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Abstract

The toxic effects of glyphosate herbicide on growth, photosynthesis, chlorophyll and
smino acids contents by the fresh water green alga Chlorella kessleri, were determined. The lower
concentrations 5 and 10 mM were not severely toxic to the alga. However, the higher concentrations
15 and 20 mM exerted more toxicity effects. Algal growth, photosynthetic activity and chlorophyll
contents were not affected severely by low concentrations, while high concentrations (20 mM),
mhibited growth parameters by about 50%. The addition of the aromatic amino acids, phenyl
alanine, tryptophane and tyrosine to the growth medium, recovered the growth by about 34% during
the incubation period. The amino acids content of the control, 20 mM-treated and 20 mM-treated in
addition to the aromatic amino acids were estimated and compared. The results also showed that the
addition of the aromatic amino acids to the alga treated with 20 mM glyphosate, recovered the
biosynthesis of the aromatic amino acids and also the other amino acids.

Key words: algae, glyphosate herbicide, growth, protein, photosynthesis, amino acids.

Introduction

Glyphosate [N-phosphonomethyl glycine] is a broad spectrum herbicide and the
most common used herbicide. Its action is mediated by inhibiting one of the key enzymes
of aromatic amino acid biosynthesis 5-enolpyruvyl shikimate -3- phosphate synthase
(Jaworski, 1972). This nonselective, broad spectrum, postmergence herbicide is registered
for use in more than 50 crops and is used extensively for vegetation control and
management in many nonagricultural settings. Atkinson (1985) reviewed the toxicological
properties of glyphosate. Glyphosate does not move readily through soil because of strong
complexing properties, therefore it is unlikely to enter the aquatic environment in
significant amounts unless for aquatic weed control (Bowmer, 1982; Barrett, 1985) or
maless it washes from foliage into streams or canals (Newton ef al. 1994). Glyphosate can
move considerable distances in canal or stream waters. Come et al. (1976) accounted for
58% of applied glyphosate at distance 8 and 14.4 Km downstream from sites of
mtroduction into the canals. He showed also that approximately 30% of the glyphosate
were lost in the first 1.6 Km, presumably due to adsorption to suspended material that
settled out. Glyphosate may enter into aquatic systems from the treated terrestrial land
swough surface runoff movements, spray drift, or direct overspray applications.
Similarities between the physiology of higher plants and phytoplankton in aquatic
emvironments surely will cause adverse effects on the latter non-target primary producers.
Phytoplanktons in streams and ponds form an integral part of the aquatic food web
providing food for larger organisms such as zooplankton and fish. Several studies indicate
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that this herbicide is toxic for aquatic flora and fauna (Becerril ef al. 1989; Peterson et al.
1994; Gardner ef al.1997, Roberts ef al. 1998; Wong, 2000). Glyphosate inhibits the
activity of 5-enolpyruvyl shikimate -3- phosphate synthase[(EPSP) synthase], an enzyme
of the shikimic acid pathway in a wide variety of plants and organisms (Duke, 1988).
Glyphosate inhibits other enzymes of the shikimic acid pathway to a lesser degree than
EPSP synthase. The blockage of the shikimic acid pathway leads to a depletion of the free
pool of aromatic acids (Hoagland et al. 1978; Duke and Hoagland, 1985). Furthermore,
glyphosate greatly lessens increases in phenylalanine levels caused by inhibitors of the
enzyme phenylalanine ammonia-lyase (Duke ef al. 1980; Laber ef al.1986).

The effects of glyphosate on protein synthesis are poorly documented. Cole ef al.
(1980) found that radiolabeled leucine mcorporauon into buds of quack grass was
inhibited by glyphosate, however, incorporation of [ C] phenylalanine was affected to a
much lesser extent. The data indicated that the inhibition of protein synthesis by
glyphosate was due to depletion of the aromatic amino acids pool rather than to direct or
indirect interference with or damage to the protein synthesizing process. The genus
Chlorella is very common in all kinds of freshwaters. The paucity of published research on
the toxicity of glyphosate towards freshwater algae in general and Chlorella in particular
is the consequence of the general lack of toxicity of glyphosate component to most other
pesticides (El-Sheekh ef al. 1994).

The aim of this work is to assess the possible alterations in growth and some
physiological processes in response to glyphosate herbicide in the freshwater Chlorella
kessleri which represent the main phytoplankton of any water body which receive the
herbicides.

Materials and Methods

Organisms and growth conditions: The green alga Chlorella kessleri, obtained from
the algal culture collection, Plant Physiology Institute, University of Gotingen, Germany,
was cultured in tris-acetate-phosphate medium (TAP medium), (Harris, 1989). The
cultures were illuminated continuously with fluorescent tubes maintaining the desired
light intensity (5000 lux), incubated at 25 °Cand shaken on a rotatory shaker incubator.

Growth parameters measurements: Growth of the cultures was monitored either by
measuring the optical density of the cell suspension spectrophotometrically at 560 nm
(Wetherell, 1961) or as the increase in dry weight production as reported by Leganes et al.,
(1987). For determination of the dry weight, 10 ml were removed from the culture and
centrifuged at 5000 rpm for 10 min. The pellet washed twice with dist. water and
incubated for 24 hours at 95 C till constant weight.

Chlorophyll determination: Chlorophyll a and b content was determined according to
Lichtenthaler and Wellburn (1983). In this method a known volume of the algae culture
was centrifuged at 3000 rpm for 15 min and the pellet was extracted by 100% dry
methanol for 15 min at 55 C. The absorbance of the supernatant was read at 653 and 666
nm in spectrophotometer against methanol blank.
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Measurement of photosynthetic activity: Oxygen evolution or uptake (dark
mpimtion) measurements were done with a Clark-type oxygen electrode in 3 ml samples
in a thermostated closed prespex cuvette at 25 C at saturated light. Electrode was
calibrated to steady state of oxygen in water at 25 'C (220 pmol ml™), zero level was
estimated by bubbling water and with nitrogen gas. Data were recorded by chart recorder.

Estimation of total soluble proteins: Protein was estimated by the method of
Bradford (1976) using bovine serum albumin as a standard at 595 nm.

Quantitative estimation of total amino acids: The protocol used by Moore et al.,
(1958) was followed to estimate the total amino acids. According to this method, 0.05 gm
of each dried algal sample was mixed with 10 ml of 6N HCI contalmng traces of
mercaptoethanol (5ul/10 ml acid). The samples were hydrolyzed at 110 °C for 24 hours.

The hydrolyzed sample was diluted at 25 ml with dist. water and dried by slow evacuation.

The dried residue was dissolved in 0.2M sodium citrate buffer (pH 2.2) and run in
Beckman amino acid analyzer.

Results and Discussion

Effect of glyphosate on growth of Chlorella kessleri

Chlorella kessleri was able to grow fast in acetate containing medium
mixotrophically (EL-Sheekh, 1999). The rate of growth of the alga in this medium was
faster than other nutrient media (data not shown). The assessment of the toxic effect of
glyphosate on C. kessleri indicated a decrease in growth, with respect to the control in the
cultures exposed to all applied concentrations after 72 or 96 hours. The growth of the alga
was affected by the application of the different concentrations of the glyphosate herbicide
as shown in Fig. 1. It is evident that by increasing the concentration of the herbicide there
was a decrease in growth as measured by optical density. The inhibition was maximum
and accounted for about 54% of control at the concentration 20mM after 96 hours. The
mhibitory effect was also increased by increasing the incubation period. The growth of the
alga was also assessed by measuring the increase in the dry weight after the incubation
period (96 hours). It was found that results of the dry weight is in accordance with the
results of optical density i.e. the inhibition increased by increasing the concentration of
herbicide and it reached maximum inhibition 52% at the concentration 20 mM (Fig. 2).
Saenz et al. (1997) indicated that the two strains of chlorococcal algae Scenedesmus
acutus and Scenedesmus quadricauda responded differently in growth to the application
of different concentrations of glyphosate herbicide. However, they concluded that the low
concentrations of the herbicide did not significantly affect the growth, while the high
concentration 40 mg Gly/L showed a notable inhibition of growth at 96 hours of exposure.
Scenedesmus acutus growth was completely inhibited by 20 mg Gly/L. Wong (2000) also
mdicated that the growth of Scenedesmus quadricauda Berb 614 was significantly
mhibited by 2 mg/L and completely inhibited by 20 mg/L. From the above results and the
discussed results of Saenz et al. (1997) and Wong (2000), it could be concluded that
algae respond differently to different concentrations of the glyphosate herbicide and also
the toxicity of the herbicide is species dependent. In this connection Peterson ef al. (1994)
mdicated that the green algae Scenedesmus quadricauda, Selenastrum capricornutum, the
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diatoms Nifzschia sp., Cyclotella meneghiniana and five cyanobacteria, responded
differently to glyphosate in that the green algae were least sensitive, but the diatoms and
one cyanobacterium were the only organisms that showed sensitivity to glyphosate. In the
present work a lower concentrations of glyphosate were used for Chlorella than that used
by Saenz et al. (1997) and Wong (2000) to Scenedesmus. The data rose in comparison
with the possible glyphosate concentration that it could be found in the aquatic
environment, whereas the recommended application rates for terrestrial weed control
(0.25-2kg Gly a.i./Ha). If 1-3% of the application dose may be recovered in aquatic
environments, so the possible glyphosate concentrations found would be 0.7 to 4.8 mg
Gly/L (Alberdi et al. 1996).
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replicates.

Effect of Glyphosate on Chlorophyll content

It is documented that glyphosate active ingredient has relatively strong effect on
chlorophyll synthesis. Glyphosate inhibits the synthesis of the chlorophyll precursor 5-
aminolevulinic acid (ALA) (Duke 1988). The applied concentrations of glyphosate to
study the toxic effect on chlorophyll exerted a decrease in chlorophyll (a+b) content and
this effect increased by increasing concentration (Fig. 3). The concentration 20 mM
glyphosate inhibited the chlorophyll content and this inhibition ranged from 38 to 49% of
the control culture during the incubation period. In this connection Saenz et al. (1997)
indicated that chlorophyll a content of Scenedesmus quadricauda decreased significantly
when it exposed to 50 mg Gly/L with respect to its control value. However, Wong (2000)
indicated that the low concentration 0.02 mg/L stimulated the chlorophyll synthesis in
Scenedesmus quadricauda, while higher concentrations were inhibitory.
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Fig. 3. Effect of glyphosate herbicide on chlorophyll content of Chlorella kessleri in
mixotrophic culture. Each point is the mean of three different measurements.

Effect of Glyphosate on photosynthetic activity of Chlorella

In mixotrophic culture the photosynthetic activity of algae seems to be different
than that grown in autotrophic culture in that the cells showed its maximum oxygen
evolution after 48 hours (Table 1). The main reason is that in mixotrophic culture the cells
of C. kessleri divide very quickly and the optical density increased and this prevent the
light penetrate to the cells (self shading) and therefore oxygen evolution decreased. The
photosynthetic activity of C. kessleri was affected by the application of glyphosate and the
concentrations 15 and 20 mM inhibited the oxygen evolution. However, the same
concentrations slightly increased the dark respiration. Goldsborough and Brown (1988)
found that the application of less than 0.89 mg/L had no significant effect on the growth
and photosynthesis of algae. The higher concentrations between 0.89 and 89 mg/L
glyphosate significantly reduced the photosynthesis measured as carbon fixation. Van
Rensen (1974) observed a 50% reduction in oxygen evolution by a culture of the green
alga Scenedesmus sp. after 60-90 min exposure to 7x10*M (118 mg/L) glyphosate. He
concluded from further studies of 2,6-dichloropenol indophenol (DCPIP) reduction in
spinach chloroplasts that glyphosate directly inhibits photosynthetic electron transport in
photosystem II. However, this was disputed (Richard et al. 1979) as a consequence of
concomitant pH change in weakly buffered media. Glyphosate is known to be weakly acid
and can release hydrogen ions (Sprankle ez al. 1975).

Effect of glyphosate on protein content of Chlorella

From the results obtained in Table (2), it is obvious that glyphosate at low
concentrations did not affect the protein content of C. kessleri. However, at the higher
concentrations 20 mM, the inhibition was ranged between 20 and 30% of control during
the incubation period. The low inhibitory effect may be due to defence mechanism of the
organism to accumulate or secretes some enzymes to balance this toxic effect. Smart ez al.
(1985) indicated that when the plant cells are subjected to high glyphosate concentrations,
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they increased extractable activity of the shikimate pathway enzyme 5-enol-
puruvylshikimate-3-phosphate (EPSP) synthase.

Table 1. Effect of different concentrations of glyphosate herbicide on the photosynthetic
activity of Chlorella kessleri. The photosynthetic activity measured as oxygen
evolution or oxygen uptake (dark respiration) and the results are expressed as pmol

O.mg ChI''h.

Age Control 5 mM 10 mM 15 mM 20 mM
) [+0,] -0y [ +Oy | -0y | +0s | -0y | +Oy | -O +0, -0,
24 80 91 75.6 86 61.9 81 46 101 41 116
48 [ 130 [ 112 | 114 94 103 | 103 55 111 67 134
72 95 115 89 105 100 102 89.9 114 75 150
96 64 120 56 117 99.7 104 128 128 88 166

Table 2. Protein content of Chlorella kessleri as affected by different applied concentrations of
the herbicide glyphosate (mg/gm dry weight). = SE of the mean of three replicates.

Time (hrs) Control 5 mM 10 mM 15 mM 20 mM
24 159 £3.6 151 £3.3 153£42 | 130%1.1 126 £3.3
43 372 £51 331 £25 331 45 245 £19 273 £15
72 405 £29 395 £14 355 +41 330 £22 29522
96 601 £37 582 £19 555+76 | 517128 | 41628

Effect of glyphosate on amino acids content of Chlorella

Interference with the biosynthesis of aromatic amino acids has been postulated as
the mode of action of the nonselective, broad spectrum herbicide glyphosate in higher
plants as well as microorganisms (Jaworski, 1972). In the present work the amino acid
content of the control and the algae treated with different concentrations of glyphosate was
determined after the incubation period (96 hrs.). The glyphosate inhibited the biosynthesis
of the shikimate pathway amino acids as well as kreb’s cycle. However, all concentrations
used increased the amino acid content of the triose-puruvic acid family as compared with
the control cells (Table 3). At concentration 20 mM the amino acid of glutamate family
inhibited by about 90%, aspartate family by 96% and the kreb’s cycle family by about
94%. The total amino acids of the alga was inhibited by 30% at concentration 20 mM as
compared with the control.

Effect of adding the aromatic amino acids on growth and amino acid content of
Chlorella

From the results obtained above, it was found that concentration of 20 mM
glyphosate was the most toxic one for the alga. In the previous work concerning the mode
of action of glyphosate, a relationship with the biosynthesis or metabolism of aromatic
amino acids was indicated. These phenomena were noticed in Rhizobium japonicum
(Jaworski, 1972), Escherichia coli (Gresshoff, 1979) and Chlamydomonas reinhardltii
(Jaworski, 1972), and Carrot cell culture (Killmer ef al. 1981). Therefore in this work, the
aromatic amino acids phenylalanine, tryptophane and tyrosine (10 mg/ml) were added to
the Chlorella culture treated with 20 mM glyphosate and the growth and amino acids
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content were estimated (Table 3 and Figure 4). The inhibition of growth by 20 mM
glyphosate ranged between 51-60% of the control during the incubation period. When the
three aromatic amino acids were supplemented in the culture medium, the inhibition was
ranged between 17-26% only. The recovery effect was more higher at the end of the
incubation period (72-96 hrs), than that at the beginning of incubation. The results
obtained are in agreement to some extent with the results obtained with other plant cell
cultures (Haderlie et al. 1977; Gresshoff, 1979), that the effect of glyphosate can be
reversed by a combination of phenylalanine, tryptophane and tyrosine in the culture
medium, indicating that inhibition of growth by glyphosate results from inhibition of
aromatic amino acids synthesis. Smart et al (1985) obtained 0.0 inhibition of growth of
Corydallis sempervirens by 5 mM glyphosate after addition of the three aromatic amino
acids, however, in the present work the inhibition was 17% after the addition of the three
aromatic amino acids but in the presence of higher concentration (20 mM) of glyphosate.
In conclusion it is obvious that glyphosate herbicide affected the growth, photosynthesis
and chlorophyll content of the green alga Chlorella kessleri. The inhibition is
concentration dependent. Glyphosate also inhibits the amino acid content of the alga and
severely affected the amino acids of glutamate and aspartate family of kreb’s cycle. The
recovery of the inhibition by addition of the aromatic amino acids conclude also that
glyphosate affect these amino acids synthesis and it can be also concluded that glyphosate
affect glutamate and tricarboxylic acid cycle. This conclusion is in accordance with
Killmer et al. (1981) as they reversed glyphosate effect by addition of glutamate and
intermediates of the tricarboxylic acid cycle.
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Fig. 4. Effect of addition of the aromatic amino acids phenyl alanine, tryptophane, and tyrosine
(10 mg/ml) on growth of Chlorella kessleri in the absence and presence of 20 mM
glyphosate herbicide.
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