

EPSP synthase, a key enzyme in the Shikimic Acid Pathway (SAP). This pathway is present 

in plants, algae, fungi, bacteria, archaea, and some protozoans, and is responsible for the 

synthesis of the aromatic amino acids phenylalanine, tyrosine, and tryptophan, as well as 

tetrahydrofolate, ubiquinone and vitamins K and E, all of which also serve as precursors for 

the synthesis of secondary metabolites (Geiger & Fuchs, 2002; Marzabadi et al., 1996). 

However, since SAP is present in all plants, the application of glyphosate exterminates 

weeds and crops alike, restricting its use to ditch banks and fallow fields. Its uses in 

mainstream agriculture were limited until minimum and non-tillage practices started to 

evolve and become widely adopted. Other than that, glyphosate was applied for the control 

of perennial weeds prior to planting of crops (Dill et al., 2010). The advantageous 

characteristics of glyphosate, such as being benign to animals (due to lacking SAP), short 
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soil persistence, and high cost-effectiveness, were opposed by the broad-spectrum, 

nonselective herbicidal activity it displayed, and which was a major hindrance for its 

widespread commercialization (Duke & Powles, 2008). To combat this issue, Monsanto 

started developing glyphosate resistant (GR) crops, which became trademarked as Roundup 

Ready crops (Dill, 2005).  

Glyphosate crop tolerance was developed following three different approaches 

(Pline-Srnic, 2006; Pollegioni et al., 2011): The first approach involved culturing crops in 

progressively increasing concentrations of glyphosate, leading to the survival of plants that 

possessed higher levels of EPSP synthase. This overproduction of the enzyme was the result 

of gene amplification in plant cells, which could retain enough active enzymes to pursue 

normal plant metabolism following the application of glyphosate (Amrhein et al., 1983; 

Steinrücken et al., 1986). The second approach used recombinant DNA technology to infuse 

the plants’ genome with the gox gene, isolated from Ochrobactrum anthropi. This gene 

encodes for glyphosate oxidoreductase, an enzyme which degrades glyphosate to glyoxylate 

and AMPA (Komoßa & Sandermann, 1992; Singh & Matthews, 1994). Other genes that 

code for glyphosate-detoxifying enzymes have been used for the same end, such as gat, 

which encodes for glyphosate N-acetyltransferase (Castle, 2004). The third approach also 

involved the genetic manipulation of plants by inserting a different type of EPSP synthase 

gene in the genome of the plants of interest. This enzyme, known as type II EPSP synthase, 

is present in some bacteria and is naturally tolerant to glyphosate, in contrast with type I 

EPSP synthase (the one described thus far) which is highly sensitive (Barry et al., 1992; 

della-Cioppa et al., 1987; Stalker & McBride, 1987). The first transgenic crop with decreased 

affinity to glyphosate was a tobacco plant infused with the gene for resistant EPSP synthase 

from Salmonella typhimurium. Transgenic tomato was also developed by a similar method, 

through the insertion of an analogous gene from Agrobacterium tumefaciens (Comai et al., 

1985; Fillatti et al., 1987). While these crops displayed higher resistance to glyphosate than 

their non-modified type, it was not enough to survive normal glyphosate application in the 

fields. The low level of tolerance was attributed to the fact that the prokaryotic genes used 

lacked a plastid transit peptide sequence to transport EPSP synthase to the chloroplasts, 

where SAP takes place. The development of recombinant DNA technology enabled 

scientists to construct a hybrid EPSP synthase gene, containing both the enzyme-coding gene 

and a transit peptide sequence gene, greatly improving the plants’ resistance to glyphosate 
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(e.g., the resistance to glyphosate in tobacco crops increased from 0.01 to 1.2 mM l-1). 

Similar sequences are currently used in all GR crops (Barry et al., 1992; Della-Cioppa et al., 

1986; Dill, 2005; Padgette et al., 2018; Pline-Srnic, 2006; Pollegioni et al., 2011). Roundup 

Ready soybean was the first GR crop commercially available, in 1996. Other GR crops 

followed, such as Roundup Ready cotton, canola, alfalfa, maize, and sugar beet (Dill, 2005). 

The development of Roundup Ready crop technologies, together with the adoption of 

reduced and no-tillage practices that rely on this herbicide for perennial weed control, vastly 

boosted glyphosate sales, with an increased use of almost 15-fold since 1996 to the present 

(Kortekamp, 2011; Soumis, 2018).  

Glyphosate is currently the world’s most used herbicide, having been approved for 

use in more than 130 countries and controlling seventy-six of the world’s seventy-eight worst 

weeds, with more than 825,804 tonnes of active ingredient applied globally in 2014. In 2008, 

glyphosate represented 38% of the total weight of active ingredients of pesticides applied in 

the 21 most important crops in the US. When considering herbicides only, glyphosate 

accounted for 50% of the total weight of active ingredients applied on those crops in the 

same year (Figure 8) (Duke & Powles, 2008; USDA, 2014). 

 

 

Figure 8. Pesticide (A) and herbicide (B) use in 21 selected crops in the US, in 2008, by percentage of active 

ingredient applied. Adapted from (USDA, 2014). 

 

However, similarly to what has been described for other herbicides in the previous 

section, weed resistance to glyphosate became an issue soon after its popularization in the 

market, with the first case of a GR weed reported in 1996, for a biotype of the rigid ryegrass 

Lolium rigidum (Powles et al., 1998). There are currently 44 cases of GR weed species 

documented worldwide, with more than half of those having been registered for the first time 

in the last decade (Heap, 2019). The development of glyphosate resistance in weeds incited 
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growers to use less benign herbicides in conjunction with glyphosate, therefore increasing 

the volume of chemical products applied, weed management costs, and overall impacts in 

the ecosystem (USDA, 2014). 

 

3. Glyphosate pollution in freshwater ecosystems 

3.1 Glyphosate in freshwaters 

 The advent of Roundup-Ready crops and the adoption of no-tillage practices were 

the main contributors to the increased use of glyphosate-based herbicides in agriculture. 

Furthermore, the expiration of Monsanto’s Roundup patent in 2000 incited the development 

of new herbicide formulations that incorporated the active ingredient, increasing its 

availability in the market (Dill et al., 2010; Duke & Powles, 2008; Zimdahl, 2010). Since it 

presented low toxicity to birds and mammals, glyphosate was quickly employed for domestic 

and urban uses (e.g., in lawns and gardens) for the control of weeds, with its application 

often being performed by untrained individuals. These extensive and frequent use of the 

herbicide eventually led to cases of contamination of adjacent habitats (Annett et al., 2014). 

Furthermore, glyphosate presents a high adsorption coefficient to soil (24 l kg-1), where it 

can persist for up to 197 days. Nonetheless, glyphosate is usually broken down by soil 

bacteria, rendering its permanence time in this environment much shorter with a typical half-

life of less than 60 days, depending on soil conditions (Giesy et al., 2000). The major 

breakdown pathway for glyphosate generates aminomethylphosphonic acid (AMPA) and 

glyoxylic acid. Subsequently AMPA is broken down into inorganic phosphorus and 

methylamine, with further breakdown of the latter generating carbon dioxide and 

ammonium. The second, minor breakdown pathway separates glyphosate intro inorganic 

phosphate and sarcosine, which in turn leads to the formation of glycine (Figure 9) (Najar-

Rodriguez et al., 2007). Therefore, the breakdown metabolites of glyphosate constitute a 

source of nutrients that can be utilized by the microbiota and primary producers (Hagner et 

al., 2019; Haney et al., 2000; Lane et al., 2012). 
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Figure 9. Glyphosate breakdown pathways by soil microorganisms. Reproduced from Annett et al. (2014) 

 

The binding of glyphosate is dependent upon the physical and chemical 

characteristics of the soil, namely its type, pH, and phosphate levels, which condition its 

mobility in this medium and may cause its desorption (e.g., in Fe3+ or phosphorus-rich soils) 

and movement through water runoff or subsurface flow (De Jonge et al., 2001; Sprankle et 

al., 1975). Ultimately, the transport of the herbicide in the water phase may result in the 

contamination of water ecosystems, an occurrence that is particularly concerning when the 

chemical is applied in the vicinities of a body of water. Additionally, the application of the 

herbicide in the agricultural fields may cause contamination of nearby freshwater ecosystems 

by overspray or spray drift. The direct application of glyphosate in freshwaters is rare, but 

the treatment of the margins of ponds, wetlands, and irrigation ditches can result in high 

concentrations of the compound, due to the proximity of the application site and the 

relatively low volume of water of these water bodies (Annett et al., 2014; Bonansea et al., 

2017; Kortekamp, 2011). The highest glyphosate concentration observed in the environment 

was 5.2 mg l-1, reported in a study by Edwards, Triplett, & Kramer (1980) as the result of 

surface runoff caused by rainfall one day after the application of the herbicide in an 

experimental watershed. This corresponded to 1.85% of the total amount of active ingredient 

applied and is regarded as a worst case-scenario resulting from pesticide application in a 

land area. Most reported glyphosate levels measured in freshwater range from less than 1 μg 
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l-1 to approximately 2 mg l-1 (Annett et al., 2014). Nonetheless, some glyphosate 

formulations such as Rodeo® and AquaMaster® (manufactured by Dow AgroSciences and 

Monsanto, respectively) have been developed for aquatic use with the purpose of controlling 

aquatic weeds and algal blooms, resulting in higher expected concentrations of the active 

ingredient than those derived from water runoff or spray drift from agricultural fields 

(Kortekamp, 2011; Szekacs & Darvas, 2012).  

Once in the aquatic environment, glyphosate dissipates very rapidly due to its high 

water-solubility (10 – 15.7 g l-1). From the water phase, it will either adhere to sediment 

particles or to organic material, including living organisms where it can exert toxic effects. 

Since it acts on the SAP, which is predominantly present in plants, photosynthetic algae, and 

some other microorganisms, glyphosate is virtually non-toxic to animals. However, 

glyphosate formulations also include adjuvants that are often more toxic to non-target 

organisms than the active ingredient itself (Annett et al., 2014; Bastos Gonçalves et al., 2019; 

Defarge et al., 2018; Janssens & Stoks, 2017; Szekacs & Darvas, 2012). These often include 

compounds such as surfactants, which aid in the penetration of the active ingredient into the 

tissues of plants, increasing the herbicide’s efficiency and efficacy. In the case of Roundup, 

the surfactant is often a substance in the class of polyethoxylated amines (POEA), although 

the specific chemical structure may vary according to each formulation and is not always 

disclosed in the technical labels (Giesy et al., 2000; USDA Forest Service, 1997; 

Valavanidis, 2018). Therefore, when assessing the toxicity of glyphosate, it is important not 

to overlook the combined effects of all the formulations’ constituents, which may greatly 

differ between each mixture, as well as according to the organism and type of exposure. 

 

3.2 Toxicity to non-target freshwater primary producers 

 Having been developed as an herbicide with the purpose of exterminating weed 

populations, glyphosate and the formulations it integrates are naturally highly toxic to the 

autotrophic portion of freshwater communities, which include microalgae and macrophytes. 

Ecotoxicological single-species tests with these organisms and glyphosate evidence a wide 

range of EC values (Effective Concentration to an established percentage of the test 

population) (Table 2). Furthermore, exposure to formulation products usually results in 

higher sensitivity of the organisms comparatively to the presence of the active ingredient 
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alone, under the same experimental conditions. In a study by Cedergreen & Streibig (2005), 

the Roundup formulation proved to be approximately four times more toxic than the active 

ingredient for the standard macrophyte and alga test species Lemna minor and Raphidocelis 

subcapitata, respectively. Tsui & Chu (2003) also reported an eightfold increase in toxicity 

of Roundup relative to glyphosate alone to R. subcapitata. 

 
Table 2. Toxicity of glyphosate and glyphosate-based formulations to freshwater primary producers. All 

effects concern a reduction of the assessed parameter in response to the contaminant. Toxicity data indicated 

are referent to IC50 values calculated from the indicated exposure time and are expressed as mg l-1 of 

glyphosate (NR = not reported; TP = technical grade product; FNR = formulation not reported). 

Species 

Exposure 

time 

(days) 

Assessed 

parameter 
Chemical 

Glyphosate 

concentration 

(mg l-1) 

Reference 

- Algae      

Anabaena flosaquae 4 Abundance NR 11.75 (USEPA, 1992) 

Ankistrodesmus sp. 4 

Cell density 
Rodeo® 

(pH = 7) 
412 

(S. C. Gardner et 

al., 1997) 
Cell density 

Rodeo® 

(pH < 4.5) 
74 

Chlorella fusca 1 
Inhibition of 

reproduction 

Glyphosate 

(TP) 
377 

(Faust et al., 

1993) 

Chlorella pyrenoidosa 4 Cell density 
Glyphosate 

(TP) 
3.51 

(Ma, Xu, & 

Wang, 2002) a 

Chlorella vulgaris 4 Cell density 
Glyphosate 

(TP) 
4.70 

(Ma, Xu, Wang, 

et al., 2002) b 

Encyonema gracile 2 Cell health 
Glyphosate 

(TP) 
0.07 

(Wood et al., 

2016) 

Parachlorella kessleri 4 Growth rate Atanor® 55.62 
(Romero et al., 

2011) 

Raphidocelis 

subcapitata 

 

4 

Cell density 
Glyphosate 

(TP) 
55 (Tsui & Chu, 

2003) 
 Roundup® 7.85 

Cell density 
Glyphosate 

(TP) 
5.56 (Ma et al., 2006) 

Growth rate 
Glyphosate 

(TP) 
129 (Pereira et al., 

2009) 
 Spasor® 71 

Scenedesmus acutus 4 
Growth rate 

Glyphosate 

(TP) 
10.2 (Sáenz et al., 

1997) 
 Ron-do® 9.08 

Scenedesmus 

quadricauda 4 Growth rate 

Glyphosate 

(TP) 
7.2 (Sáenz et al., 

1997) 
 Ron-do® 9.09 

- Macrophytes      

Lemna aequinoctialis 7 Growth rate 
Glyphosate 

(TP) 
65.40 

(Michel et al., 

2004) 

Lemna gibba 

2 Growth rate 

Glyphosate 

(TP) 
33.1 

(Sobrero et al., 

2007) 

Roundup® 9.2 

10 Frond Size 

Glyphosate 

(TP) 
18.3 

Roundup® 8.8 
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Lemna minor 7 

Fresh Weight 
Cúspide 

480SL® 

3.24 
(Currie et al., 

2015) 
Dry Weight 16.48 

Growth rate 13.11 

Myriophyllum 

aquaticum 
14 

Chlorophyll 

A  

FNR 

0.22 

(Turgut & 

Fomin, 2002) 

Chlorophyll B  0.22 

Carotenoid 

content 
0.22 

Growth rate 0.22 

Fresh Weight 2.00 

Root Length 2.00 

Shoot Length 2.04 

      

 

Although effects on primary production naturally condition the wellness of the 

freshwater communities by reducing allochthonous generation of organic matter, impacts on 

macrophytes are especially concerning, given their additional roles in the aquatic ecosystem 

(see section 1.3 of the present chapter). The loss of elements of the macrophyte community 

reduces the available microhabitat for numerous planktonic and periphytic organisms, as 

well as the refuge and spawning sites they provide for freshwater vertebrates and 

invertebrates. Many of these organisms are responsible for the top-down control of algal 

populations which, adding to the higher nutrient availability caused by a decrease in plant 

biomass, may lead to eutrophication by more resistant algal species. Some cyanobacteria are 

particularly tolerant to glyphosate and can use its degradation metabolites as a source of 

nutrients, leading to the occurrence of algal blooms (Benndorf et al., 2002; Hébert et al., 

2019; Lasier et al., 2016; H. Qiu et al., 2013; Vera et al., 2010). Similar community-level 

responses are often derived from high-tier toxicity assessment schemes, such as microcosm 

or mesocosm tests. Toxicity data resulting from single-species tests with primary producers, 

while not providing an exceedingly accurate prediction of the effects at the community and 

ecosystem levels per se, can offer a highly cost-effective approach to address the bottom-up 

effects of glyphosate. In order to so, however, it is necessary to select the appropriate test 

species and set of biomarkers, which must be suitable to not only understand the effects on 

the exposed organism, but to infer possible impacts on the remaining elements of the 

community as well. 
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4. The model macrophyte, Lemna sp. 

 Lemna is a genus of macrophytes belonging to the Araceae family, subfamily 

Lemnoideae, that also includes the genera Landoltia, Spirodela, Wolfiella, and Wolffia, and 

are collectively known commonly as duckweeds. Lemnoideae is comprised of free-floating, 

monocotyledonous angiosperms and represent the family with the simplest, smallest 

flowering plants which had their structural and functional features simplified through the 

evolutionary process, retaining only those necessary to survive in the freshwater ecosystem 

(Kutschera & Niklas, 2015; Lemon & Posluszny, 2000). Duckweeds are ubiquitous in their 

distribution, although they are most common and diversified in tropical to temperate zones 

and are absent in desert habitats. These macrophytes are typically found in lentic ecosystems 

such as lakes, ponds, marshes, or wetlands, but may also inhabit moving waters with weak 

currents or dead zones (Skillicorn et al., 1993). Many species are also cosmopolitan, thriving 

in nutrient-rich environments, hence they are commonly found near sewer outlets and in 

eutrophic lakes, although they can be present in freshwaters across all trophic states. Due to 

their high reproduction rates, duckweeds multiply very rapidly following high nutrient input 

events (e.g., fertilizers in agricultural fields) and can form dense mats on the water surface, 

which are usually dominated by one species. For this reason, Lemnoideae species have been 

used to remediate eutrophic freshwaters, quickly removing the excess nutrients from the 

water and reestablishing the natural state of the ecosystem (Ansari & Khan, 2008; Iqbal et 

al., 2019; Körner et al., 2003; Y. Zhao et al., 2015). They are also an integral component of 

the aquatic food-webs, serving as food for herbivorous fish, snails, ducks (to which they own 

their common name), and some mammals. Structurally, duckweeds serve as a microhabitat 

for several species, providing shelter and support for numerous freshwater invertebrates and 

small fish, and constitute a substrate for periphyton colonization. Furthermore, duckweed 

mats can condition light penetration, limiting its transmission to the epilimnion and, 

therefore, photosynthesis in the water column (Ellenberg & Strutt, 1988). 

 Lemna spp. are colonial plants, possessing a single flat leaf-like frond of nearly round 

to elliptical shape. The frond, or thallus, is a structure that represents both leaf and stem, and 

is composed predominantly by chlorenchyma cells, separated by large gas-filled intercellular 

aerenchyma that grants buoyancy (Lemon & Posluszny, 2000). The upper side contains the 

stomata and a highly cutinized hydrophobic epidermis that prevents the bonding of water 

molecules that could hinder the stabilization of the plant (Borisjuk et al., 2018; Skillicorn et 
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al., 1993). Depending on the species, one or more adventitious roots may originate from the 

under-surface of the frond. Since the plants can absorb nutrients via the ventral side of their 

frond, it is thought that the main purpose of the roots is to provide stabilization, maintaining 

the vertical orientation of the organisms at the water surface (Skillicorn et al., 1993). Lemna 

reproduce mainly through the asexual process of vegetative replication, with a mother-frond 

originating daughter-fronds that will, in turn, become mother-fronds for the subsequent 

generation. Daughter-fronds originate alternately from one of two pockets located on the 

opposite sides of the proximal end of the mother frond, to which they stay attached for a 

brief period (usually a few days, depending on the species and abiotic factors), forming 

colonies (Lemon & Posluszny, 2000). Daughter-fronds can start producing new fronds while 

still attached to their respective mother-fronds, with each individual frond being able to 

generate an approximately definite number of daughter-fronds before dying. In the case of 

L. minor, each frond has a life-span of about 31 days under optimum conditions, during 

which it can produce up to 14 daughter-fronds (Lemon et al., 2001). Sexual reproduction 

occurs by flowering, from which a fruit is produced containing a seed that germinates into a 

new, genetically distinct plant. This phenomenon is rare and is triggered by alterations in 

environmental conditions such as temperature, photoperiod, and the presence of certain 

contaminants (Cleland & Briggs, 1967; Endo et al., 2009). 

 Lemna spp. are the standard test species adopted for use in the tier-1 risk assessment 

scheme (i.e., standard single species tests) for the evaluation of the toxicity of herbicide and 

plant growth regulators in the EU and North America (Giddings et al., 2013). Lemna exhibit 

several advantageous characteristics for their use in laboratory tests, such as their small sizes, 

structural simplicity, and rapid growth. Furthermore, these macrophytes display numerous 

features that make them useful in such assessment procedures, including the indefinite 

growth of clone populations in laboratory cultures, their high surface area to volume ratio, 

the absence of cuticle on the underside of the frond that contacts the test solution, their ability 

to accumulate metals and other substances, and the possibility of performing medium 

renewals (which is not practical or even impossible with microalgae) (Environment Canada, 

2007; Laird & Barks, 2018). The two most commonly used species in toxicity assays are L. 

minor and L. gibba, for which a collection of test methodologies and guidelines have been 

developed and are available in the literature (ASTM, 1991; Environment Canada, 2007; ISO, 

2005; Moody & Miller, 2005; OECD, 2006; USEPA, 1996). These procedures have been 



33 
 

widely applied in comparative phytotoxicity tests and describe the evaluation of plant 

responses through growth assessment, which typically concerns the measurement of 

parameters such as frond number and area, dry or fresh weigh, growth rate, doubling time, 

percent inhibitions, root length, and also include the evaluation of photosynthetic efficiency 

through chlorophyll content quantification and fluorometry methods (Environment Canada, 

2007; Wang, 1990). The latter two endpoints are particularly important, as they represent 

measurements that reflect the biochemical condition of the organisms, which is directly 

dependent on their internal physiology. The higher sensitivity of biochemical biomarkers 

has been extensively documented for several organism as early-warning signals of stress, 

and macrophytes are no exception. Such biomarkers include the quantification of pigments, 

fatty acids, proteins, and sugars (Hou et al., 2007; John et al., 2008; Rai et al., 2004). Studies 

such as the one published by Nayek et al. (2010) report a decrease in photosynthetic pigments 

and soluble sugars, together with the increase in total protein and proline content in aquatic 

macrophytes exposed to different metals at concentrations that did not caused them to exhibit 

external abnormalities. These observations stress the importance of including biochemical 

endpoints in routine ecotoxicology procedures in conjunction with more classical 

assessments. 

 

5. Objectives 

 In the global scenario of increasing pesticide use, herbicides are the main contributors 

to pollution by this class of compounds, as previously disclosed. Glyphosate, being the most 

widely applied herbicide in modern agricultural practices, has raised considerable attention 

in respect to its effects to non-target organisms and impact on natural ecosystems, especially 

in freshwater environments. Aquatic macrophytes are particularly susceptible to glyphosate 

contamination, as they exhibit the same metabolic pathway that is targeted by the herbicide, 

with potentially severe consequences to the freshwater communities they are part of, since 

as primary producers they play a fundamental role in freshwater trophic-webs, as well as 

being an integral part of the ecosystem’s structure.  

In this sense, the present dissertation evaluates the effects of the herbicide glyphosate 

and its commercially available formulation Roundup® UltraMax to the two freshwater 

duckweed species Lemna minor and Lemna gibba. In order to provide a thorough assessment 
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of the sensitivity of these macrophytes, several growth endpoints were evaluated, including 

those derived from weight, frond number, area, and root length measurements, as 

recommended by the standard procedures currently available in the literature. Additionally, 

the sugar profiles of the plants were also assessed to address the existing knowledge gap of 

biochemical responses of these organisms to pesticide pollution. This approach aims, 

therefore, to offer a comprehensive sensitivity dataset of both duckweed species to the two 

compounds, which may be useful not only to understand the intrinsic toxic responses of the 

macrophytes to this type of contamination, but also to allow for the evaluation of the different 

endpoints as potential bioindicators of glyphosate and Roundup pollution. This knowledge 

could, in turn, be applied to biomonitoring programs and ecological risk assessment 

schemes, with direct impacts on policy and decision making. 
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II. Materials and Methods 

 

1. Chemicals and media 

Glyphosate (N-(phosphonomethyl) glycine) was applied as both the technical 

product (99.9% purity; obtained from Monsanto) and the commercially available 

formulation Roundup® UltraMax (360 g a.i. l-1). Steinberg medium (OECD, 2006) was used 

for both culturing and tests, with all dilutions (including stock preparation) performed 

immediately before the start of each assay in order to obtain the different test concentrations, 

which are expressed in respect to their glyphosate content.  

 

2. Maintenance of macrophytes cultures 

 L. minor and L. gibba macrophytes used in the toxicity tests originated from 

monoclonal laboratory cultures maintained in Steinberg medium. Medium renewal was 

performed twice a week, in which approximately half of the plant biomass was transferred 

to new 500 ml Erlenmeyer flaks containing 200 ml of medium and capped with a cotton 

stopper, minimizing evaporation and contamination. The renewal process was performed 

under aseptic conditions in the proximity of an open flame, and both flasks and medium 

were sterilized before use. Cultures were kept in a phytoclimatic chamber at 21 ± 1 oC, with 

a 16 h L : 8 h D photoperiod at an illuminance of 5000 lm m2. 

 

3. Toxicity tests 

 The effects of Roundup and glyphosate on both L. minor and L. gibba were assessed 

in accordance to OECD guideline 221 (OECD, 2006). Plants were exposed to a control and 

the glyphosate concentrations of 1, 3, 5, 9, 13, 15, and 19 mg l-1, in triplicate. Tests were 

conducted in 250 ml Erlenmeyer flaks containing 100 ml of Steinberg medium and 9 healthy 

plant colonies with 3 fronds each. Tests were incubated in a phytoclimatic chamber at 23 ± 

0.5 oC for seven days, under a continuous illumination of 7500 lm m2. Plants’ wet weight 

was registered in the beginning and at the end of the tests and the total number of fronds was 

counted for subsequent growth and yield calculations. Following frond counting and 
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weighing, the collected macrophytes were stored in 2 ml polypropylene microcentrifuge 

tubes and stored in a freezer at -80 ºC, until posterior processing for biochemical analyses. 

 An additional test was performed in 6-well microplates to assess area and root 

growth, as well as the occurrence of chlorosis or other scenarios that evidenced impaired 

health. This set of tests was performed for the same exposure concentrations with both 

toxicants, with three replicates each, and incubated under the same conditions at 23 ± 0.5 oC 

for seven days, under a continuous illumination of 7500 lm m2. However, unlike the 

previously described tests, each replicate started with a single colony of 3 healthy fronds of 

L. minor or 2 healthy fronds of L. gibba, which were placed in individual wells with 10 ml 

of test medium at the previously defined concentrations. Photographs were taken at the 

beginning and at the end of the tests and image analysis was conducted using ImageJ 

software for the quantification of total frond area and root length (only the longest root in 

each replicate was registered). 

 

4. Sugar analyses 

 Analyses of sugar profiles were performed on the total plant biomass collected from 

the control treatment and glyphosate concentrations of 1, 3, and 5 mg l-1, which correspond 

to the portion of the treatment-levels concerning concentrations that are lower than the 

maximum concentration measured in the environment (i.e., 5.2 mg a.i. l-1; See section 3.1 of 

the General Introduction). Plants from each replicate were thawed and transferred into a 

glass culture tube where 700 μl of a solution of 2.5% H2SO4 in methanol were added. The 

samples were then vortexed for 1 minute and placed in a water bath at 80 oC for 90 minutes. 

After cooling, 350 μl of hexane and 350 μl of a 0.98% solution of NaCl were added to each 

tube. Samples were vortexed one more time for 1 minute and centrifuged at 805 RCF for 25 

minutes at 5 oC (Eppendorf centrifuge 5810 R) to separate the organic and inorganic phases. 

The underlying inorganic phase was collected and transferred into glass culture tubes for 

polysaccharide analysis, which included their processing into neutral sugars and their 

respective alditol acetates, in accordance with the method described by Coimbra et al. 

(1996).  

Briefly, the polysaccharides retained in the inorganic phase collected in the previous 

step were hydrolyzed by adding 200 ml of a 72% H2SO4 solution. Distilled water was added 
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to dilute the acid to a concentration of 1 M in the tubes, which were then placed in a heat 

block at 100 oC for 150 minutes, promoting the reaction, after which the samples were 

allowed to cool at room temperature. 200 μl of an internal standard of 1 mg ml-1 solution of 

2-desoxiglucose were added to each tube, after which an aliquot of 1 ml was collected and 

transferred into a new glass culture tube, where it was neutralized with 200 ml of a 25% 

solution of NH3. Samples were reduced by adding 100 μl of a 15% (m/v) solution of NaBH4 

in NH3 3 M and placed in a heating block at 30 oC for 1 hour, with subsequent addition of 

100 μl of CH3COOH to eliminate the excess of BH4. Acetylation was performed by 

transferring a 300 μl aliquot of the reduced sample to a borosilicate glass tube, followed by 

the addition of 450 μl of 1-metilimidazol and 3 ml of acetic anhydride, in an ice bath. 

Samples were then vortexed and incubated in a heat block at 30 oC for 30 minutes. After the 

acetylation procedure was completed, the samples were placed in a water bath where 3 ml 

of distilled water and 2.5 ml of dichloromethane were added. Samples were thoroughly 

agitated before being placed in a centrifuge (Kubota 2010) at 1500 RCF for 30 seconds, 

allowing for phase separation. The overlying aqueous layer was removed by means of water 

vacuum aspiration and the process of solvent addition, centrifuging, and aspiration was 

repeated one more time with distilled water and dichloromethane and two further times with 

distilled water only. The tubes with the organic phase containing the alditol acetates were 

placed in a centrifugal vacuum concentrator (HyperVAC VC2200) to remove the 

dichloromethane solvent. To ensure a complete removal of the organic phase, two further 

centrifugations were performed, after an initial addition of 1 ml of anhydrous acetone to the 

pellet remaining in the tubes. The pellets were then dissolved with 50 μl of anhydrous 

acetone and transferred into glass microvolume inserts for posterior analysis.  

The analysis of the alditol acetates was conducted using a Perkin-Elmer – Clarus 400 

gas chromatography equipment coupled with a flame ionization detector (GC-FID), and a 

DB-225 GC column (internal diameter of 0.25 mm, 0.15 μm film thickness, and a 30 m 

length). The oven temperature was initially set at 200 oC and followed two sequential linear 

increases to 220 oC and 230 oC (at the respective rates of 40 oC min-1 and 20 oC min-1), with 

the two final temperatures being maintained for 7 and 1 minutes, respectively. Helium was 

used as the carrier gas and was injected at a flow rate of 1.7 ml min-1. Identification of alditols 

was achieved by comparing the detected peaks in each chromatogram and the respective 
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retention times to those obtained from a battery of known alditols. Sugar concentration was 

calculated from the area of each peak, normalized for the plant’s wet weight. 

 

5. Statistical analysis 

Yield values (i.e., the difference between the final and initial measurements) were 

calculated for the assessed growth endpoints, corresponding the increase in the plants’ wet 

weight, number of fronds, area, and root length at the end of exposure. The respective 

specific growth rates (GR) were calculated according to the formula described in OECD  

(2006), as follows: 

𝐺𝑅 =  
ln(Mf) − ln (Mi)

𝑡
 

 

where Mf: measurement variable at the end of the test; Mi: measurement variable at 

the beginning of the test; t: test duration (=7 days).   

EC10, EC20, and EC50 estimates with respective 95% confidence intervals were 

calculated for Yield and GR (hereafter referred to collectively as response variables) of each 

growth endpoint. The EC values were calculated in STATISTICA software, following the 

fit of the data to a 3-parameter sigmoid model.  

Differences across treatment levels for each growth endpoint and individual sugar 

concentrations were assessed for both response variables in IBM SPSS Statistics 23 software 

by means of an ANOVA, followed by a post-Hoc Dunnet’s test, to infer statistically 

significant differences to the control. When data was not normally distributed or the groups 

did not display homogeneity of variances (according to the Shapiro-Wilk’s and Levennes’s 

tests, respectively), individual non-parametric Mann-Whithney U tests were conducted to 

assess significant differences between the control and the relevant treatment groups. The 

assessment of statistically significant differences was used to infer NOEC and LOEC values 

for each response variable. The threshold for statistical significance was defined as p = 0.05 

for all regressions and tests.  
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Sugar profiles were evaluated by multivariate statistical analysis in PRIMER-6 

software. Sugar composition in the different treatments for the same species were compared 

with triangular similarity matrices generated by Bray-Curtis Resemblance on fourth root-

transformed data. These matrices were used to plot dendrograms obtained by running the 

CLUSTER routine based on group averages, as well as a 2-dimensional non-metric 

multidimensional scaling (n-MDS), obtained from the corresponding routine. Samples were 

assorted to different groups, based on defined similarity thresholds, which were then 

subjected to a one-way analysis of similarity (ANOSIM) to assess the existence of significant 

differences between them. The contribution of individual sugars to similarities within groups 

and dissimilarities between groups was assessed by the similarity percentage analysis routine 

(SIMPER). 
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III. Results 

1. Growth 

Both Lemna species displayed an overall decrease in their response variables following 

the exposure to increasing concentrations of both glyphosate and Roundup, with the latter 

exerting a higher impact on the plants’ growth than the active ingredient alone. This 

heightened toxicity of Roundup is evident upon visual inspection of the plotted data (Figures 

10-17), which exhibit a similar or lower NOEC and LOEC for the formulated product when 

compared to its active ingredient for both species and assessed variables. In a similar manner, 

nearly all calculated EC values for the same variables and species were higher for glyphosate 

than Roundup, with a maximum difference of more than fivefold (EC10 values of L. minor 

of 0.97 and 5.22 mg a.i. l-1 exposed to Roundup and glyphosate, respectively), with no 95% 

confidence interval overlap, implying a significant difference. The only exceptions were 

verified for EC50 values of Roundup and glyphosate derived from Yield calculations from 

weight (9.67 and 10.66 mg a.i. l-1, respectively) and GR calculations from area (12.78 and 

14.83 mg a.i. l-1, respectively), as well as for the EC20 value derived from weight GR (6.42 

and 8.80 mg a.i. l-1, respectively) of L. gibba. Nonetheless, all instances exhibited interval 

overlap of the respective EC50 values. For reference, all NOEC, LOEC, and EC values 

presented in this section are summarized in Tables 3-6. 

L. minor was overall more sensitive than L. gibba when exposed to both the active 

ingredient and the formulation, displaying lower NOEC and LOEC values for all assessed 

variables, with the exception of Yield and GR derived from area and root measurements 

upon exposure to glyphosate, and GR derived from root measurements upon exposure to 

Roundup, for which the referred values were equal. The only instance for which L. gibba 

presented a lower LOEC than that of L. minor occurred for Yield in root length following 

exposure to Roundup (1 and 3 mg a.i. l-1 for each macrophyte, respectively), with this 

particular case corresponding to a significant hormetic effect that resulted in an increased 

growth of L. gibba roots. Likewise, EC values were generally lower for L. minor than for L. 

gibba, with the only exceptions verified for all ECs derived from response variables related 

to root length measurements and EC values derived from Yield related to area measurements 

of plants exposed to glyphosate. EC intervals overlapped in all these instances and therefore 

no significant differences could be inferred. The highest difference in EC estimates between 
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both species was verified for the EC10 derived from GR calculated from area measurements 

of plants exposed to Roundup, with a more than fivefold increase between L. minor and L. 

gibba (1.32 and 4.72 mg a.i. l-1, respectively), with no confidence interval overlap. 

Yield consistently provided lower EC estimates than GR for all assessed growth 

endpoints. Such a difference was expected due to GR being derived from the product of the 

logarithmic increase in the respective endpoint by the duration of the exposure, naturally 

reducing the variance of the data which, in turn, may cause an over-estimation of EC values 

by the regression model (namely for higher percentual effect estimates). As for endpoint 

sensitivity to the herbicides, the lowest NOEC were obtained for Yield calculated from 

weight, frond number, and area of L. minor exposed to Roundup, corresponding to the 

concentration of 0 mg a.i. l-1. L. gibba also presented a similar NOEC to Yield calculated 

from root length, although this was the result of a Hormesis effect, as previously noted. The 

lowest EC10 value to Roundup was also obtained for L. minor, corresponding to an estimate 

of 0.75 mg a.i. l-1 derived from Yield calculated from weight measurements. Concerning 

glyphosate sensitivity, all NOEC corresponded to the concentration of 5 mg a.i. l-1, except 

for the response variables derived from weight measurements in L. minor, which presented 

a NOEC of 1 mg a.i. l-1. Similarly, the lowest EC10 to the active ingredient was verified for 

Yield derived from this very growth measurement on the same species, corresponding to a 

value of 1.94 mg a.i. l-1.  

Despite weight providing the lowest NOEC values and EC estimates, root length Yield 

displayed a steeper decrease along the assessed range of concentrations for both species. 

This can be readily confirmed upon visual inspection of Figures 18 and 19, with a gradual 

decrease in the length of the plants’ roots when exposed to glyphosate, whereas such a 

response is almost entirely absent in the Roundup exposure scenario, with root length 

abruptly decreasing from the 1 mg a.i. l-1 to the 3 mg a.i. l-1 concentration. While these 

photographs serve merely as illustrative examples, the respective data plots evidence the 

same scenario (Figures 13 and 17). Visual observation of plant colonies also provides 

substantial information about their health (Figures 20 and 21). For instance, new L. minor 

plants developed “snake-bite” lesions (which can be seen as small point discolorations or 

even punctures on the fronds) when growing at 3 mg a.i. l-1 for both exposures. Chlorosis 

can also be observed in the proximal end of the fronds of this species starting at 9 mg a.i. l-

1, although it becomes less evident in plants reared at higher concentrations due to the slower 
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growth rates. Likewise, L. gibba colonies exhibit chlorosis accompanied by a darker 

coloration in the proximal end of newer fronds starting at 9 mg a.i. l-1
 for both compounds. 

Colony fragmentation could be observed in L. gibba, in which the colony architecture was 

disrupted by separation of the fronds, which nonetheless remained attached by means of an 

underwater stipe, or connecting stalk. This can be observed on Figure 21, under the exposure 

of L. gibba to 9 mg a.i. l-1 of Roundup, although the stipe is not visible. The same effect 

could be observed at the concentrations of 9 mg a.i. l-1 and higher for both exposures. 

It is also important to disclose that microalgae were present in both Lemna cultures, 

which kept growing in the test medium together with the macrophytes. Efforts were made to 

reduce this contamination before the start of the tests by rinsing the plants in tap water, with 

limited success. As a result, the absolute values of both Yield and GR for the same species 

and endpoint were seemingly affected between glyphosate and Roundup assays, which were 

conducted at different times and presumably differed in their microalgae content. The EC 

comparisons presented above should, nonetheless, be valid. 
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Figure 10. Weight increase (left) and respective growth rate (right) of L. minor exposed to glyphosate and 

Roundup. Standard deviations are represented by error bars. Statistically significant differences from the 

control are indicated with an asterisk (p < 0.05). 

 

 
Figure 11. Frond number increase (left) and respective growth rate (right) of L. minor exposed to glyphosate 

and Roundup. Standard deviations are represented by error bars. Statistically significant differences from the 

control are indicated with an asterisk (p < 0.05). 
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Figure 12. Area increase (left) and respective growth rate (right) of L. minor exposed to glyphosate and 

Roundup. Standard deviations are represented by error bars. Statistically significant differences from the 

control are indicated with an asterisk (p < 0.05). 

 

 
Figure 13. Root length increase (left) and respective growth rate (right) of L. minor exposed to glyphosate 

and Roundup. Standard deviations are represented by error bars. Statistically significant differences from the 

control are indicated with an asterisk (p < 0.05). 
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Table 3. Values of NOEC, LOEC, and EC estimates with respective 95% confidence intervals for the 

assessed effects on frond number, weight, area, and root length for L. minor, following a 7-day exposure to 

glyphosate. 

Effect NOEC LOEC EC10 (mg a.i. l-1) EC20 (mg a.i. l-1) EC50 (mg a.i. l-1) 

Weight       

   Yield 1 3 
1.94 

(1.01 – 2.87) 

3.12 

(1.99 – 4.26) 

7.05 

(5.67 – 8.43) 

   Growth rate 1 3 
4.19 

(2.23 – 6.15) 

6.41 

(4.32 – 8.50) 

13.26 

(11.39 – 15.14) 

      

Frond number      

   Yield 3 5 
3.48 

(2.24 – 4.72) 

4.65 

(3.38 – 5.93) 

7.65 

(6.42 – 8.87) 

   Growth rate 3 5 
4.32 

(2.56 – 6.08) 

5.87 

(4.10 – 7.66) 

9.91 

(8.36 – 11.47) 

      

Area       

  Yield 5 9 
5.95 

(4.34 – 7.57) 

7.16 

(5.70 – 8.62) 

9.81 

(8.70 – 10.92) 

  Growth rate 5 9 
5.79 

(3.59 – 7.98) 

7.59 

(5.50 – 9.67) 

12.05 

(10.47 – 13.63) 

      

Root length      

   Yield 5 9 
5.22 

(3.13 – 7.30) 

6.27 

(4.37 – 8.16) 

8.59 

(7.15 – 10.02) 

   Growth rate 5 9 
6.06 

(4.85 – 7.28) 

7.45 

(6.33 – 8.57) 

10.59 

(9.74 – 11.44) 

 

Table 4. Values of NOEC, LOEC, and EC estimates with respective 95% confidence intervals for the 

assessed effects on frond number, weight, area, and root length for L. minor, following a 7-day exposure to 

Roundup. 

Effect NOEC LOEC EC10 (mg a.i. l-1) EC20 (mg a.i. l-1) EC50 (mg a.i. l-1) 

Weight      

   Yield 0 1 
0.75 

(0.39 – 1.1) 

1.29 

(0.81 – 1.77) 

3.26 

(2.56- 3.95) 

   Growth rate 1 3 
1.68 

(1.08 – 2.27) 

2.96 

(2.18 – 3.74) 

7.79 

(6.75 – 8.83) 

      

Frond number      

   Yield 0 1 
1.19 

(0.14 – 2.25) 

1.83 

(0.59 – 3.07) 

3.82 

(2.36 – 5.28) 

   Growth rate 1 3 
1.18 

(-0.23 – 2.59)a 

2.13 

(0.20 – 4.06) 

5.87 

(3.04 – 8.71) 

      

Area      

   Yield 0 1 
1.40 

(0.59 – 2.22) 

2.12 

(1.18 – 3.06) 

4.29 

(3.20 – 5.38) 

   Growth rate 1 3 
1.32 

(0.50 – 2.14) 

2.44 

(1.31 – 3.57) 

6.96 

(5.31 – 8.60) 

      

Root length      

   Yield 1 3 
0.97 

(0.07 – 1.88) 

1.26 

(0.32 – 2.20) 

1.95 

(1.02 – 2.89) 

   Growth rate 1 3 * * 
2.52 

(0.18 – 4.87) 
a: p value was 0.08 

*: p > 0.1 
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Figure 14. Weight increase (left) and respective growth rate (right) of L. gibba exposed to glyphosate and 

Roundup. Standard deviations are represented by error bars. Statistically significant differences from the 

control are indicated with an asterisk (p < 0.05). 

 

 
Figure 15. Frond number increase (left) and respective growth rate (right) of L.gibba exposed to glyphosate 

and Roundup. Standard deviations are represented by error bars. Statistically significant differences from the 

control are indicated with an asterisk (p < 0.05). 
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Figure 16. Area increase (left) and respective growth rate (right) of L.gibba exposed to glyphosate and 

Roundup. Standard deviations are represented by error bars. Statistically significant differences from the 

control are indicated with an asterisk (p < 0.05). 

 

 
Figure 17. Root length increase (left) and respective growth rate (right) of L. gibba exposed to glyphosate 

and Roundup. Standard deviations are represented by error bars. Statistically significant differences from the 

control are indicated with an asterisk (p < 0.05). 
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Table 5. Values of NOEC, LOEC, and EC estimates with respective 95% confidence intervals for the 

assessed effects on frond number, weight, area, and root length for L. gibba, following a 7-day exposure to 

glyphosate. 

Effect NOEC LOEC EC10 (mg a.i. l-1) EC20 (mg a.i. l-1) EC50 (mg a.i. l-1) 

Weight       

   Yield 5 9 
3.85 

(1.90 – 5.80) 

5.41 

(3.37 – 7.45) 

9.67 

(7.79 – 11.56) 

   Growth rate 5 9 
3.98 

(1.26 – 6.70) 

6.42 

(3.43 – 9.41) 

14.54 

(11.66 – 17.42) 

      

Frond number      

   Yield 5 9 
4.91 

(2.01 – 7.81) 

6.48 

(3.64 – 9.31) 

10.39 

(8.06 – 12.72) 

   Growth rate 5 9 
5.95 

(2.95 – 8.95) 

7.99 

(5.15 – 10.83) 

13.22 

(11.10 – 15.35) 

      

Area      

   Yield 5 9 
4.31 

(2.91 – 5.70) 

5.74 

(4.34 – 7.14) 

9.36 

(8.13 – 10.58) 

   Growth rate 5 9 
5.81 

(4.90 – 5.71) 

7.77 

(6.91 – 8.63) 

12.78 

(12.13 – 13.43) 

      

Root length      

   Yield 5 9 
2.91 

(0.49 – 5.32) 

3.94 

(1.42 – 6.47) 

6.65 

(4.07 – 9.23) 

   Growth rate 5 9 
2.93 

(-0.40 – 6.26)a 

4.63 

(0.79 – 8.47) 

10.12 

(6.08 – 14.16) 
a: p value was 0.07  

 
Table 6. Values of NOEC, LOEC, and EC estimates with respective 95% confidence intervals for the 

assessed effects on frond number, weight, area, and root length for L. gibba, following a 7-day exposure to 

Roundup. 

Effect NOEC LOEC EC10 (mg a.i. l-1) EC20 (mg a.i. l-1) EC50 (mg a.i. l-1) 

Weight      

   Yield 5 9 
2.21 

(0.85 – 3.58) 

3.95 

(2.21 – 5.70) 

10.66 

(8.52 – 12.80) 

   Growth rate 5 9 * 
8.80 

(-1.87 – 19.47)a 
* 

      

Frond number       

   Yield 5 9 
4.06 

(1.74 – 6.38) 

5.55 

(3.17 – 7.92) 

9.45 

(7.31 – 11.58) 

   Growth rate 5 9 
4.40 

(1.47 – 7.34) 

6.60 

(3.53 – 9.67) 

13.18 

(10.51 – 15.85) 

      

Area       

   Yield 5 9 
3.64 

(1.57 – 5.71) 

5.22 

(3.02 – 7.43) 

9.68 

(7.59 – 11.76) 

   Growth rate 5 9 
4.72 

(2.43 – 7.00) 

7.20 

(4.84 – 9.56) 

14.83 

(12.75 – 16.91) 

      

Root length      

   Yield 0 1 * * 
2.59 

(0.50 – 4.68) 

   Growth rate 1 3 * * 
4.88 

(0.67 – 9.09) 
a: p value was 0.09; *: p > 0.1 
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Figure 18. Side view of the roots of L. minor after a 7-day exposure to the different concentration groups (mg 

a.i. l-1) of glyphosate and Roundup. The photographs are examples of plant colonies with at least one of the 

original fronds placed in the test chamber. 

 

 
Figure 19. Side view of the roots of L. gibba after a 7-day exposure to the different concentration groups (mg 

a.i. l-1) of glyphosate and Roundup. The photographs are examples of plant colonies with at least one of the 

original fronds placed in the test chamber. 

 

 
Figure 20. View of the upper side of the fronds of L. minor after a 7-day exposure to the different concentration 

groups (mg a.i. l-1) of glyphosate and Roundup. The photographs are examples of plant colonies with at least 

one of the original fronds placed in the test chamber.  
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Figure 21. View of the upper side of the fronds of L. gibba after a 7-day exposure to the different concentration 

groups (mg a.i. l-1) of glyphosate and Roundup. The photographs are examples of plant colonies with at least 

one of the original fronds placed in the test chamber. 
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2. Sugar profiles 

 The analysis of sugar profiles evidenced galactose, glucose, and rhamnose as 

consistently having the highest concentrations for both macrophytes in all exposure 

conditions. Furthermore, sugar concentration did not seem to be affected with the exposure 

to either compound for L. gibba nor with the exposure to glyphosate for L. minor. However, 

exposure of the latter macrophyte to Roundup resulted in the detection of significantly higher 

levels of xylose, galactose, and glucose at the concentration of 5 mg a.i. l-1, with the 

remaining concentration also appearing to experience an increase in the production of these 

sugars (Figure 22). A similar scenario is also suggested for ribose, arabinose, and mannose 

in the same test, although no statistically significant differences can be stated. 

 

 
Figure 22. Sugar profiles of L. minor and L. gibba exposed to glyphosate and Roundup. The concentration of 

each sugar in the plant tissue is expressed in μg g-1 and plotted in a logarithmic scale. Standard deviations are 

represented by error bars. Statistically significant differences from the control are indicated with an asterisk (p 

< 0.05). Rha: Rhamnose; Rib; Ribose; Ara: Arabinose; Xyl: Xylose; Man: Mannose; Gal: Galactose; Glc: 

Glucose. 
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 Multivariate analysis of average sugar concentrations in each sample evidenced the 

formation of three groups with a similarity of 95% between L. minor samples. These groups 

can be observed in the cladogram and two-dimensional nMDS (Figure 23) and are composed 

by: Group A – plants exposed to the Roundup concentrations of 1, 3, and 5 mg a.i. l-1; Group 

B – plants exposed to the control treatment in the Roundup test; Group C – plants exposed 

to the control and the concentrations of 1, 3, and 5 mg a.i. l-1 in the glyphosate tests.  The 

report obtained from the SIMPER analysis is presented in Table 7, and evidences an internal 

average similarity of 95.94% and 98.02% for groups A and C, respectively. In both cases, 

galactose, glucose, and rhamnose were the three sugars that most contributed to internal 

similarity, with respective relative contributions of 22.69%, 19.33%, and 16.59% in group 

A, and 21.04%, 18.91%, and 17.66% in group C. Group B could not be tested for internal 

similarity, as it was comprised of a single sample. The highest average dissimilarity was 

found between groups A and C, with an average dissimilarity of 15.91%, with the three 

sugars that most contributed to this difference being galactose (32.56%), glucose (19.10%), 

and xylose (12.46%), which is coherent with the results observed in Figure 22 for L. minor. 

ANOSIM evidenced a high segregation between all groups, although it was only significant 

between groups A and C (R = 0.778; p = 0.029). 

 Regarding L. gibba, multivariate analysis indicated the formation of only two groups, 

defined at a minimum similarity of 98%, and which can be observed in the respective 

cladogram and two dimensional nMDS (Figure 24). Group A is composed by plants exposed 

to the control and the concentrations of 1 and 5 mg a.i. l-1 in the Roundup tests, whereas 

group B includes the control and the concentrations of 1, 3, and 5 mg a.i. l-1 in the glyphosate 

tests, as well as the concentration of 3 mg a.i. l-1 from the Roundup tests. The SIMPER 

analysis report is presented in Table 8 and discloses an average internal similarity of 99.14% 

withing group A and 98.50% within group B. Similar to what was observed for L. minor, the 

three sugars that most contribute to internal similarity are galactose, glucose, and rhamnose, 

with respective relative contributions of 19.09%, 16.43%, and 15.34% in group A, and 

19.99%, 16.30%, and 15.07% in group B. Conversely, the three sugars that most contributed 

to group dissimilarity (Av. Diss = 3.61%) were galactose (31.65%), mannose (13.83%), and 

glucose (13.60%). Furthermore, ANOSIM reported group segregation to be high and 

statistically significant (R = 0.969; p = 0.0018).  
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Figure 23. Affinity groups of L. minor according to their respective sugar profiles represented in a cladogram 

(top) and in a two-dimensional nMDS (bottom). Groups were established at a minimum 95% similarity, based 

on an average group linkage method obtained from a Bray-Curtis resemblance matrix of fourth root-

transformed data. Mannose data was excluded from the analysis, as it was not assessed for samples from the 

glyphosate-exposure assay with this species. 
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Table 7. SIMPER analysis showing the similarity within each group defined in the nMDS and CLUSTER 

analysis for L. minor, as well as the dissimilarity between different groups. Sugars are order according to 

their relative contribution (Contrib %) to the similarity (and dissimilarity) within (and between) groups. 

Other entries in the table include the average abundance of each sugar in a group (Av. Ab), their average 

similarity and dissimilarity values (Av. Sim and Av. Diss), and the cumulative value (Cum %) of their 

relative contribution. Mannose data was excluded from the analysis, as it was not assessed for samples from 

the glyphosate-exposure assay with this species. 

Group 
Group 

Similarity 
Sugar Av. Ab 

Av. 

Sim 
Sim/SD Contrib % 

Cum 

% 

A 95.94 

Gal 8.06 21.77 18.06 22.69 22.69 

Glc 6.34 18.55 68.44 19.33 42.02 

Rha 5.38 15.91 27.30 16.59 58.61 

Ara 4.78 14.18 77.58 14.78 73.39 

Xyl 4.57 13.03 45.36 13.59 86.97 

Rib 4.21 12.50 38.56 13.03 100 

         

C 98.02 

Gal 5.06 20.62 103.40 21.04 21.04 

Glc 4.59 18.54 44.74 18.91 39.95 

Rha 4.24 17.31 111.54 17.66 57.61 

Ara 3.65 14.88 43.42 15.18 72.79 

Xyl 3.43 13.70 35.58 13.97 86.76 

Rib 3.19 12.97 117.33 13.24 100 

         

B Less than 2 samples in group 

  

Groups 
Group 

Dissimilarity 
Sugar 

Av. Ab 

1st Group 

Av. Ab 

2nd 

Group 

Av. 

Diss 
Diss/SD Contrib% 

Cum 

% 

A & B 8.22 

Gal 8.06 6.00 3.30 1.79 40.07 40.07 

Glc 6.34 5.31 1.67 4.65 20.31 60.38 

Xyl 4.57 3.65 1.49 2.95 18.17 78.56 

Ara 4.78 4.23 0.89 6.86 10.80 89.36 

Rib 4.21 3.76 0.72 6.67 8.78 98.14 

         

B & C 8.03 

Rha 5.43 4.24 2.26 10.70 28.10 28.10 

Gal 6.00 5.06 1.80 7.69 22.44 50.54 

Glc 5.31 4.59 1.36 3.76 16.99 67.53 

Ara 4.23 3.65 1.11 6.23 13.77 81.30 

Rib 3.76 3.19 1.08 5.63 13.50 94.80 

         

A & C 15.91 

Gal 8.06 5.06 5.18 3.14 32.56 32.56 

Glc 6.34 4.59 3.04 7.16 19.10 51.67 

Xyl 4.57 3.43 1.98 3.62 12.46 64.13 

Rha 5.38 4.24 1.98 7.64 12.43 76.56 

Ara 4.78 3.65 1.96 11.19 12.34 88.90 

Rib 4.21 3.19 1.77 9.32 11.10 100 

Rha: Rhamnose; Rib; Ribose; Ara: Arabinose; Xyl: Xylose; Gal: Galactose; Glc: Glucose.  
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Figure 24. Affinity groups of L. gibba according to their respective sugar profiles represented in a cladogram 

(top) and in a two-dimensional nMDS (bottom). Groups were established at a minimum 98% similarity, based 

on an average group linkage method obtained from a Bray-Curtis resemblance matrix of fourth root-

transformed data. 
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Table 8. SIMPER analysis showing the similarity within each group defined in the nMDS and CLUSTER 

analysis for L.gibba, as well as the dissimilarity between different groups. Sugars are order according to 

their relative contribution (Contrib %) to the similarity (and dissimilarity) within (and between) groups. 

Other entries in the table include the average abundance of each sugar in a group (Av. Ab), their average 

similarity and dissimilarity values (Av. Sim and Av. Diss), and the cumulative value (Cum %) of their 

relative contribution. 

Group 
Group 

Similarity 
Sugar Av. Ab 

Av. 

Sim 
Sim/SD Contrib % 

Cum 

% 

A 99.14 

Gal 4.88 18.92 97.79 19.09 19.09 

Glc 4.20 16.29 206.68 16.43 35.52 

Rha 3.91 15.21 92.20 15.34 50.86 

Ara 3.71 14.49 426.63 14.61 65.47 

Xyl 3.31 12.77 40.86 12.88 78.34 

Rib 3.04 11.87 431.09 11.98 90.32 

        

B 98.50 

Gal 5.48 19.69 182.28 19.99 19.99 

Glc 4.46 16.06 121.36 16.30 36.29 

Rha 4.15 14.84 85.69 15.07 51.36 

Ara 3.94 14.19 113.36 14.4 65.76 

Xyl 3.54 12.67 71.72 12.86 78.62 

Rib 3.13 11.27 87.60 11.44 90.06 

Groups 
Group 

Dissimilarity 
Sugar 

Av. 

Ab A 

Av. 

Ab B 

Av. 

Diss 
Diss/SD Contrib% 

Cum 

% 

A & B 3.61 

Gal 4.88 5.48 1.14 4.23 31.65 31.65 

Man 2.47 2.73 0.50 3.76 13.83 45.49 

Glc 4.2 4.46 0.49 2.62 13.6 59.08 

Rha 3.91 4.15 0.44 1.99 12.24 71.33 

Ara 3.71 3.94 0.44 2.96 12.07 83.40 

Xyl 3.31 3.54 0.43 1.87 11.96 95.36 

Rha: Rhamnose; Rib; Ribose; Ara: Arabinose; Xyl: Xylose; Man: Mannose; Gal: Galactose; Glc: Glucose. 
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IV. Discussion 

 The sensitivity of Lemna species to glyphosate and glyphosate-based formulations 

has been assessed since the end of the seventies, less than a decade after the introduction of 

Roundup in the market. However, toxicity data for said macrophytes exposed to these 

compounds are not particularly abundant in the literature, with less than fifteen published 

studies available that collectively evaluate the exposure of three different species (L. minor, 

L. gibba, and L. aequinoctialis) to glyphosate and its formulations. Nonetheless, the 

endpoints addressed in these studies are generally consistent and in line with those assessed 

in this dissertation.  

In a study by Sobrero et al. (2007), the authors evaluated the increase in frond number 

of L. gibba after exposure to glyphosate and Roundup for 5 and 10 days, which permitted 

the calculation of the respective GRs and derived EC estimates. For glyphosate, and in the 

evaluated exposure periods, EC10 varied between 0.5 and 1 mg a.i. l-1, EC25 between 10.7 

and 11.4 mg a.i. l-1, and EC50 between 20.5 and 22.6 mg a.i. l-1. For Roundup, EC10 varied 

between 2.1 and 2.5 mg a.i. l-1, EC25 between 5.0 and 6.5 mg a.i. l-1, and EC50 between 11.6 

and 15.9 mg a.i. l-1. The 7-day sensitivity data obtained in this dissertation is comparable 

with the described range of EC25 (compared with EC20, for practical purposes) and EC50 

values reported by the authors for Roundup (6.60 and 13.18 mg a.i. l-1, respectively, in this 

document), while being consistently lower for glyphosate (7.99 and 13.22 mg a.i. l-1, 

respectively). EC10 values were higher in our results for both the formulation and the active 

ingredient (4.40 and 5.95 mg a.i. l-1, respectively), when compared to those reported in the 

study. Additionally, the authors also assessed the effect of both compounds on the growth 

inhibition of mother and daughter-fronds through transversal and longitudinal axis 

measurements (as a proxy for area assessment), for an exposure period of 7 days. The 

differential assessment of mother and daughter-frond growth, as well as the employment of 

a different size-evaluation strategy than the one we used, may cause issues in the 

comparability of data. Namely, the authors’ results revealed daughter-fronds to be more 

sensitive than mother-fronds, as well as a higher sensitivity related to transversal axis 

measurement. In an effort to minimize this issue and permit data comparison, we calculated 

the respective average EC values for mother and daughter-fronds in the cited work, including 

both longitudinal and transversal measurement-derived estimates for which values were 
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appropriately defined (i.e., ‘greater than’ values were not included; intervals were included 

as their mean values). As a result, only the average EC10 obtained for Roundup could be 

properly calculated and was comparable to that obtained in this dissertation for area GR of 

L. gibba (5.12 vs 4.72 mg a.i. l-1, respectively). Incomplete EC averages (i.e., defined values 

were not available for all measured endpoints, but interval means were still included) led to 

a mean EC25 and EC50 for Roundup of, respectively, 6.1 and 13.6 mg a.i. l-1 in the study, 

which were also comparable to our results (7.20 and 14.83 mg a.i. l-1, respectively). For 

glyphosate, only incomplete EC10 and EC25 could be calculated from the reported data, with 

respective mean values of 6.7 and 13.2 mg a.i. l-1. The first is comparable to our results on 

area GR, whereas the second is higher by almost a factor of two (5.81 and 7.77 mg a.i. l-1 in 

our results, respectively).  

While the data obtained in the previously cited work was overall coherent with our 

results, other studies reveal more disparate sensitivity values in comparison. For instance, 

Cedergreen & Streibig (2005) evaluated area GR of L. minor following a similar 

experimental design to that described in this dissertation for the second toxicity assay, using 

the same volume of water (10 ml) and a reduced number of fronds per replicate (1 frond), 

exposing the plants to both Roundup and the active ingredient. However, the obtained 

toxicity values for EC10 and EC50 using Roundup were 3.56 and 11.20 mg a.i. l-1, 

respectively, which represent an approximately two-fold increase from the estimates 

reported in our results (1.32 and 6.96 mg a.i. l-1, respectively). In the same manner, the EC50 

for glyphosate reported by the authors is approximately three times higher than our 

corresponding estimate (46.90 vs 12.05 mg a.i. l-1, respectively), while the respective EC10 

was slightly lower (3.78 vs 5.79 mg a.i. l-1, respectively). In a study using a different Lemna 

species,  Michel et al. (2004) reported an EC50 of 88.42 mg a.i. l-1 for frond number GR of 

L. aequinoctialis exposed to glyphosate for seven days, evidencing a lower sensitivity of this 

organism to the active ingredient, compared to both L. minor and L. gibba.  

Studies performed with different glyphosate-based formulations are also available in 

the literature, such as the work published by Currie et al. (2015), who exposed L. minor to 

the glyphosate-based formulation Cúspide 480SL® under a static renewal-regime for a four-

day period. The reported EC10 to EC50 values ranged from, respectively, 5.27 to 12.30 mg 

a.i. l-1 for frond number GR, and 0.14 to 3.24 mg a.i. l-1 for fresh weight Yield. While this 

data is not directly comparable to our results due to the use of a considerably different test 
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design and duration of exposure, it illustrates the relevance of the use of different assessment 

strategies to understand the toxic response of Lemna species to glyphosate and glyphosate-

based herbicides. 

As previously disclosed, our results suggest a higher sensitivity of the plants to the 

formulation than to the active ingredient alone (Tables 3 through 6), which is in agreement 

with the available literature for primary producers (Table 2), including the previously cited 

work in this section. This trend was verified across all assessed endpoints, which expressed 

different degrees of sensitivity. The determination of frond number is the primary endpoint 

recommended by the OECD (2006), with weight and total frond area constituting additional 

variables that may be assessed in conjunction with the former. Other observations, such as 

frond coloration, colony break-up, and root length are also advised to be noted, but are 

nonetheless not required for toxicity assessment using Lemna. According to the present 

results, however, frond number was not one of the most sensitive endpoints, displaying 

relatively moderate-to-high EC10 estimates for all assays when compared with the other 

variables. This trend was closely followed by the assessment of total frond area, which 

displayed the highest EC10 estimates for almost all exposure scenarios, with the only 

exception verified for L. minor in the presence of Roundup. The relative low sensitivity of 

these endpoints when considering their respective EC estimates could be related to growth 

of daughter-fronds that were already developing in the basal pockets of the mother-fronds, 

but that were not yet visible and therefore not considered in the initial frond number. As a 

result, the observed increase in frond number at the end of the essay may in fact be 

erroneously derived from an underestimation of the initial frond number, which is 

corroborated by observing that the yield in frond number always was lower than 27 

(corresponding to a doubling in frond count) for the highest concentration for both species 

and tested chemicals (Figures 11 and 15). Nonetheless, the possibility of these results being 

caused by an overly long doubling time cannot be dismissed and the new fronds could have 

still been generated during the exposure period. The simultaneously high EC estimates 

derived from area measurements can in turn be explained by the lower sensitivity of mother-

fronds to glyphosate, as previously reported in the literature (Sobrero et al., 2007), which 

were less affected by the presence of the contaminants and continued to grow during the 

assays. On the contrary, the daughter-fronds that developed at the highest concentrations 
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displayed a highly hindered growth, especially in the case of L. gibba (Figures 20 and 21), 

contributing less to the total area increase.  

Despite what has been discussed, frond-related endpoints should by no means be 

excluded nor overlooked when assessing the toxicity of glyphosate and its formulations, but 

precautions must be taken as to not underestimate the significance of the observed effects. 

Frond count, in particular, is a less sensitive endpoint to address the effects of exposure in 

the sense that it is a discrete measure that relies on an accurate perception by the observer. 

In that respect, area increase represents a non-discrete measure that is more suitable for sub-

lethal effect assessment, although care should be taken when addressing mother and 

daughter-frond effects, as seen above. Similarly, weight represents a non-discrete 

measurement that, overall, provided lower sensitivity values to both tested compounds than 

those calculated from other endpoints (with the single exception of root assessment in L. 

gibba exposed to the active ingredient). The remaining assessed endpoint, root length (also 

non-discrete), was particularly sensitive to Roundup, with a five-fold decrease in the EC10 

for yield in L. minor from the corresponding estimate derived from exposure to glyphosate. 

Notably, the difference between EC10 and EC50 for the same endpoint was less than 1 mg 

a.i. l-1, reaching a low plateau at 3 mg a.i. l-1 for both Lemna species (Table 3 and Figures 

13, 17, 18, and 19). Similar results were obtained by Sobrero et al. (2007) starting at 7.5 mg 

a.i. l-1, which was preceded by the NOEC of 1 mg a.i. l-1 in the respective exposure range to 

both Roundup and glyphosate. The measurement of root endpoints in macrophytes has been 

previously reported to be more sensitive than the evaluation of other growth endpoints and 

has been highly related to the tendency of roots to accumulate external contaminants (Arts 

et al., 2008; Belgers et al., 2007; Gopalapillai et al., 2014; Roshon et al., 2011). In the case 

of Roundup, the concentration of the compound in the root tissues from the external medium 

led to the potentiation of its effects, greatly impacting the growth of these structures. 

Furthermore, the inherently rapid growth of roots makes it possible to assess toxic effects of 

contaminants under short periods of exposure, as a relative inhibition effect can be observed 

without the need for chronic exposition of the organisms. These particularities render the 

root measurement of Lemna as a good bioindicator of both in-situ and ex-situ toxicity of 

Roundup at environmentally relevant concentrations, and stress the importance of using 

these macrophytes for risk assessment and biomonitoring programs.  
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Other observed endpoints, despite not having been properly quantified, included the 

verification of color abnormalities and unusual architecture of Lemna colonies. Frond 

separation was observed for L. gibba starting at 9 mg a.i. l-1 for both chemicals, where 

daughter-fronds became detached from their mother-fronds, but were still connected through 

a stipe, or connecting stalk. The degree of this separation can be observed in Figure 21, at 

the concentration of 9 mg a.i. l-1 with Roundup, although the stipe is not visible. Colonies 

kept at higher concentrations of both Roundup and glyphosate displayed a similar 

conformation, although this is not represented in the photographs. Chlorosis was also 

observed starting at 9 mg a.i. l-1 in daughter-fronds of both Lemna species. This scenario is 

coherent with the observations of Sobrero et al. (2007) who noted the occurrence of chlorotic 

daughter-fronds as well as frond separation in colonies of L. gibba after 3 days of exposure 

to concentrations of 7.5 mg a.i. l-1 and higher of both Roundup and glyphosate. Our results 

further report the observation of a darker pigmentation of daughter-fronds of L. gibba, which 

is related to frond thinning at the basal end, revealing the darker pigmentation on the 

underside of the fronds. Unlike growth endpoints, these responses are not dependent upon 

growth assessments and are observed as a result of glyphosate and Roundup contamination, 

although the degree of specificity of these responses to the compounds is unknown. The 

employment of related measurements as potential bioindicators does not appear to be 

relevant at environmental relevant concentrations of glyphosate, as responses were observed 

starting at 9 mg a.i. l-1 in the present tests, with the lowest above-mentioned value reported 

in the literature being 7.5 mg a.i. l-1. 

Sugar profiles of both macrophyte species evidenced a relatively high presence of 

galactose, glucose, and rhamnose, in this order (Figure 22). Available studies in the literature 

on carbohydrate profiles of Lemna are scarce, and are mainly directed at evaluating the 

potential use of duckweed biomass as a source for producing biofuels such as ethanol, gas, 

oil, and biochar, due to the high starch content of these organisms (Cheng & Stomp, 2009; 

X. Zhao et al., 2012). The high levels of glucose can be attributed to it being the monomeric 

component of starch – a storage carbohydrate – and cellulose which, together with 

hemicellulose and pectin, constitute the main components of cell walls. One particular pectic 

polysaccharide that was first isolated from L. minor, termed lemnan, was shown to contain 

a ramified region composed of numerous carbohydrate residues including, galactose, 

rhamnose and xylose isomers. Furthermore, subsequent studies showed that the main 
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constituent of the backbone of lemnan was a macromolecule that contained high quantities 

of galacturonic acid (Golovchenko et al., 2002; Ovodova et al., 2000), which was expectedly 

hydrolyzed to galactose during the hydrolysis process described in the materials and methods 

chapter, therefore justifying the high levels of galactose we consistently observed in the 

sugar profiles of both macrophytes. The increase of sugar concentration with the increased 

exposure to Roundup in L. minor can consequently be interpreted as the result a defense 

mechanism of the plants that causes the reinforcement of the cells walls with the purpose of 

limiting the penetration of the contaminant into the tissues. Another possible explanation for 

the observed increase in sugar concentration can be attributed to the role of these molecules 

as signaling agents in diverse plat regulatory pathways. Flowering, for instance, is often 

induced by an increase in sugar content in the adjacent tissues in land angiosperms (Gibson, 

2000). Nonetheless the presence of high levels of glucose and other sugars in the medium 

has previously been related to flowering inhibition in L. minor an L. gibba, implying this 

pathway may have a more complex regulation in duckweed and other macrophytes (Oota, 

1974; Tilaki, 2010). Studies assessing the effects of metal contamination with Lemna report 

an opposing scenario of decreasing sugar concentrations with the intensity of exposure, 

although this has been related to damages to the photosystem that leads to decrease in 

photosynthesis and, in turn, a decline in sugar production (Hou et al., 2007; John et al., 2008; 

Nayek et al., 2010; Rai et al., 2004).  

The only statistically significant differences in sugar concentrations were also 

verified for the exposure of L. minor to Roundup, evidencing a LOEC of 5 mg a.i. l-1 for 

galactose, glucose, and xylose (Figure 22). These represented the least sensitive LOEC 

values derived from this exposure, implying the assessment of sugar content is not an 

especially sensitive endpoint when compared to growth measurements, in this case (Table 

4). Nonetheless, only L. minor exhibited and effect in the respective sugar profiles when 

exposed to the formulation but not to the active ingredient, whereas L. gibba did not display 

any apparent alteration after exposure to both contaminants. These observations can be 

corroborated by the low values of dissimilarity between the groups formed from the sugar 

profiles in L. gibba samples (Table 8), and the relatively higher dissimilarity value between 

the groups formed from the same profiles in samples of L. minor exposed to Roundup and 

glyphosate (Table 7, A&C). Overall, these results are in accordance with the higher 

sensitivity displayed by L. minor to Roundup for the growth endpoints. 
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 In conclusion, sugar concentration was either promoted or not affected at the end of 

the exposure period for both macrophytes to both contaminants. L. gibba, especially, 

displayed a low sensitivity to glyphosate and Roundup at environmentally relevant 

concentrations, including that correspondent to a worst-case scenario of herbicide 

contamination derived from runoff (5 mg a.i. l-1) (Edwards et al., 1980). In these cases, 

indirect effects on the community may be negligible, although assays with higher degrees of 

complexity and community representation (i.e., micro- and mesocosm studies) conducted 

for longer periods would be more conclusive, as the assessed endpoints may not have been 

sensitive enough to evidence a response following a 7-day exposure period. The main 

exception was verified for root growth, which was impaired at low concentrations of the 

contaminants and that will mainly affect the structure of the habitats created by these 

macrophytes, which may serve as hiding or spawning spots for animals as well as a substrate 

for periphytic colonization, as previously discussed. As the most sensitive macrophyte to the 

pesticides, L. minor displayed a slightly hindered Yield in weight and respective GR when 

exposed to environmentally relevant concentration of glyphosate and a substantially 

heightened sensitivity to the same concentrations of formulated product. As a result, the 

presence of Roundup can severely impact the overall growth of L. minor, likely causing a 

shift in the composition of the macrophyte community, leading to an increased 

representation of more resistant plants like L. gibba. Nonetheless, this sensitivity suggests 

L. minor to be a good candidate bioindicator of Roundup toxicity, and its use in 

biomonitoring programs (in substitutions of more resistant species) would be advantageous.   
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V. Final Remarks 

The capacity of duckweed species to remove pesticides and other substances from 

the medium and concentrate them in their tissues has been widely exploited for 

bioremediation of several compounds, including glyphosate. This phenomenon, while 

widely useful for removing numerous pollutants from freshwater habitats, potentiates their 

effects on the macrophytes, making them suitable standard species in routine ecotoxicology 

tests. Furthermore, the relative structural simplicity of Lemna allied with their high growth 

rates facilitates the assessment of toxicity, as growth can be assessed in relatively short 

periods. This could be seen particularly well with the halted growth of the plants’ roots when 

exposed to Roundup which, while not being a primarily assessed endpoint in any of the 

standardized protocols available in the literature, displayed a pronounced sensitivity and 

evidenced its potential as a prospective bioindicator for this type of contamination.  

On the contrary, the assessment of sugar profiles as a biochemical endpoint did not 

provide such a clear response nor did it exhibit an increased sensitivity to neither 

contaminant when compared to the other measurements. Nonetheless, the evaluation of 

similar endpoints should not be dismissed, as they can provide valuable information 

regarding the condition of the plant’s physiology that cannot be properly assessed at higher 

degrees of complexity. Even though the effects on sugar profiles observed in L. minor 

exposed to Roundup could not be effectively explained, they constitute – as far as we know 

– the first instance of the assessment of sugars in macrophytes in response to contamination 

by glyphosate and glyphosate-based herbicides. Further work in this area is necessary to 

properly address the biochemical effects of glyphosate exposure in the physiology of 

macrophytes, by evaluating other biochemical endpoints such as pigments, enzymatic 

activity, or fatty acid profiles. 
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