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Abstract

Several maize hybrids that present the phosphinothricin acetyltransferase gene (pat) are available in the market. However, these
hybrids have different resistance levels to glufosinate herbicides. The objective of the present work was to evaluate the resistance
of maize hybrids containing the pat gene (as a selection marker) to glufosinate. Field experiments were conducted in two sites in
the 2016/2017 crop season, using a randomized block design with a 2x7 factorial arrangement and four replications. The
treatments consisted of two glufosinate rates (0 and 500 g ha’l) and seven maize hybrids, six containing the pat gene as a selection
marker (Herculexg, Agrisure—TLg, Herculex Yieldgardg, Leptrag, Viptera—3®, and Power—Coreg) and one without the pat gene (VT
PROQ). Two field experiments were conducted in different sites. The analyzed variables were: ammonia accumulation, electron
transport rate (ETR), percentage of injuries, 100-grain weight, and grain yield. The glufosinate-susceptible maize hybrid presented
higher ammonia accumulations, lower ETR, and high percentage of injuries (100%), which caused total loss of grain production.
Considering the evaluated glufosinate-resistant maize hybrids, Viptera-3 and Agrisure-TL presented the highest ammonia
accumulations and percentages of injuries, and lower ETR than the other hybrids. The grain yield of glufosinate-resistant maize
hybrids was not reduced due to the application of the 500 g ha™ of glufosinate. Thus, glufosinate-resistant maize hybrids containing
the pat gene are resistant to the application of 500 g ha™ of glufosinate, and this practice can be recommended for maize crops.

Keywords: pat gene, L-phosphinothricin, ammonium accumulation, electron transport rate, Zea mays L.
Abbreviations: ETR_electron transport rate; GS_glutamine synthase; PAT_phosphinothricin acetyltransferase enzyme; pat_

phosphinothricin acetyltransferase gene.

Introduction

The glufosinate herbicide is derived from a phosphinothricin, (CTNbio 2018). Two events containing the pat gene as a
which is isolated from the Streptomyces viridochromogenes selection marker were launched in Brazil (Bt11 and TC1507),
and Streptomyces hygroscopicus fungi (Dayan et al., 2009; which present differences in the construction of the plasmid.
Dayan and Duke, 2014). It is a nonselective post-emergence The plasmids used were: pZ01502 in Bt11l, and PHI899A in
herbicide of broad spectrum of weed control that inhibits TC1507 (CTNbio 2018). This difference in plasmid
the glutamine synthetase (GS) enzyme (EC 6.3.1.2). GS construction can lead to changes in expression and site of
promotes ammonia detoxification, and production of the gene insertion in the plants (Cui et al., 2016) and,
glutamine amino acid from ammonia and glutamate (Barnett consequently, it can generate different levels of resistance
et al,, 2012). After glufosinate application and GS inhibition, to the glufosinate herbicide (Carbonari et al., 2016). In Brazil,
susceptible plants present glutamine deficiency, rapid maize hybrids with the pat gene (resistant to glufosinate)
ammonia and glyoxylate accumulation, disruption of from the Btll and TC1507 events are marketed to maize
chloroplast structures, decreases in electron transport rate producers. Glufosinate application in these hybrids can
(ETR), and changes in fluorescence emission (Dayan et al., present good weed control results, but it is not
2015; Carbonari et al., 2016; Devine et al., 1993; Coetzer and recommended by companies that market these materials.
Al-Khatib, 2001). Resistance of maize hybrids to glufosinate However, there is little information about the Btl1l and
can be achieved through the insertion of the TC1507 events. Glufosinate applications at 500 g ha™ in
phosphinothricin  acetyltransferase (pat) gene from Power-Core® maize (TC1507 event) have shown no effect on
Streptomyces viridochromogenes. When this gene s grain yield and physiological parameters (Krenchinski et al.,
transcribed in the plant, it produces the PAT enzyme, which 2018a; Silva et al., 2017). Glufosinate-resistant maize hybrids
metabolizes the glufosinate herbicide in n-acetyl-L- present different resistance levels (Krenchinski et al.,
glufosinate (NAG) (Droge et al., 1994). The pat gene was 2018b), making it difficult to recommend the use of
inserted in maize plants as a selection marker and presented glufosinate. Cotton plants with the Liberty Link~ technology
expression of genes associated with resistance to insects had greater expression of the phosphinothricin
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acetyltransferase (bar) gene than plants with the
WideStrike” technology (pat gene) (Carbonari et al., 2016).
Thus, Liberty Link plants, which were developed for
resistance to glufosinate, are more resistant than
WideStrike” plants, which were developed to use the pat
gene as a selection marker (Carbonari et al., 2016). The use
of glufosinate herbicide on maize to control glyphosate-
resistant weeds are increasing; however, little information is
found about the possible glufosinate damages on maize
plants that present the pat gene as a selection marker. Thus,
studies are needed to make the recommendation of this
herbicide clear and feasible and to provide information on
ammonia accumulation, physiology, and grain yield of maize
plants from different hybrids. In this context, the objective
of the present work was to evaluate the resistance of maize
hybrids containing the pat gene to the glufosinate herbicide.

Ammonia Content in maize hybrids

After the glufosinate application, the glufosinate-susceptible
maize hybrid had 17-fold to 40-fold higher ammonia
accumulation than the control without application, differing
from the glufosinate-resistant maize hybrids at 2, 4, and 15
days after application (DAA). Considering the glufosinate-
resistant maize hybrids, Viptera-3 and Agrisure-TL presented
4-fold to 5-fold higher ammonia accumulations than the
Power-Core and Leptra hybrids at 2 DAA, and 2-fold to 3-fold
higher ammonia accumulations at 4 DAA. All evaluated
glufosinate-resistant maize hybrids had similar ammonia
accumulation at 15 DAA (Fig 2), denoting that accumulation
of ammonia may occur in maize plants even with the
presence of the pat gene (Krenchinski et al., 2018b).The
glufosinate application increased ammonia accumulation of
glufosinate-resistant maize plants (Fig 2) due to the
permanent binding of glufosinate to the glutamine
synthetase (GS) enzyme (Dayan et al., 2015; Sellers et al.,
2004; Coetzer and Al-Khatib, 2001). Glufosinate application
on non-transgenic species also results in intense
accumulation of ammonia, as observed in Ipomoea
grandifolia (Brito et al., 2017a), Commelina benghalensis
(Brito et al., 2017b), Bidens pilosa (Brito et al., 2016),
Chenopodium album, Solanum nigrum, Tripleurospermum
inodorum, Echinochloa crus-galli (Manderscheid et al.,
2005); Abutilon theophrasti (Sellers et al., 2004),
Amaranthus palmeri (Coetzer and Al-Khatib, 2001), maize
(Pornprom, et al. 2003), and eucalyptus (Krenchinski et al.,
2018c). The decrease in ammonia levels in glufosinate-
resistant maize hybrids between 2 DAA and 4 DAA is due to
the rapid degradation of glufosinate into NAG by the PAT
enzyme, which does not bind to GS and is not toxic to plants
(Krenchinski et al., 2018b; Carbonari et al., 2016; Ruhland et
al., 2004; Droge et al., 1994). Maize, Cotton, rice, tobacco,
and sugar beet plants containing the pat or bar genes also
present ammonia accumulation after glufosinate application
at rates of approximately 500 g ha’l, but with lower
accumulation than their controls without these genes
(Krenchinski et al., 2018b; Carbonari et al., 2016; Lutz et al.,
2011; Tsai et al., 2006; Droge et al., 1994).

Electron transport rate (ETR) in maize hybrids

The ETR of the Viptera-3 and Agrisure-TL hybrids decreased
at six hours after application (40%-45%) and at 1 DAA (12%)
when compared to the other hybrids with the pat gene.
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However, the ETR was normalized (approximately 100%)
from 2 DAA. The ETR of the other evaluated glufosinate-
resistant maize hybrids was not affected by the application
of 500 g ha™ of glufosinate. The glufosinate-susceptible
maize hybrid had decreases in ETR throughout the evaluated
period, reaching values close to zero at 8 DAA (Fig 3).

ETR evaluations can estimate damages in plants after
glufosinate application. Glufosinate application decreases
ETR, especially in glufosinate-susceptible maize hybrid, due
to GS inhibition, ammonia accumulation, chloroplast
disruption, and inhibition of protein synthesis, especially Qb,
which is directly involved with the transport of electrons in
the plant (Tan et al., 2006; Dayan and Zaccaro, 2012; Devine
et al.,, 1993; Kleczkowski, 1993; Sauer et al., 1987). Plants
with containing the pat gene are less affected by the
inhibitory effects of glufosinate (Krenchinski et al., 2018b;
Carbonari et al., 2016; Ruhland et al., 2004; Droge et al.,
1994), especially the effects on the ETR. Effects on ERT
decreased at 6 hours after application and at 1 DAA in the
Viptera-3 and Agrisure-TL hybrids, with rapid recovery to
similar levels to the control without application. Decreases in
ETR were also observed in cotton plants containing the bar
and pat genes (Carbonari et al., 2016), in soybean plants
with the pat gene (Reddy et al., 2011), and in glufosinate-
resistant maize hybrids (Krenchinski et al., 2018b), compared
to their respective non-transgenic plants.

Injuries in maize hybrids

The application of 500 g ha' of glufosinate in glufosinate-
resistant maize hybrids caused slight injuries to the plants,
regardless of the evaluation period. Viptera-3 and Agrisure-
TL hybrids had the highest percentages of injuries (10% and
12 %, respectively). The percentage of injuries of the control
plants of the glufosinate-susceptible maize hybrid was high
at all evaluation times; these plants presented injuries of
100% (death) at 21 DAA (Fig 4). The percentage of injuries of
Viptera-3 and Agrisure-TL were consistent with their
ammonia accumulation (Fig 2) and ETR (Fig 3). Injuries of 4%
to 6% had already been found in glufosinate-resistant maize
hybrids subjected to application of 500 g ha™ of glufosinate
(Krenchinski et al., 2018a, 2018b; Silva et al., 2017); and
injury of 1% was found with application of 350 g ha™ of
glufosinate (Armel et al., 2008). The glufosinate-susceptible
maize hybrid evaluated in the present study had significant
decreases in ETR (Fig 3) and increases in ammonia
accumulation (Fig 2), which resulted in severe injuries and,
consequently, death of the plants. The different ammonia
accumulation, ETR, and percentage of injuries found in the
glufosinate-resistant maize hybrids (Fig 2, 3, and 4) denote
the different resistance levels to glufosinate of these
hybrids. According to the results of the evaluated
glufosinate-resistant maize hybrids, Viptera-3 and Agrisure-
TL can be classified as less resistant to glufosinate, and
Leptra and Power-Core can be classified as the most
resistant. The Viptera-3 and Agrisure-TL hybrids are from the
Bt1l event, which included the pat gene using the pZ01502
plasmid; and the Leptra and Power-Core are from the
TC1507 event, which included the pat gene using the
PHI899A plasmid. Thus, the plasmid possibly interferes in
the expression of the pat gene, which resulted in less
glufosinate metabolism and more evident effects of
glufosinate in the Viptera-3 and Agrisure-TL plants
(Krenchinski et al., 2018b; CTNbio, 2018; Cui et al., 2016).
This result was also found for cotton hybrids.



Table 1. Soil chemical and physical properties of the experimental areas (Botucatu and Sdo Manuel), SP, Brazil.

Chemical properties

Experimental pH oM Presin Al K Ca Mg SB CEC BS
area CaCl, g dm? mg dm’ mmol, dm™
Botucatu 5.1 21 21.6 1 4.3 30 13 48 98 59
Sao Manuel 4.9 5 27 1 3.4 15 6 25 37 50
Physical properties
Experimental Sand Silt Cla
P T y Texture
area g kg
Botucatu 195 278 527 Clayey
Sao Manuel 844 39 117 Sandy
OM = organic matter; SB = sum of bases; CEC = cation exchange capacity; BS = base saturation
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Fig 1. Precipitation and average minimum and maximum temperatures in the 2016/2017 maize crop season in Botucatu, SP, Brazil
(A) and in Sdo Manuel, SP, Brazil (B). Source: Botucatu and Sdo Manuel experimental farms of the Sdo Paulo State University
(UNESP), School of Agriculture, Brazil.
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Fig 2. Ammonia accumulation in plants of seven maize hybrids in relation to the control (without glufosinate application) evaluated
at 2, 4, and 15 days after application of 500 g ha™ of glufosinate. pat = phosphinothricin acetyltransferase gene. Bars with the same

letters (comparing evaluation times or maize hybrids) did not differ by the t test (LSD) (p<0.05). Mean * confidence interval.

1097


https://www.google.com.br/search?q=Phosphinothricin+Acetyltransferase&spell=1&sa=X&ved=0ahUKEwidrLus5bPeAhWGHZAKHQSYClsQkeECCCsoAA

120 1

100 i e
. Without pat
m Viptera
E 60 Herculex
: Agrisure TL
Herculex Yieldgard
40 poer
Power Core
20 -
iy i ...........................
.......... i
0 ' I l I
0 2 : j :

Days after application

Fig 3. Electron transport rate (%) in plants of seven maize hybrids with application of 500 g ha™ of glufosinate in relation to the
control (without glufosinate application) evaluated at 0 and 6 hours after application and at 1, 2, 3, 5, and 8 days after application.
pat = phosphinothricin acetyltransferase gene. Mean * confidence interval.
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Fig 4. Percentage of injuries in plants of seven maize hybrids subjected to application of 500 g ha™ of glufosinate in relation to the
control (without glufosinate application) evaluated at 7, 14, and 21 days after application. pat = phosphinothricin acetyltransferase
gene. Bars with the same letters (comparing evaluation times or maize hybrids) did not differ by the t test (LSD) (p<0.05). Mean *
confidence interval.
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Fig 5. 100-grain weight (g) of plants of seven maize hybrids grown without and with application of glufosinate (500 g ha’l). pat =
phosphinothricin acetyltransferase gene. Bars with the same lowercase letters (comparing maize hybrids) or uppercase letters
(comparing rates of glufosinate within each maize hybrid) did not differ by the t test (LSD) (p<0.05). Mean + confidence interval.
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Fig 6. Grain yield (kg ha'l) of plants of seven maize hybrids grown without and with application of glufosinate (500 g ha'l). pat =
phosphinothricin acetyltransferase gene. Bars with the same lowercase letters (comparing maize hybrids), or uppercase letters
(comparing rates of glufosinate within each technology) did not differ by the t test (LSD) (p<0.05). Mean * confidence interval.

The LibertyLink® technology (bar gene) presented greater
gene expression than the WideStrike” technology (pat gene)
and, consequently, the LibertyLink® technology presented
greater resistance to glufosinate (Carbonari et al., 2016).

Yield parameters in maize hybrids

The 100-grain weight and grain yield of the evaluated
glufosinate-resistant maize plants subjected to application of
500 g ha™ of glufosinate and of their control plants without
glufosinate application presented no significant differences.
Only the glufosinate-susceptible maize plants had significant
differences in 100-grain weight and grain yield due to the
glufosinate application, since the treatment with glufosinate
application resulted in total death of these plants. The
Viptera-3, Leptra, and Power-Core hybrids had the highest
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100-grain weight and grain vyield, regardless of the
glufosinate application (Fig 5 and 6). Other studies also
found no grain vyield reductions for the Power-Core
technology after applying 500 g ha™ (Krenchinski et al.,
2018a; Silva et al., 2017). Maize plants have high recovery
potential from damages caused by herbicides, avoiding
decreases in grain yield even when they have high
percentages of injuries (Krenchinski et al., 2018a, Albrecht et
al., 2017; Silva et al., 2017), which favors weed management
in these crops.

Plants from the Viptera-3 and Agrisure-TL hybrids had
reductions in ETR (Fig 3) and higher ammonia accumulation
and percentage of injuries (Fig 2 and 4) than the other
evaluated glufosinate-resistant maize hybrids; however,
these damages caused no reductions in grain yield and 100-
grain weight (Fig 5 and 6). Therefore, maize hybrids from the
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Bt1ll and TC1507 events, which present the pat gene as a
selection marker, are resistant to application of glufosinate
herbicide at rate of 500 g ha.

Place of the experiments

Two field experiments were conducted in different sites in
the 2016/2017 crop season. The experiments were carried
out in Botucatu, SP, Brazil (22°50'38.7"S 48°25'29.2"'W) and
Sdo Manuel, SP, Brazil (22°46’21.6”S 48°34'07.9”W), at
experimental farms of the Sdo Paulo State University
(UNESP). The soil physical and chemical properties of each
area are presented in Table 1. Before sowing, a liming was
carried out to raise the base saturation to 60%, followed by
a harrowing. The soil of both sites was fertilized with 300 kg
ha™ of the NPK formulation 08-28-16.

Plant materials and treatments

The experiments were conducted using a randomized block
design with a 2x7 double factorial arrangement (with and
without application of glufosinate x maize hybrids) and four
replications. The treatments consisted of applications of
water (control treatment) and glufosinate (Finale@ at 500 g ai
ha'l), using seven maize hybrids: six containing the pat gene
as a selection marker (Herculex®, Agrisure-TL®, Herculex
Yieldgard®, Leptra®, Viptera-3®, Power-Core®); and one
without pat (VT PRO®), which was used as control. The maize
hybrids were seeded with density of 60,000 ha seeds and
space between rows of 0.85 meters, in both experimental
sites. The seeds were treated with pyraclostrobin and
fipronil (Standak Top®; 200 ml per 100 kg of seeds). Pest and
disease controls were not necessary during the crop cycle;
the plots were kept free of weeds throughout the crop cycle.
The herbicide treatments were applied during the V4
phenological stage of maize plants, using a CO,-pressurized
backpack sprayer equipped with 6 nozzles with flat jet tips
(XR 110.02; Teejet®, Wheaton, USA) spaced 50 cm apart, and
set to a constant pressure of 2 BAR (29 PSI), flow rate of 0.65
L min* (200 L ha'l), height of 50 cm from the target, and
speed of 1 m st The temperature, relative humidity, and
wind speed during the herbicide applications were,
respectively, 24 2C, 66%, and 1.01 km h? (Botucatu) and 28
°C, 59%, and 1.23 km ht (Sdo Manuel). The average,
maximum, and minimum temperatures, and precipitation
during the experiments are described in Fig 1.

Traits measured

The percentage of injuries caused by the glufosinate
herbicide were evaluated visually at 7, 14, and 21 days after
application (DAA), using percentages from 0% to 100%,
where 0% corresponds to no injuries in the plants, and 100%
corresponds to the total death of the plants. Electron
transport rate (ETR) was evaluated at 0 and 6 hours after
application and also at 1, 2, 3, 5, and 8 DAA, using a portable
fluorometer (Multi-Mode Chlorophyll Fluorometer OS5p;
Opti Sciences, Hudson, USA); the readings were performed
at six points of the youngest fully expanded leaf of each plot.
The ETR data of each maize technology were expressed as
percentage in relation to the control without application of
glufosinate.
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Leaves of the plants were taken at 2, 4, and 15 DAA for
ammonia extraction. They were cut by the stem, placed in
300-mL labeled tubes, and weighed. The tubes containing
the leaves were filled with acidified water by hydrochloric
acid (pH 3.5), again weighed and, thein, kept in an
ultrasound bath for 60 minutes. The absorbance was
determined and the ammonia content in the solution were
measured by spectrophotometry, according to methods
described by Wendler et al., (1990) and Dayan et al., (2015),
using a visible UV double-beam spectrophotometer (Cintra
40, GBC Scientific Equipment Ltd., Braeside, Australia) with
wavelength of 630 nm.

Maize ears from the four central meters of the two central
rows of each plot were harvested to evaluated grain yield
and 100-grain weight. The ears were threshed in an
experimental thresher, and samples of grains were cleaned
in sieves and placed in paper bags. The grain yield of the
plots was used to estimate the grain yield in hectares for
each plot. The 100-grain weight was determined by weighing
eight subsamples of 100 grains of each plot. Grain yield and
100-grain weight were calculated considering a grain
moisture of 13% in wet basis.

Statistical analysis

The data of each experiment were subjected to analysis of
variance and, when the F values were significant (p<0.05),
the means were subjected to the T test (LSD) (p<0.05). Joint
analysis of the data of the experiments was also performed.
The programs used were Sisvar (version 5.6) and Sigma
plot® (version 12). The confidence interval (mean #+
confidence interval) was calculated for all evaluated
parameters, using the following equation: C/ = (t x SD) / vn,
where Cl is the confidence interval; t is the tabulated t value
at 5% probability level; SD is the standard deviation; and vn
is the square root of the number of replications.
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g ha™ of glufosinate herbicide, and this practice can be
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