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11 Abstract: Glyphosate-based herbicide products are the most widely used broad-spectrum

12 herbicides in the world for post-emergent weed control. There are ever-increasing concerns that
13 glyphosate, if not used judiciously, may cause adverse non-target impacts in agroecosystems. The
14 purpose of this brief review is to present and discuss the state of knowledge with respect to its
15 persistence in the environment, possible effects on crop health, and impacts on crop nutrition.
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18 Introduction

19 Glyphosate, after its introduction in the 1970s, became a popular herbicide among farmers
20  because of its broad-spectrum weed control. The use of glyphosate as a “burn down’ application
21  alone, or in combination with other PRE or POST emergent herbicides, became standard practice in
22 cropping systems throughout the world. Glyphosate is a non-selective, post-emergent herbicide
23 known to control more than 150 weed species, which include mono- and dicotyledonous plants of
24 annual or perennial nature [1]. Glyphosate (N-(phosphonomethyl) glycine) is the active ingredient
25  in many herbicide products (example trade name: Roundup) and is commercially available in its
26  various salt forms such as isopropylamine, ammonium, potassium, and trimesium salt. It is used to
27  manage annual broadleaf weeds, grasses, and sedges in various field and row crops around the
28  globe. Furthermore, its usage has expanded to urban and natural areas, pastures, forestry, and
29  aquatics.

30 Generally applied to foliar parts of weeds, glyphosate can enter plants through four potential
31 routes: through the leaves or other green tissues, the roots, the trunk, or shoots emerging from root
32 or the trunk [2]. After entering the plants, it is rapidly translocated to regions of active growth
33  within the plant. The mechanism of action of glyphosate is to block the activity of the enzyme called
34  5-enol-pyruvyl-shikimate-3-phosphate synthase [EPSPS], which catalyzes the sixth step in the
35  shikimic acid pathway [3,4]. By blocking the enzyme, it prevents the biosynthesis of aromatic amino
36  acids viz. phenylalanine, tyrosine, and tryptophan produced through the shikimate pathway [5].
37  Plants treated with glyphosate normally die within a period of 1-3 weeks, and because of its even
38  distribution in the plant, no plant parts can survive [6].

39 Chemically, glyphosate is a phosphonomethyl derivative of the amino acid glycine [7]. It is a
40  white and odorless crystalline solid having one basic amino group and three ionizable acidic sites
41 (Table 1) [8]. Glyphosate is a non-volatile chemical, does not undergo photochemical degradation
42  and is stable in air. Glyphosate has been considered a relatively safe compound in the environment
43 because of its rapid inactivation in soil by adsorption and degradation [9]. However, owing to its
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44  extensive use, concerns and studies on the behavior of glyphosate in plant and the environment are

45  growing.
46 Table 1. Selected physical and chemical properties of glyphosate.
O o)
Chemical structure /|C|: H |:|>|\
Hoo N ¢ \ OH
Ha 12 on
CAS number 1071-83-6

Chemical name N-(phosphonomethyl) glycine

Empirical formula C3HsNOsP

Molecular weight (g mol™?) 169.08

47
48
49
50
51
52
53
54

Water solubility (mg L at 25°C)

10,000 to 15,700 [10]

Octanol-water coeff. (Kow)

-4.6 0 -1.6 [10]

Vapor pressure (mm Hg at 25°C)

4.3 x 10-10 [10]

Freundlich adsorption coeff.( Kads) (L Kg-
1)

0.6 to 303 [11]

Degradation half-life in soil (T1/2) (days)

7-60 [12]

Photolysis half-life (days)

Not substantial

EPA maximum contamination level (ug L-
1)

700 [10]

Especially due to improper application practices and excessive spray, the widespread presence
of glyphosate has been observed in the aquatic and terrestrial environments [13]. In many studies,
glyphosate has been detected in the soil, in the crop products, in the animals that feed the crop
products, in humans, in freshwater and the organisms that live there [14]. Despite favorable
evaluations of weed control efficacy and environmental risks of glyphosate, an increasing number

of more recent observations suggest a relationship between extensive glyphosate application and
adverse non-target effects in agroecosystems [15]. The more significant among these concerns are 1)
Persistence in the environment, 2) effects on crop health, and 3) interaction with crop nutrition (Figure 1).
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Figure 1. Schematic representation of the potential effects of glyphosate in crop production.

55 1. Glyphosate persistence in the environment

56 Applied as foliar spray to control weeds, glyphosate may end up in different soil pools and
57  non-target sites (Figure 2). Wash-off from the foliage or undirected spray drift [16], death and decay
58  of glyphosate-treated plant residues, and exudation from the roots [17] may transport glyphosate to
59 the soil. Glyphosate in soil may reach groundwater, surface water, and several other non-target
60  sites through processes such as leaching, surface runoff, and mass transport. Owing to extensive
61  usage, this chemical may pose chronic and remote hazards to the ecological environment [18]. The
62  major route of degradation of glyphosate from soil is microbial mediated degradation or
63  biodegradation [19].


https://doi.org/10.20944/preprints201909.0301.v1
https://doi.org/10.3390/plants8110499

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2019 d0i:10.20944/preprints201909.0301.v1

40f9
Glyphosate
Application
Glyphosate
in Plant [ 1 Glyphosate
i} Application
Uptake
Exudate, Exudate,
Biomass Biomass
turnover turnover
Glyphosate : .
in Soil A dsorption, Glyp_hosate m Runo =3
Solids Soil Water
ohds Des01PH O me—
Microbial Leaching
degradation
to AMPA and
other
products —
64 l
65 Figure 2. Fate and movement of glyphosate in different pools.
66 Glyphosate degradation is mainly microbial mediated process [20,21], and the pathway has

67  been widely studied in laboratories [22]. It degrades at a relatively rapid rate in most soils, with
68  half-life estimated between 7 to 60 days [12]. Many studies indicate that the presence of glyphosate
69 in the soil can enhance microbial activity [23,24], while some studies have also shown the toxic
70 effects of glyphosate on soil microorganisms [25].

71 The extent and rate of glyphosate biodegradation are influenced by processes such as
72 adsorption and desorption in soil, along with other chemical, physical, and biological factors. Both
73 aerobic and anaerobic conditions favor the degradation of glyphosate, even though anaerobic
74  degradation is generally slower than aerobic [26]. Similarly, soil temperature can also play an
75  important role in determining glyphosate degradation [27]. The rate of mineralization of glyphosate
76  was found to be correlated with the abundance of Pseudomonas spp. in soil by Gimsing et al. [21].
77  They also found that the addition of phosphate in the soil stimulates glyphosate mineralization.
78  Lancaster et al. [28] compared the amount of “CO: production from mineralization of ™“C-
79  glyphosate in single herbicide application versus repeated applications. They found reduced
80  production of “CO: from multiple applications, suggesting that long term herbicide treatment was
81  not favoring acclimation of glyphosate mineralizing microorganisms .

82 Glyphosate appears to be biodegraded co-metabolically [29] since microorganisms are not able
83 to utilize it as a source of carbon [30]. Co-metabolic involvement of microbes in the degradation of
84  this chemical is also denoted by the fact that glyphosate degradation and general microbial activity
85  in the soil are correlated. Another evidence presented for co-metabolic degradation of glyphosate is
86  the absence of lag phase in soil [19], which implies that the degrading enzymes must already be
87  present in the soil before glyphosate application. On the contrary, a few studies have shown that
88 microbes can utilize glyphosate as a substrate for carbon [24, 31], phosphate [30], or nitrogen [23].
89 Degradation or mineralization of glyphosate has been found to have a negative correlation
90  with the soil adsorption capacity for glyphosate [32], possibly because of low bioavailability.
91  Despite being highly water-soluble, glyphosate has limited movement within the soil profile
92  because of strong adsorption to soil particles [33]. Adsorption of glyphosate to soil is determined by
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93  the amount of clay, organic matter, and iron and aluminum oxides present in soil [34,35]. Soil
94  processes such as adsorption/desorption may control the glyphosate degradation rate, as strong
95  adsorption by soil solids such as iron and aluminum oxides may prevent microbial access to the
96  compound [36,37]. There have been several studies on the adsorption characteristics of glyphosate,
97  but only a few have studied the effect of adsorption on glyphosate bioavailability in soil. Sorensen
98 et al. [32] found limited bioavailability of glyphosate in higher depths of sandy soil profile, where
99  high adsorption and low desorption of glyphosate corresponded with negligible mineralization. On
100  the other hand, in a study by Schnurer et al. [38], adsorbed glyphosate was found to be microbially
101  degradable even though the microbial activity was reduced in the presence of the herbicide.
102 Glyphosate degradation by microbial activity has been broadly studied, and bacterial species
103 involved in the degradation have been isolated and characterized [39]. Bacteria are considered to be
104  the main drivers behind its degradation in soil, even though the fungi have also been found to play
105  an important role [40]. Degradation studies of glyphosate as a source of Phosphorus (P) in the pure
106  culture and soil media seem to show differences in the degradation kinetics. Furthermore, the rate
107  of glyphosate degradation also varies when different microorganisms are used [41]. A slow lag
108  phase followed by accelerating phase is observed in the degradation of glyphosate by a pure
109  culture, while no lag phase is seen in the soil [41]. Results from such studies imply that pure culture
110  studies may yield important information on degrading potential of microbes, but the application of
111 such information to in situ conditions requires further investigations.
112 Primarily, there are two pathways of microbial degradation of glyphosate [30]. In one
113 pathway, the intermediate compound formed is aminomethylphosphonic acid (AMPA) and in the
114 other, sarcosine and glycine are formed. However, AMPA is considered to be the most common
115  metabolite of glyphosate degradation since it accounts for more than 90% of the reported
116  metabolites. The enzyme glyphosate oxidoreductase breaks the C-N bond in glyphosate to produce
117  AMPA and glyoxylate [42]. The bacterial enzyme glyphosate oxidoreductase employs flavine
118  adenine dinucleotide (FAD) as a co-factor, which is crucial in the degradation pathways of
119  glyphosate. The FAD is believed to be reduced at the active site by glyphosate. Glyphosate
120  oxidoreductase enzyme is inserted into the plant genomes for making glyphosate-tolerant Roundup
121 Ready® crops [43].

122 2. Glyphosate’s effects on crop health

123 Among several concerns pertaining to unintended effects of glyphosate, its negative effects on
124  non-target plants are of serious concern among the producers. Glyphosate applied to manage
125 weeds can reach the crops through means such as drift, runoff, leaching, and biomass turnover. The
126  subsequent uptake of glyphosate in plants occurs through above- and below-ground plant parts.
127  Accumulation of sub-lethal doses of glyphosate in the crops could negatively impact their
128  development and vigor.

129 Glyphosate blocks the synthesis of essential amino acids, through binding and subsequent
130  inactivation of an enzyme (EPSPS) that is critical in the shikimate pathway [19]. An array of
131  phenolic compounds that play a significant role in plant immunity are derived from the same
132 metabolic pathway. Glyphosate by disrupting the synthesis of such defense compounds in plants
133 predisposes the crops to attack by soil-borne pathogens [44]. Hence, it could be argued that
134  continuous crop exposure to glyphosate may increase plant susceptibility to diseases [15,45].
135  Excessive glyphosate application has been linked to disease development in many crops. For
136  instance, glyphosate applications were found as the main factor in the development of diseases
137  such as Fusarium head blight in agronomic crops [46]. There are documented reports of increased
138  colonization of pathogen in wheat and barley roots correlated with burndown applications of
139  glyphosate before planting [47]. Moreover, the effects of sub-lethal doses of glyphosate on perennial
140  plants sometimes take a year after exposure to appear and continue for two or more years [48].
141  Glyphosate can also predispose plants to diseases indirectly by reducing the overall growth and
142 vigor of the plants, modifying soil microflora that affects the availability of nutrients required for
143  disease resistance and altering the physiological efficiency of plants.
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144 Another potential side effect of glyphosate that needs to be discussed is its effect on the root
145  formation. Bott and coworkers [49] demonstrated glyphosate’s ability to inhibit root elongation,
146  lateral root formation, and root biomass production in soybeans. It was even demonstrated that
147  glyphosate released from the dead weeds could be absorbed through the roots of the growing citrus
148  plants [17]. After entering the plant system, glyphosate is rapidly translocated to young growing
149  tissues of roots where it can accumulate and inhibit the growth [50]. By blocking the production of
150  tryptophan, glyphosate prevents the synthesis of a major growth promoter called indolyl acetic acid
151  (IAA), which can explain the reduction in root growth of plants [15].

152 There are also some concerns on deleterious effects of glyphosate on fruit retention in tree
153 crops such as citrus. Fruit drop in citrus is a natural phenomenon, but an increase in fruit drop has
154  been reported after glyphosate application, especially in late summer and fall with early-season
155  oranges and grapefruits [51,52] with an impact on fruit yield. The reason for this glyphosate-linked
156 drop is far from understood, as it is not even consistent across different seasons. However, it is
157  known that glyphosate enhances ethylene production in plant tissues, and ethylene exposure of
158  mature citrus fruit may result in early abscission and fruit drop. More research is needed to
159  understand the causes of this fruit drop and the exact role of glyphosate in this process.

160 3. Glyphosate's interaction with crop nutrition

161 Glyphosate’s interaction with soil occurs when a foliar spray hits the soil surface or when
162  glyphosate is released from decomposing weed tissue [17]. Glyphosate in the soil will be
163  immobilized by adsorption or binding to the soil colloids and hence persists in the soil. Adsorption
164  characteristics of glyphosate are different from most of other herbicides. Adsorption of glyphosate
165  on the soil is more influenced by the soil minerals rather than organic matter [53]. Glyphosate is a
166  divalent metal cation chelator and has been purported to reduce the uptake and translocation of
167  nutrients in crops. The recent evaluations on the chelating ability of glyphosate highlighted it as a
168  key factor in nutrient deficiencies in crops. These reduced availabilities of nutrients as a result of
169  external (in the soil) or internal (in the plants) interaction of glyphosate with cationic nutrients are
170  observed in production systems that heavily rely on glyphosate for weed management. For
171  instance, Bai et al. [54] and Eker et al. [55] found that glyphosate reduced the uptake and
172 translocation of micronutrients such as Mn and Fe in row crops and orchards. These chelated
173  complex formation of glyphosate with micronutrients hindered their root uptake by the crops.
174  There are many similar studies that link the ability of glyphosate to inhibit the acquisition of
175  micronutrients such as Mn, Fe, Zn and B in plants [56,57,58]. Such interactions of glyphosate with
176  plant nutrition may potentially pose consequences on crop health. For instance, in tree crops like
177 citrus, it is well known that these micronutrients are involved in disease, particularly
178  Huanglongbing (HLB), resistance mechanisms [59,60].

179 The mechanism of binding of glyphosate and phosphate (P) compounds to the soil solids, and
180  adsorption sites have been found to be similar [61]. Thus, the mobility of P in the soil is affected by
181  the presence of glyphosate. The interaction between glyphosate and P in soil was reported shortly
182 after the herbicide was launched into the market [20]. Many of the studies conducted later have
183  verified that P and glyphosate compete for adsorption in the soil and the competition substantially
184  differs in various kinds of soils [54,62,63]. Therefore, the competition between glyphosate and P for
185  adsorption sites in soil seems to be vital and makes a significant impact on mobility and crop
186  availability aspects of P as a crop nutrient.

187 4. Conclusion

188 Glyphosate has often been termed as a “once in a century herbicide” because of its tremendous
189  impact on weed management and crop production industry. However, the extensive use of
190  glyphosate and the environmental risks associated with it warrant awareness among its users about
191 its judicious utilization and also necessitate further intense investigations to mitigate, avoid or
192 remove the problems resulting from its use.


https://doi.org/10.20944/preprints201909.0301.v1
https://doi.org/10.3390/plants8110499

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2019 d0i:10.20944/preprints201909.0301.v1

7 of 9

193 References

194 1. Rodrigues, B. N.; Almeida, F. S. Guide of herbicides. 5th ed.; IAPAR: Londrina, Brazil, 2005.
195 2. Sharma, S. D.; Singh, M. Environmental factors affecting absorption and bio-efficacy of glyphosate in

196 Florida beggarweed (Desmodium tortuosum). Crop Prot. 2001, 20, 511-516.

197 3. Kataoka, H.,; Ryu, S.; Sakiyama, N.; Makita, M. Simple and rapid determination of the herbicides
198 glyphosate and glufosinate in river water, soil and carrot samples by gas chromatography with flame
199 photometric detection. J. Chromatogr. A. 1996, 726, 253-258.

200 4. Forlani, G.; Mangiagalli, A.; Nielsen, E.; Suardi, C. M. Degradation of the phosphonate herbicide
201 glyphosate in soil: Evidence for a possible involvement of unculturable microorganisms. Soil. Biol. Biochem.
202 1999, 31, 991-997.

203 5. Gravena, R; Filho, R. V.; Alves, P. L. C. A,; Mazzafera, P.; Gravena, A. R. Glyphosate has low toxicity to
204 citrus plants growing in the field. Can. J. Plant Sci. 2012, 92, 119-127.

205 6. Chang, S. Y,; Liao, C. Analysis of glyphosate, glufosinate and aminomethylphosphonic acid by capillary
206 electrophoresis with indirect fluorescence detection. J. Chromatogr. A. 2002, 959, 309-315.

207 7. Nandula, V. K. Glyphosate Resistance in Crops and Weeds: History, Development, and Management.
208 New Jersey: John Wiley & Sons. 2010, 1-33.

209 8. Motharasan, M.; Shukor, M.Y.; Yasid, N.A.; Wan Johari, W.L.; Ahmad, S.A. Environmental fate and
210 degradation of glyphosate in soil. Pertanika Journal of Scholarly Research Reviews. 2018, 4(1), 102-116.

211 9. Quinn, J. P,; Peden, J. M. M,; Dick, R. E. Glyphosate tolerance and utilization by the microflora of soils
212 treated with the herbicide. Appl. Microbiol. Biotechnol. 1988, 29, 511-516.

213 10. Battaglin, W. A.; Kolpin, D. W.; Scribner, E. A.; Kuivila, K. M.; Sandstrom, M. W. Glyphosate other
214 herbicides and transformation products in midwestern streams, 2002. J.Am. Water Resour. As. 2005, 41,
215 323-332.

216 11. Vereecken, H. Mobility and leaching of glyphosate: a review. Pest Manag. Sci. 2005, 61, 1139-1151.
217 12. Giesy, ]J. P.; Dobson, S.; Solomon, K. R. Ecotoxicological risk assessment for Roundup herbicide. Rev.

218 Environ. Contam. T. 2000, 167, 35-120.

219 13. Hanke, I.; Wittmer, I.; Bischofberger, S.; Stamm, C.; Singer, H. Relevance of urban glyphosate use for
220 surface water quality. Chemosphere 2010, 81(3), 422-429.

221 14. Perez, G.L.; Vera, M.S.; Miranda, L.A. Effects of herbicide glyphosate and glyphosate-based formula-tions
222 on aquatic ecosystems, in: Kortekamp, A. (Ed.), Herbicides and Environment. InTech. 2011.

223 15. Yamada, T.; Kremer, R. J; Castro, P. R. C; Wood, B. W. Glyphosate interactions with physiology,
224 nutrition, and diseases of plants: Threat to agricultural sustainability? Eur. J. Agron. 2009, 31, 111-113.

225 16. Ellis, ].M.; Griffin, ].L. Soybean (Glycine max) and cotton (Gossypium hirsutum) response to simulated drift
226 of glyphosate and glufosinate. Weed Technol. 2002, 16, 580-586.

227 17. Neumann, G.; Kohls, S.; Landesberg, E.; Stoch-Oliveira Souza, K.; Yamda, T.; Romheld, V. Relevance of
228 glyphosate transfer to non-target plants via the rhizosphere. J. Plant Dis. Prot. 2006, 20, 963-969.

229 18. Wang, S.; Seiwert, B.; Kastner, M.; Miltner, A.; Schaffer, A.; Reemtsma, T.Yang, Q.; Nowak, KM.
230 (Bio)degradation of glyphosate in water sediment microcosms—a stable isotope co-labeling approach.
231 Water Res. 2016, 99, 91-100.

232 19. Franz, J. E; Mao, M. K.; Sikorski, ]J. A. Glyphosate: a unique global herbicide. ACS Monograph 189.
233 Washington, DC, USA, American Chemical Society. 1997, 653.

234 20. Sprankle, P.; Meggitt, W. F.; Penner, D. Adsorption, mobility and microbial degradation of glyphosate in
235 the soil. Weed Sci. 1975, 23, 229-234.

236 21. Gimsing, A. L.; Borggaard, O. K; Jacobsen, O. S.; Aamand, J.; Sorensen, J. Chemical and microbiological
237 soil characteristics controlling glyphosate mineralization in Danish surface soils. Appl. Soil Ecol. 2004, 27,
238 233-242.

239 22. Torstensson, L. Behaviour of glyphosate in soils and its degradation. The Herbicide Glyphosate. (Eds) E.
240 Grossbard, Butterworths, A. D. London, UK. 1985, 450-490.

241 23. Haney, R. L.; Senseman, S. A.; Hons, F. M.; Zuberer, D. A. Effect of glyphosate on soil microbial activity
242 and biomass. Weed Sci. 2000, 48, 89-93.

243 24. Bussey, M. D.; Ratcliff, A. W.; Shestak, C. J.; Powers, R. F. Glyphosate toxicity and the effects of long-term
244 vegetation control on soil microbial communities. Soil Biol. Biochem. 2001, 33, 1777-1789.

245 25. Araujo, A. S. F.; Monteiro, R. T. R.; Abarkeli, R. B. Effect of glyphosate on the microbial activity of two
246 Brazilian soils. Chemosphere 2003, 52, 799-804.


https://doi.org/10.20944/preprints201909.0301.v1
https://doi.org/10.3390/plants8110499

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2019 d0i:10.20944/preprints201909.0301.v1

8of9

247 26. Rueppel, M. L.; Brightwell, B. B.; Schaefer, ]J.; Marvel, ]. Metabolism and degradation of glyphosate in soil

248 and water. J. Agric. Food Chem. 1977, 25, 517-528.

249 27. Stenrod, M.; Eklo, O. M.; Charnay, M-P.; Benoit, B. Effect of freezing and thawing on microbial activity
250 and glyphosate degradation in two Norwegian soils. Pest. Manag. Sci. 2005, 61, 887-898.

251 28. Lancaster, S. H.; Hollister, E. B.; Senseman, S. A.; Gentry, T. J. Effects of repeated glyphosate applications
252 on soil microbial community composition and the mineralization of glyphosate. Pest. Manag. Sci. 2009, 66,
253 59-64.

254 29. Accinelli, C.; Koskinen, W. C.; Seebinger, J. D.; Vicari, A.; Sadowsky, M. ]. Effects of incorporated corn
255 residues on glyphosate mineralization and sorption in soil. J. Agric. Food Chem. 2005, 53, 4110-4117.

256 30. Dick, R. E; Quinn, J. P. Glyphosate degrading isolates from environmental samples: occurrence and
257 pathways of degradation. Appl Microbiol. Biotechnol. 1995, 43, 545-550.

258 31. Haney, R. L.; Senseman, S. A.; Hons, F. M. Effect of Roundup Ultra on microbial activity and biomass from
259 selected soils. J. Environ. Qual. 2002, 31, 730-735.

260 32. Sorensen, S. R.; Schultz, A.; Jacobsen, O. S.; Aamand, ]. Sorption, desorption and mineralisation of the
261 herbicides glyphosate and MCPA in samples from two Danish soil and subsurface profiles. Environ. Pollut.
262 2006, 141, 184-194.

263 33. Zaranyika, M. F.; Nyandoro, M. G. Degradation of glyphosate in the aquatic environment: An enzymatic
264 kinetic model that takes into account microbial degradation of both free and colloidal (or sediment)
265 particle adsorbed glyphosate. J. Agric. Food Chem. 1993, 41, 838-842.

266  34. Glass, R. L. Adsorption of glyphosate by soils and clay minerals. J. Agric. Food Chem. 1987, 35, 497-500.
267 35. Gerritse, R. G.; Beltran, J.; Hernandez, F. Adsorption of atrazine, simazine, and glyphosate in soils of the

268 Gnangara Mound, Western Australia. Aust. J. Soil. Res. 1996, 34, 599-607.

269 36. Scow, K. M.; Hutson, J. Effect of diffusion and sorption on the kinetics of biodegradation: theoretical
270 considerations. Soil Sci. Soc. Am. ]. 1992, 56, 119-127.

271 37. Eberbach, P. Applying non-steady-state compartmental analysis to investigate the simultaneous
272 degradation of soluble and sorbed glyphosate (N-(phosphonomethyl)glycine) in four soils. Pestic. Sci.
273 1998, 52, 229-240.

274 38. Schnurer, Y.; Persson, P.; Nilsson, M.; Nordgren, A.; Giesler, R. Effects of surface sorption on microbial
275 degradation of glyphosate. Environ. Sci. Technol. 2006, 40, 4145-4150.

276 39. Kononova, S. V.; Nesmeyanova, M. A. Phosphonates and their degradation by microorganisms.
277 Biochemistry (Moscow) 2002, 67, 184-195.

278 40. Singh, B. K.; Walker, A. Microbial degradation of organophosphorous compounds. FEMS Microbiol. Rev.
279 2006, 30, 428-471.

280 41. Quinn, J. P.; Peden, J. M. M,; Dick, R. E. Carbon-phosphorus bond cleavage by Gram positive and Gram-
281 negative bacteria. Appl. Microbiol. Biot. 1989, 31, 283-287.

282 42. Liu, C. M.; McLean, P. A.; Sookdeo, C. C.; Cannon, F. C. Degradation of the herbicide glyphosate by
283 members of the family Rhizobiaceae. Appl. Environ. Microbiol. 1991, 57, 1799 1804.

284 43. Barry, G. F.; Kishore, G. M. Glyphosate tolerant plant. United States. US Patent 5,776,760. 1998

285 44. Johal, G. S.; Rahe, ]J. E. Glyphosate, hypersensitivity and phytoalexin accumulation in the incompatible
286 bean anthracnose host-parasite interaction. Physiol. Mol. Plant P. 1988, 32(2), 267 281.

287 45. Lévesque, C. A.; Rahe, ]. E,; Eaves, D. M. Effects of glyphosate on Fusarium spp.: its influence on root

288 colonization of weeds, propagule density in the soil, and crop emergence. Can. . Microbiol. 1987, 33(5),
289 354-360.

290 46. Fernandez, M. R.; Zentner, R. P.; Basnyat, P.; Gehl, D.; Selles, F.; Huber, D. Glyphosate associations with
201 cereal diseases caused by Fusarium spp. in the Canadian Prairies. Eur. ]. Agron. 2009, 31(3), 133-143.

292 47. Fernandez, M. R;; Zentner, R. P.; DePauw, R. M.; Gehl, D.; Stevenson, F. C. Impacts of crop production
293 factors on common root rot of barley in Eastern Saskatchewan. Crop Sci. 2007, 47(4), 1585-1595.

294 48. Rahe, J. E.; Lévesque, C. A, Johal, G. S. Synergistic role of soil fungi in the herbicidal efficacy of
295 glyphosate. In: Hoagland, R.E. (Ed.), Biological Weed Control Using Microbes and Microbial Products as
296 Herbicides. Symposium, April 9-14, 1989. American Chemical Society, Washington, DC. 1990, 260-275.
297 49. Bott, S.; Tesfamariam, T.; Candan, H.; Cakmak, I.; Rémheld, V.; Neumann, G. Glyphosate induced
298 impairment of plant growth and micronutrient status in glyphosate-resistant soybean (Glycine max L.).

299 Plant Soil 2008, 312(1-2), 185.


https://doi.org/10.20944/preprints201909.0301.v1
https://doi.org/10.3390/plants8110499

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2019 d0i:10.20944/preprints201909.0301.v1

90f9

300 50. Feng, P. C.; Pratley, J. E.; Bohn, ]J. A. Resistance to glyphosate in Lolium rigidum. II. Uptake, translocation,

301 and metabolism. Weed Sci. 1999, 412-415.

302  51. Hest, D. Citrus managers strive for top weed control, low fruit drop. Citrus Industry. AgNet Media, Inc.
303 1996, 77(8), 54-57

304 52. Kanissery R.G.; Fernando, A.; Batuman, O. How to handle glyphosate-related fruit drop. Citrus industry.
305 AgNet Media, Inc. 2018.

306 53. Kanissery, R. G.; Welsh, A.; Sims, G. K. Effect of Soil Aeration and Phosphate Addition on the Microbial
307 Bioavailability of Carbon-14-Glyphosate. J. Environ. Qual. 2015, 44(1), 137-144.

308 54. Bai, C.; Reilly, C. C; Wood, B. W. Nickel deficiency disrupts metabolism of ureides, amino acids, and
309 organic acids of young pecan foliage. Plant Physiol. 2006, 140(2), 433-443.

310 55. Eker, S.; Ozturk, L.; Yazici, A.; Erenoglu, B, Romheld, V.; Cakmak, I. Foliar-applied glyphosate
311 substantially reduced uptake and transport of iron and manganese in sunflower (Helianthus annuus L.)
312 plants. J. Agr. Food. Chem. 2006, 54(26), 10019-10025.

313 56. Su, Y. S.; Ozturk, L.; Cakmak, I.; Budak, H. Turfgrass species response exposed to increasing rates of
314 glyphosate application. Eur. J. Agron. 2009, 31(3), 120-125.

315 57. Cakmak, I; Yazici, A.; Tutus, Y.; Ozturk, L. Glyphosate reduced seed and leaf concentrations of calcium,
316 manganese, magnesium, and iron in non-glyphosate resistant soybean. Eur. ]. Agron. 2009, 31(3), 114-119.
317 58. Tesfamariam, T.; Bott, S.; Cakmak, I.; Romheld, V.; Neumann, G. Glyphosate in the rhizosphere —Role of
318 waiting times and different glyphosate binding forms in soils for phytotoxicity to non-target plants. Eur. J.
319 Agron. 2009, 31(3), 126-132.

320 59. Morgan, K. T.; Rouse, R. E.; Ebel, R. C. Foliar Applications of Essential Nutrients on Growth and Yield of
321 ‘“Valencia’Sweet Orange Infected with Huanglongbing. Hort. Science 2016, 51(12), 1482-1493.

322 60. Spann, T. M.; Schumann, A. W. The role of plant nutrients in disease development with emphasis on citrus
323 and huanglongbing. Proc. Fla. State Hort. Soc. 2009, 122, 169-171

324 61. Gimsing, A. L.; Borggaard, O. K. Competitive adsorption and desorption of glyphosate and phosphate on
325 clay silicates and oxides. Clay Miner. 2002, 37(3), 509-515.

326  62. Hance, R.J. Adsorption of glyphosate by soils. Pest Manag. Sci. 1976, 7(4), 363-366.
327 63. Wang, Y.].; Zhou, D. M,; Sun, R. ]. Effects of phosphate on the adsorption of glyphosate on three different
328 types of Chinese soils. J. Environ. Sci-China 2004, 17(5), 711-715.


https://doi.org/10.20944/preprints201909.0301.v1
https://doi.org/10.3390/plants8110499

