
sustainability

Article

Effect of New Pre-Emergence Herbicides on Quality and Yield
of Potato and Its Associated Weeds

Ibrahim S. Abdallah 1 , Mohamed A. M. Atia 2,* , Amira K. Nasrallah 3 , Hossam S. El-Beltagi 4,5 ,
Farida F. Kabil 6 , Mohamed M. El-Mogy 6 and Emad A. Abdeldaym 6,*

����������
�������

Citation: Abdallah, I.S.; Atia,

M.A.M.; Nasrallah, A.K.; El-Beltagi,

H.S.; Kabil, F.F.; El-Mogy, M.M.;

Abdeldaym, E.A. Effect of New

Pre-Emergence Herbicides on Quality

and Yield of Potato and Its Associated

Weeds. Sustainability 2021, 13, 9796.

https://doi.org/10.3390/su13179796

Academic Editor: Silvia Panozzo

Received: 19 July 2021

Accepted: 23 August 2021

Published: 31 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pesticides, Faculty of Agriculture, Cairo University, Giza 12613, Egypt;
isabdallah@agr.cu.edu.eg

2 Molecular Genetics and Genome Mapping Laboratory, Genome Mapping Department, Agricultural Genetic
Engineering Research Institute (AGERI), Agricultural Research Center (ARC), Giza 12619, Egypt

3 Department of Botany and Microbiology, Faculty of Science, Cairo University, Giza 12613, Egypt;
anasrallah@sci.cu.edu.eg

4 Agricultural Biotechnology Department, College of Agriculture and Food Sciences, King Faisal University,
Al-Ahsa 31982, Saudi Arabia; helbeltagi@kfu.edu.sa

5 Biochemistry Department, Faculty of Agriculture, Cairo University, Giza 12613, Egypt
6 Vegetable Crops Department, Faculty of Agriculture, Cairo University, Giza 12613, Egypt;

faridakabil@hotmail.com (F.F.K.); elmogy@agr.cu.edu.eg (M.M.E.-M.)
* Correspondence: matia@ageri.sci.eg (M.A.M.A.); emad.abdeldaym@agr.cu.edu.eg (E.A.A.);

Tel.: +20-100-0164922 (M.A.M.A.); +20-101-5700774 (E.A.A.)

Abstract: Potato is an economically important vegetable crop in Egypt. Weed infestation, especially
broad-leafed, during the vegetative growth stage substantially affects both crop yield and tuber
quality. In the current study, the impact of new ready-mix pre-emergent herbicides on broadleaf
weeds, tuber yield, and quality was evaluated. The two-year field experiment comprised the follow-
ing treatments: (1) Un-weeded control, (2) Hand hoeing, (3) Sencor, (4) Ecopart, (5) Zeus, (6) Kroki,
and (7) Flomex. The results showed that weed control treatments significantly reduced the weed
density compared to un-weeded control and the herbicides efficacy reached over 90%. The herbicidal
treatments also significantly increased the activity of antioxidant enzymes peroxidases (POX) and
catalase (CAT) and improved the non-enzymatic antioxidant (carotenoids) compared to un-weeded
control. Conversely, the higher content of malondialdehyde (MDA) in potato leaves was obtained
for un-weeded control. Moreover, weed control treatments caused significant enhancement in plant
growth parameters, yield, and its components in addition to tuber quality of potato. Compared to
the un-weeded control, maximum tuber yield was observed in Flomex followed by Ecopart, Kroki,
Zeus, and Sencor, respectively. The higher number of tubers and total yield were recorded in plants
treated with Flomex plus compared to all the other treatments. Higher content of total soluble sugar,
total soluble protein, and total starch content was observed in weed control treatments compared
with un-weeded control. Based on Pearson’s correlation and heatmap analysis, the changes in
agro-physiological parameters data are linked to the herbicidal treatments. The results indicate
that the applied herbicides could be alternative products for Sencor and an option for controlling
broadleaved weeds. However, further studies are needed to ensure their efficacy and safety under
other conditions.

Keywords: broadleaved weeds; weed management; Solanum tuberosum; agro-physiological traits;
tuber quality; herbicides

1. Introduction

Potato (Solanum tuberosum L.) is the world’s leading vegetable crop and is grown in
79% of the world’s countries [1]. According to FAO statistics, the world production of
potatoes reached 400 million tons, which were harvested from 19.25 million ha, in 2019 [2].
Potato is the fourth most important crop after rice, wheat, and maize in global production
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volume and contributing to the world food needs. In Egypt, potato is one of the main
crops and the second most important vegetable crops after tomato in economic value [3,4].
However, potato is susceptible to weed infestation that emerges earlier than the crop and
leads to heavy losses in yield. Thus, the occurrence of weeds in potato fields represents
a major constraint for potato cultivation [5]. Weed competition in potatoes can reduce
yield and potato tuber quality as well [5,6]. If annual weeds are left uncontrolled, the tuber
yield losses can reach up to 86.0%, depending on the severity of infestation [5]. Weeds also
interfere with harvest, causing more potatoes to be left in the field and increasing tuber
injury. Additionally, weeds may serve as a harbor for insects, nematodes, and diseases of
potatoes [7,8]. Thus, controlling weeds, mostly broadleaves, is an essential element and
major component of successful potato production. Mechanical and cultural weed control
means are showed to be less effective and costly in addition to the current scarcity of hand
labor [9].

Furthermore, cultivation performed at three and five weeks after potato emergence
injured roots and reduced yield [10]. Consequently, herbicides are presently most favored
by farmers as they offer efficient, cost-effective, and reliable weed control methods com-
pared to other measures [9]. Although the efficacy of herbicides against weeds has been
primarily studied, there are not enough reports available on their effects on the potato
growth and quality of tubers [11,12]. Potato quality and tuber chemical constituents con-
tent mainly total sugars, starch, and proteins, were shown to be altered after herbicide
application [13,14].

Metribuzin is the most commonly used pre-emergence selective herbicide for nu-
merous years, mainly for annual broadleaf weed control in potatoes, since there are no
registered foliar post-emergence herbicides for broadleaf weeds. However, due to over-
reliance on metribuzin as a single herbicide with the same mode of action, some farmers are
complaining that metribuzin no longer provides satisfactory weed control in certain areas
throughout the crop season. Moreover, negative effects may occur on new certain potato
cultivars after the application of metribuzin [15]. Poor efficiency of metribuzin could be
attributed to shifting of weed flora and placing selection pressure on weed populations; this
could eventually select for resistant weeds, which pose a threat to the sustainability of weed
control and potato farming. Failure to control weeds would result in escalating the cost
and time for weed management in potato cultivation. For sustainable weed management
to be achieved, a change to the current herbicide use patterns is needed through herbicide
use diversification [16]. Besides, the most sustainable approaches in weed control are based
on integrating herbicides with mechanical and cultural practices to maintain weed control
efficiency, yield production, and conserve the environment [17,18].

In this regard, herbicide premixes or ready-mixes broaden the spectrum of weed
species controlled, as they often include more than one mode of action and, thereby, can
be an efficient tool for controlling diverse weeds in a single growing season. Ready-mix
herbicides in sugar cane were shown to be more effective against weeds than the single
application [19]. The synergistic effect of these pre-packaged herbicides would also help
to delay the imminent resistance risk and shift in weed population, which is a problem
linked to the dependence on a single herbicide [19,20]. Herbicide combinations also as
pre-packaged commercial formulations helped to tackle herbicide-resistant Phalaris minor
in wheat fields [21]. Therefore, there is a need to prolong and sustain the efficacy of current
herbicides. In Egypt, farmers mostly favor using pre-emergence herbicides for broadleaf
weeds in potatoes, which may be because of their easiness in application and effectiveness
starting at the early growth stages of the crop where competitive ability with weeds is
lower. Therefore, the aim of this study was to (1) assess the efficacy of three new selective
pre-emergence premix herbicides (under evaluation) under the commercial trade names
Zeus, Kroki, and Flomex against broadleaf weeds, and these new herbicides contain two or
more herbicides with different modes of action; (2) evaluate the effect of these herbicides on
potato growth, yield, and quality attributes; and (3) determine the efficiency of pyraflufen
ethyl as a newly registered herbicide in potatoes in addition to metribuzin.



Sustainability 2021, 13, 9796 3 of 17

2. Materials and Methods
2.1. Experimental Layout

Two field experiments were conducted at the Experimental Research Station, Giza,
Egypt, during the winter seasons in 2019–2020 and 2020–2021. The soil of the experimental
field was loamy clay in texture and slightly alkaline in reaction (pH 7.5). Potato seeds
(cv. Bern) were cut (3–4 pieces) and left for 20 days until sprouting (about 1 cm) in a
ventilated storage room. The potato seeds were planted at 25 cm between seeds and
0.5 cm between the rows. Seeds were irrigated after 28 days from planting and continuing
through the experiment at 21 day-intervals. Potato plants were subjected to 660, 325.5, and
352.5 Kg·ha−1 for N, P2O5, and K2O, respectively. Flood irrigation was applied uniformly
throughout the study. The experiment plots were arranged in a randomized complete block
design with four replications. Seven treatments were included for annual broadleaved
weed control as follows: untreated control (un-weeded served as a control), hand hoeing,
metribuzin, pyraflufen ethyl, three ready premix herbicides of (MCPA 32% + flumetsulam
1%), (clomazone 11% + fomesafen 5.5% + quizalofop ethyl 1.5%), and (flufenacet 6% +
pendimethalin 30%).

The description of the tested herbicides is summarized in Table 1. All herbicides
were applied pre-emergence two weeks after potato planting and before emergence. The
application of the herbicides was based on the recommended rate as specified by the
manufacturer. Herbicides sprayed with operated knapsack sprayer fitted with flat fan
nozzle using spray volume of 500 L ha−1. Herbicides were used, without any surfactant
or additive. Water was applied for the untreated control in the same manner used for
the other treatments. Potato protection against other diseases and insects was applied
according to standard recommendations.

Table 1. The tested herbicides used in the experiment.

Common Name Trade Name Recommended Rate
(g ai ha−1) Manufacturer

Metribuzin Sencor 70% WG 504 Bayer CropScience
Pyraflufen ethyl Ecopart 2% SC 12 Shoura Chemicals

MCPA 32% + Flumetsulam 1% Zeus 33% SL 633.6 StarChem
Clomazone 11% + Fomesafen 5.5% +

Quizalofop ethyl 1.5% Kroki 18% EC 428.5 StarChem

Flufenacet 60% + pendimethalin 30% Flomex 36% EC 1285.7 Mac

SL = Soluble Concentrate, WG = Water Dispersible Granules, SC = Suspension Concentrate, EC = Emulsifiable Concentrate.

The potato tubers were harvested four months after seed cultivation. Data on weed
efficacy were collected after one month from herbicide application and plant growth
parameters were taken 60 days after potato seed cultivation, while those for tuber yield
and quality was recorded at harvesting time, after 120 days (Figure 1).

2.1.1. Weed Control Efficacy

The dominant broadleaf weed species associated with potato in the experimental field
were identified, and the corresponding infestation ratio is shown in Table 2.

Table 2. Dominant weed species found in the potato field in the experiment.

English Name Scientific Name Weed Density%

Lambsquarter Chenopodium album 10.71
London rocket Sisymbrium irio 32.14

Crowfoot Coronopus sp. 10.72
Chicory Cichorium pamilum 7.14

Little mallow Malva parviflora 32.15
Sowthistle Sonchus oleraceus 7.14
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Figure 1. Scheme of the experimental layout. Horizontal lines characterize different weed control treatments. Herbicidal 
treatments were applied before potato tuber transplanting at seven days. Samples of weed were collected after 30 days 
from tuber transplanting, and tuber samples were collected at the end of the season (after 120 days). 
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Figure 1. Scheme of the experimental layout. Horizontal lines characterize different weed control treatments. Herbicidal
treatments were applied before potato tuber transplanting at seven days. Samples of weed were collected after 30 days from
tuber transplanting, and tuber samples were collected at the end of the season (after 120 days).

Data on aboveground weed fresh weight per 1 m2 was taken randomly four weeks
after herbicide application. The herbicide efficacy was calculated based on fresh weight,
using the following formula by Yadav et al. [6].

Weed control (%) =

(
WFWC − WFWT

WFWC

)
× 100 (1)

where WFWC = weed fresh weight in the un-weeded control; WFWT = weed fresh weight
in treatment.

2.1.2. Growth Parameter and Yield Components

Plant samples from each treatment were selected randomly for recording the leaf
greening index (SPAD, 502 Minolta Co, Osaka, Japan), plant height, fresh and dry weight
of shoots, and the number of stems. The total yield of each treatment and the number of
tubers per plant, the mean of tuber length, diameter, and weight were also determined.

2.1.3. LEAF Photosynthetic Pigments

Chlorophyll a, chlorophyll b, carotenoids, and total chlorophyll contents in fresh leaves
were quantified following the method of Lichtenthaler et al. [22]. Leaf samples (500 mg)
were ground in 80% acetone, then centrifuged at 1000× g for 10 min at 4 ◦C and the extracts
were analyzed to record the absorbance of the supernatant at 647, 663, and 470 nm using a
96-well plate (Infinite 200PRO Nano Quant). The values of photosynthetic pigments were
expressed in mg g−1 FW.

2.1.4. Leaf Malondialdehyde Content (MDA)

Fifty mg of a fresh leaf was homogenized in 0.5 mL of 0.1% (w/v) trichloroacetic acid
(TCA). The homogenate was filtered and incubated with 0.5% (v/v) thiobarbituric acid
(TBA) in 20% TCA at 95 ◦C. The absorbance was read at 440, 532, and 600 nm using a
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microplate reader (Infinite 200 PRO, Tecan Group Ltd., Männedorf, Switzerland). MDA
content was expressed as nmol·g−1 FW [23].

2.1.5. Leaf Proline Content

Free proline content was estimated according to Shabnam et al. [24]. Briefly, 50 mg of
dry leaves were homogenized in 1.5 mL of 3% (v/v) sulfosalicylic acid solution. Then, the
homogenate was filtrated and mixed with a 1.25% (w/v) ninhydrin reagent. Finally, leaf
content (mg proline g−1 DW) was calculated using pure proline as a standard based on
the absorbance at 508 nm using a microplate reader (Infinite 200 PRO, Tecan Group Ltd.,
Männedorf, Switzerland).

2.1.6. Leaf Membrane Stability Index (MSI)

Membrane stability indices (MSI) of leaves were estimated using the method stated by
Rady [25]; briefly, a 200 mg sample of fresh leaf tissue was placed in a test tube containing
10 mL of double-distilled water heated at 40 ◦C in a water bath for 30 min. First, the
electrical conductivity (C1) of the solution was recorded using a conductivity bridge. Then,
the second sample was boiled at 100 ◦C for 10 min, and the conductivity was also measured
(C2). The MSI of potato leaves was calculated by following formula.

MSI (%) =

(
1 − C1

C2

)
× 100 (2)

2.1.7. Activities of leaf Antioxidant Enzymes

A 50 mg of fresh leaves was powdered in liquid nitrogen and homogenized in 0.5 mL
potassium phosphate buffer (50 mM, pH 7.0) containing 2% (w/v) PVP and 0.1 mM EDTA.
Homogenates were centrifuged at 15,000× g for 30 min at 4 ◦C and the supernatants were
used to determine peroxidase activities (POX, EC 1.11.1.7). The catalase activity (CAT, EC:
1.11.1.6) was determined using the methods described by Aebi [26].

2.1.8. Chemical Composition of Tubers
Tuber Total Soluble Sugar Content

The total soluble sugar content of 50 mg of tuber was extracted in 1.5 mL of distilled
water at 50 ◦C for 15 min, according to the method described by Giannoccaro et al. [27]
and quantified calorimetrically using anthrone-sulfuric acid.

Tuber Soluble Protein Content and Dry Matter

Total soluble protein content was determined using the Lowry method [28]. The dry
matter content of potato tuber was assessed using the oven-dry method, then using the
following equation: Dry matter (%) = Dry weight/Fresh weight × 100, to calculate the
percentage of dry matter content.

Tuber Total Soluble Solid and Total Starch Content

Total soluble solids content (TSS) in fresh potato tubers was determined using a
Chinese-made digital refractometer TD-45. The starch content of potato tubers was deter-
mined using a formula described by Burton [29]:

Starch (%) content = 17.546 + 199.07 (specific gravity − 1. 0988) (3)

where specific gravity = tuber fresh weight/tuber volume.

2.1.9. Statistical Analysis

Data were statistically analyzed using statistica 7 software (version 7, StatSoft Inc.,
Tulsa, OK, USA) and treatment average was compared using the Tukey test. The inter-
actions between treatments and years for all studied parameters were insignificant, so
data were combined over the two growing seasons. Pearson’s correlation analysis was
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statistically performed using the SPSS program (version 16.0 for Windows, Chicago, IL,
USA). Finally, based on Pearson’s correlation results, hierarchical clustering was developed
and transformed into a two-dimensional heatmap plot. The heatmap was drawn with the
aid of ClustVis Tool (R package version 0.10.2.1) [30].

3. Results and Discussion
3.1. Efficacy of Herbicides

At 28 days after herbicide application to the germinating broadleaf weeds, excellent
weed control efficiency (over 90%) was obtained compared to the un-weeded control, as
illustrated in Figure 2. The lowest weed control efficacy was obtained in the case of hoeing
(72.0%). None of the tested herbicides caused visible foliar injury symptoms except Kroki,
which contains 11% clomazone, as slight foliar phytotoxicity was observed. Similar results
were obtained by Klara and Zvonimir [31] as a mixture of flufenacet and metribuzin have
proved to be a very good and selective herbicide for control of a wide array of annual
weeds in potato.
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Figure 2. Effect of weed control treatments on weed population density Means within each column
followed by the same letter are not statistically different at p ≤ 0.05 according to Tukey test; vertical
bars indicate to standard error (±SE).

The efficacy of metribuzin was almost equal to other herbicides. Pre-emergence appli-
cation of the tested herbicides facilitated weed control, which was not achieved efficiently
with hoeing [32]. Herbicides not only reduced weed biomass but also increased tubers
yield compared with hoeing. This could be explained as a decline in weed fresh weight
and then removal of competition with weeds and improving plant growth requirements
and yield formation [33]. Results exhibited that manual weeding alone is not sufficient
for weed control, which is in line with Barbaś et al. [34] who found that chemical con-
trol of weeds (as weed biomass) in potato was more effective than a mechanical method.
Moreover, in case of the current higher labor costs, scarcity, and the risk of spreading plant
diseases that penetrate plants through physical damage, hoeing is an unfavorable method
for farmers [35].

3.2. Potato Growth Parameters

With the exception of Sencor, very limited information is available regarding the
effects of the newly tested herbicides on vegetative growth. As shown in Table 3, all
tested herbicides and hoeing twice significantly enhanced all tested growth parameters.
Flomex recorded taller plants, Flomex and Zeus showed higher shoot fresh weight and dry
weight, and Ecopart showed a higher number of stems compared with other treatments
and the control. Additionally, the greatest content of photosynthetic pigments (greening
index, chlorophyll a, chlorophyll b, and total chlorophyll) were observed in all tested
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herbicides compared with the control. The current results indicated that the treatment with
herbicides had a positive effect on reducing weed density and improved plant growth.
This improvement could be due to the little competition with associated weeds for light,
water, and nutrient absorption [36,37].

Table 3. Effect of herbicides on vegetative growth of potato plants. Means within each column followed by the same letter
are not statistically different at p ≤ 0.05 according to Tukey test, ±value indicates to standard error (±SE).

Treatment
Plant Height Shoot Fresh

Weight
Shoot Dry

Weight
Number of

Stems
Greening

Index Chlorophyll a Chlorophyll b Total
Chlorophyll

(cm) (g) (g) – (SPAD) (mg·g−1 FW) (mg·g−1 FW) (mg·g−1 FW)

Ecopart 59.1 ± 2.4 c 487.6 ± 12.2 ab 44.2 ± 0.8 cd 8.3 ± 0.9 a 37.3 ± 0.9 a 0.25 ± 0.01 b 0.13 ± 0.01 b 0.39 ± 0.03 b
Hoeing 73.5 ± 2.6 cb 330.2 ± 10.2 bc 51.4 ± 1.12 c 6.3 ± 0.2 b 38.8 ± 2.3 a 0.29 ± 0.020 a 0.15 ± 0.01 a 0.44 ± 0.03 a
Kroki 72 ± 1.6 cb 382.9 ± 21.5 b 49.2 ± 1.01 c 6.5 ± 0.13 b 37.3 ± 1.4 a 0.29 ± 0.018 a 0.14 ± 0.01 ab 0.43 ± 0.06 a
Zeus 75.6 ± 0.9 cb 623.1 ± 40.8 a 96.1 ± 5.20 a 6.5 ± 0.16 b 37.1 ± 3.6 a 0.23 ± 0.011 b 0.14 ± 0.01 ab 0.37 ± 0.09 b

Sencor 84.3 ± 2.3 b 512.6 ± 16.6 ab 65.6 ± 1.94 cb 7 ± 0.14 ab 39 ± 2.2 a 0.23 ± 0.012 b 0.12 ± 0.02 b 0.36 ± 0.09 b
Flomex 99 ± 0.1 a 660.9 ± 5.67 a 86.5 ± 1.1 ba 6.5 ± 0.07 b 41.6 ± 2.3 a 0.29 ± 0.014 a 0.13 ± 0.01 b 0.42 ± 0.08 a
Control 50.8 ± 1.4 d 116 ± 2.47 c 22.01 ± 0.62 d 3.3 ± 0.16 c 26.4 ± 5.4 b 0.12 ± 0.03 c 0.13 ± 0.01 c 0.30 ± 0.05 c

3.3. Leaf Membrane Stability Index (MSI) and Lipid Peroxidation (MDA)

Data in Figure 3A,B show that weed control treatments revealed apparent differences
in MSI index and MDA. The leaf membrane stability index value decreased markedly
with herbicidal treatments application compared to un-weeded control and hand hoeing
(Figure 3A). The maximum values of MSI were obtained for un-weeded control and
hoeing, with no significant difference among them, compared to the other weed control
treatments. In contrast, the minimum value recorded by Flomex followed by Ecopart,
Kroki, Zeus, and Sencor compared to un-weed treatment (Control). Our results agree with
Mahmoud et al. [38] and Arvin et al. [39] who found that MSI decreased with increasing
stress conditions, such as the toxicity of herbicides.
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Regarding to lipid peroxidation, lipid peroxidation produces malondialdehyde (MDA),
a product of the breakdown of fatty acids of membranes, which causes a collapse to plant
cells [40]. Weed control treatments revealed significant differences in MDA. As shown in
Figure 3B, the maximum values of leaf MDA content were recorded by herbicidal treat-
ments while minimum values were obtained for hand hoeing and un-weeded control.
Compared to un-weeded control, the value of MDA content was increased by 52.7%, 45.4%,
21.8%, 18.1%, and 17.08% for Kroki, Ecopart, Zeus, Sencor, and Flomex, respectively. These
results are contradictory to those by Alves et al. [41], who observed that lipid peroxidation
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(MDA formed) in shoot tissues of Vicia sativa clearly increased after fomesafen application.
Additionally, after bentazone application in two peanut cultivars, MDA contents increased,
indicating occurrence of lipid peroxidation and oxidative stress [42]. In a recent study, it
was reported that the fenoxaprop showed negative effects on levels of lipid peroxidation
(MDA) in wheat [43]. Abiotic stress, as herbicides toxicity, results in an increase in the
amount of MDA in buckwheat compared with the control [44].

3.4. Enzymatic Antioxidants

Data in Figure 4A,B show the activity of POX and CAT in untreated and treated
plots. All herbicides significantly increased the activity of the POX and CAT compared to
un-weeded control. The maximum activity of POX and CAT was observed with Ecopart
followed by Flomex, Sencor, Zeus, and Kroki. In contrast, the minimum POX and CAT
activity was observed with hoeing treatment. Data in Figure 4C show that the carotenoid
concentration increased by 43.22%, 35.20%, 32.28%, 31.06%, 30.78%, and 30% in treatments
of Sencor, Flomex, Hoeing, Zeus, Kroki, and Ecopart, respectively, relative to untreated
control. Herbicides are known to cause oxidative stress in which antioxidant alteration is
generated in response to herbicide action. This change is responsible for an important part
of cellular and tissue damage via formation of reactive oxygen species (ROS). The ROS
scavenging antioxidant-defense system includes proline and enzymatic components, which
serve to balance the production and detoxification of ROS [45–47]. As a cascade effect [48],
the ROS formed resulting in the degradation of lipids (lipid peroxidation) leading to loss
of chlorophyll, carotenoids, and disruption of cell membranes. In general, the antioxidant
enzyme activities, ROS levels, and lipid peroxidation are elevated in plants treated with
herbicides. However, in some cases, high herbicide concentrations decrease the antioxidant
enzyme activities [49]. Both POX and CAT represent the major enzymes of preventing
accumulation of H2O2 [50]. Malondialdehyde (MDA) content, as a non-enzymatic indicator
for oxidative stress and membrane damage, is determined to analyze the extent of lipid
peroxidation [50]. The herbicides metribuzin as photosystem II inhibitor and pyraflufen-
ethyl, as inhibition of protoporphyrinogen oxidase (PPO), were found to cause oxidative
stress and produce ROS in plants [49]. Metribuzin, also showed an increase in CAT activity
in Rhapanus sativus. Likewise, three other premix herbicides apparently exhibited similar
responses in potato plants. Exposure of preemergent herbicide oxyfluorfen resulted in
increased activity of superoxide dismutase and CAT in rice compared to control [49]. In
the research of Alves et al. [41], the effect of herbicide exposure on the promotion of
oxidative stress and response of antioxidant defense mechanism depended on the species
used. In their study, fomesafen causes a significant decrease in CAT activity in Vicia sativa,
but activity increased in Avena sativa. Similarly, in our study, ready-mix herbicide Kroki,
which contains fomesafen, promoted elevated levels of CAT, MDA. Stimulation of CAT has
been also observed in wheat plants under herbicide stress [42]. In contrast, CAT activity
was able to be inhibited in soybean by other herbicides, and, thus, the decrease in CAT
activity by atrazine was able to explain the accumulated levels of H2O2. In contrast to
our findings, treatment with bentazone did not significantly change the content of the leaf
carotenoids content in soybean [51,52]. Additionally, higher concentration of ascorbic acid
(vitamin C), as another antioxidant factor, was determined after application of metribuzin
and its mixtures in potato in comparison to the control [53]. Furthermore, proline is an
osmoprotectant that has been considered to be a powerful antioxidant [45]. Proline can act
as an inhibitor of lipid peroxidation (MDA) and ROS scavenger [45]. These results were
in accordance with Fayez and Kristen [53] who found that proline content significantly
increased in Pisum and Vicia roots after chlorsulfuron application.
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3.5. Tuber Yield and Quality

It can be noted from Table 4 that the tuber length, diameter, weight, numbers per
plant, and total tubers yield were considerably affected by weed density and the herbicide
treatments. All the treatments significantly reduced the weed density and improved tubers
yield and its components. The plants treated with Ecopart showed the highest values
of tuber length, diameter, and weight of all remaining treatments. The highest number
of tubers was observed in plots treated with Flomex compared to all treatments. The
maximum tubers yield was recorded also in case of Flomex and Ecopart, while the lowest
was recorded in the untreated control. The total tuber number increased by 84%, 80.9%,
77.2%, 76.6%, 74.8%, and 73.1% with Flomex, Ecopart, Sencor, Zeus, Hoeing, and Kroki,
respectively, compared to the untreated control. No significant differences in dry matter
content were noted among the weeded and un-weeded treatments (Table 4).

The presented results in Figure 5A–D show that the chemical composition of potato
tuber including TSS, starch content, total soluble sugar, and total soluble protein content,
significantly influenced by weed density and promoted by herbicide application (p ≤ 0.05).
The highest content of TSS, total soluble sugar, and starch content in potato tubers was
obtained in Hoeing, Kroki, and Zeus treatments, and the lowest content was recorded in
the un-weeded control. On the other side, the maximum content of tuber total soluble
protein was recorded in plants treated with Ecopart followed by Hoeing, Kroki, Zeus,
Sencor, and Flomex; however, the minimum content was observed in the control plots.
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Insignificant differences in tuber total soluble protein content were observed in Hoeing,
Kroki, Zeus, Sencor, and Flomex treatments. Based on our results, hand hoeing and
herbicides significantly increased the tuber yield compared to the un-weeded control.
This improved tuber yield could be due to the low competition of weeds with potato
plants, especially at the early growth stages, reflecting on the number, weight, diameter,
and length of the tubers. The new premix herbicide Flomex recorded a higher and a
significant tuber yield than metribuzin. These results agree with the previous work of
Jovović et al. [54], who pointed out that acetochlor recorded a higher yield than metribuzin.
Moreover, Deshi et al. [55] observed that combinations of herbicides recorded significantly
higher tuber yield than the herbicide alone, and also higher than the control plots. In
contrast, Zarzecka et al. [13] and Hussain et al. [56] found that the highest yields were
harvested in plots sprayed with metribuzin. Flomex, which contains flufenacet and belongs
to a new group, oxyacetamide, is acting by inhibiting the biosynthesis of very-long-chain
fatty acids (VLCFAs), which is essential for cell division and the synthesis of cuticular
waxes and suberin in the plants [50]. This new mode of herbicidal action is novel regarding
potato production in Egypt, which could make Flomex more effective for controlling weeds
and, thus, increase the tuber quantity and quality. Numerous studies reported that the
pre-emergence herbicides influenced sugar, dry matter, protein, polyphenols, and starch
content in the potato tuber [30,31,49]. Our results also indicated a major significant increase
in the content of total sugars in potato tubers after applying the herbicide metribuzin
(Sencor). This data agrees with Zarzecka et al. [13,33]. In contrast, Gugała et al. [49]
concluded that the applied herbicides they tested did not significantly impact the content
of sugars, but only a slight increase in total sugar content was found. The elevated levels of
sugars measured may be due to the triggering of the activity of the enzyme, which catalyzes
sucrose to glucose and fructose. The herbicides tested in the study also contributed to
increasing total protein content except for metribuzin. Our results are in harmony with
Barba’s and Sawicka [57] and Zarzecka et al. [33] who reported an increase in the protein
content in tubers after herbicide spraying compared to the control plots. High protein
content measured after application of pyraflufen ethyl (Ecopart) in our study is similar to
those obtained by El-Quesni [58] who indicated that total protein was increased in soybean
when applied with oxyfluorfen (herbicide with a similar mode of action). Conversely,
reduced amounts of protein after using the herbicide metribuzin may be attributed to
differences in the potato cultivar type, methods of application, the type of the herbicides,
biostimulants used, and hydrothermal conditions during their experiment [53].

Table 4. Effect of weed control treatments on tubers yield and its components.

Treatments
Tuber Length Tuber

Diameter Tuber Weight Number of
Tuber/Plant Dry Matter Total Yield

(mm) (mm) (g) - (%) (t·ha−1)

Ecopart 98.1 ± 0.6 a 75.2 ± 0.26 a 100.5 ± 0.45 a 15.5 ± 1.21 bc 38.3 ± 3.4 a 44.1 ± 1.6 ab
Hoeing 72.6 ± 1.5 c 64.7 ± 1.19 bc 98.1 ± 0.21 a 12.25 ± 1.26 c 36.87 ± 4.2 a 33.3 ± 1.4 bc
Kroki 71.7 ± 0.5 c 52.3 ± 0.15 c 77.2 ± 0.26 bc 15.3 ± 0.47 bc 35.04 ± 3.1 a 31.2 ± 1.2 c
Zeus 82.2 ± 0.8 b 55.9 ± 0.27 c 88.2 ± 0.16 b 15 ± 0.11 bc 36.84 ± 5.0 a 35.9 ± 1.7 bc

Sencor 82.3 ± 0.2 b 70.6 ± 0.08 b 75.7 ± 0.36 c 20 ± 0.48 ab 36.8 ± 4.9 a 36.9 ± 1.2 bc
Flomex 92.7 ± 0.7 ab 71.4 ± 0.39 b 65.8 ± 0.29 bc 25.8 ± 1.18 a 37.4 ± 2.9 a 52.8 ± 3.15 a
Control 66.4 ± 0.3 d 43.2 ± 0.89 d 25.2 ± 0.21 c 5 ± 0.58 d 37.02 ± 3.7 a 8.4 ± 1.02 d

Means within each column followed by the same letter are not statistically different at p ≤ 0.05 according to Tukey test, ±value indicates to
standard error (±SE).

Concerning starch content, higher starch levels in tubers were measured after applying
the herbicide metribuzin related to the control plots as supported by Zarzecka et al. [33]
and Baranowska [59]. Our findings also agree with Arora et al. [60] who confirmed that the
presence of weeds during the entire growing season reduced tuber dry matter, protein, and
starch content. Likewise, in the research of Zarzecka et al. [13], dry matter was not affected
by weed control methods including herbicide metribuzin, rather by weather conditions
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over the study years. Zarzecka et al. [13,33] concluded that the tuber dry matter content
did not depend on the type of herbicides; but the influencing factor in the years of their
study was the atmospheric conditions.
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Tubers total soluble solids were not significantly influenced after application of Sencor
and Flomex compared to weed competition in the untreated weedy plots. A similar finding
was reported by Luz et al. [35] who found that there was no significant difference between
metribuzin and the un-weeded control. This may be because metribuzin inhibits photo-
synthesis by blocking the transport of electrons in photosystem II, thus, reducing carbon
dioxide fixation and carbohydrate formation. However, other herbicides (having different
modes of action) and hoeing significantly elevated this parameter’s value compared to the
un-weeded control. The un-weeded control offered the least plant growth parameters, tu-
ber quantity, and quality compared to the remaining other treatments. However, the potato
yield was significantly increased by all the herbicides and the hoeing treatments [61–67].
This could be due to the effective weed control in herbicides treated plots and decreased
weed infestation, providing a healthy environment for potato growth.

3.6. Correlation Study

The Pearson’s correlation analysis in Table 5 shows that the weed efficacy significantly
and positively correlated to SPAD, chlorophyll (a&b), carotenoids, plant length, fresh and
dry weight of the plant, total yield, and starch content (%). A similar relationship was
recorded between weed efficacy and tuber soluble sugar content, tuber soluble protein
content, TSS, and CAT. On the contrary, negative and significant relation between weed
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efficacy and MDA was noted. These results indicate the reduction of weed density using
herbicidal treatments and hand hoeing had a significant impact on plant growth and
productivity of potato plants as well as tuber quality. Furthermore, the total yield is related
significantly and positively with greening index (SPAD), chlorophyll content (a&b), total
soluble sugar, carotenoids, and POX activity. A similar correlation was also recorded
between total yield and plant length, number of stems, fresh and dry weight number
of tuber, and the tuber weight. Moreover, a positive link was observed between tuber
starch content and SPAD. There is a significantly positive relationship between tuber
soluble sugar content and MSI, TSS, SPAD, chlorophyll content (a&b), and CAT and
correlated negatively with MDA content of potato leaves. Leaf MDA content correlated
negatively and significantly with antioxidant compounds (POX, CAT, and carotenoids) and
chlorophyll content (a&b). This correlation study clarifies that the weed control treatments
significantly affected plant morphology and plant physiology, particularly chlorophyll
content, antioxidant compounds content, leaf MSI, and leaf MDA that influence tuber
yield and physiochemical quality of tuber. Meanwhile, the two-dimensional heatmap
plot based on the 24 parameters clearly separated the control (un-weeded) in a separate
cluster, while the Kroki, hoeing, and Ecopart treatments were grouped together in the same
sub-cluster under the second cluster, indicating that these herbicides/treatments have the
closest efficiency to the control group. Meanwhile, the second cluster comprised the Zeus,
Sencor, and Flomex herbicidal treatments (Figure 6).
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Table 5. Pearson’s correlation analysis between morpho-physiological characteristics of the potato plant and physicochemical properties of potato tuber.

Variables Weed
Efficacy SPAD Chl.a Chl.b Carotenoids Plant

Length
No.

Stems

Fresh
Weight
of Plant

Dry
Weight
of Plant

No.
Tuber/Plant

Total
Yield/ha

Tuber
Length

Tuber
Diameter

Tuber
Weight

Starch
Content

(%)

Total
Soluble
Sugars

Content

Protein
Content TSS CAT MSI MDA Proline

SPAD 0.77 (**)
Chl.a 0.70 (**) 0.73 (**)
Chl.b 0.74 (**) 0.743 (**) 0.75 (**)

Carotenoids 0.80 (**) 0.752 (**) 0.54 (**) 0.58 (**)
Plant

length 0.50 (*) 0.476 (*) 0.41 (*) 0.23 0.59 (**)

No. stems 0.75 (**) 0.585 (**) 0.49 (**) 0.53 (**) 0.62 (**) 0.34
Fresh

Weight of
plant

0.66 (**) 0.515 (**) 0.44 (*) 0.35 0.49 (**) 0.60 (**) 0.50 (**)

Dry Weight
of plant 0.56 (**) 0.543 (**) 0.37 0.36 0.52 (**) 0.62 (**) 0.42 (*) 0.76 (**)

No.
tuber/plant 0.71 (**) 0.686 (**) 0.60 (**) 0.51 (*) 0.69 (**) 0.62 (**) 0.54 (**) 0.70 (**) 0.58 (**)

Total
yield/ha 0.70 (**) 0.578 (**) 0.66 (**) 0.51 (**) 0.55 (**) 0.52 (**) 0.60 (**) 0.81 (**) 0.48 (*) 0.79 (**)

Tuber
length
(mm)

0.57 (**) 0.528 (**) 0.31 0.36 0.42 (*) 0.22 0.52 (**) 0.68 (**) 0.40 (*) 0.64 (**) 0.69 (**)

Tuber
diameter

(mm)
0.59 (**) 0.600 (**) 0.38 (*) 0.44 (*) 0.54 (**) 0.14 0.58 (**) 0.38 (*) 0.17 0.51 (**) 0.57 (**) 0.78 (**)

Tuber
weight 0.180 0.05 0.25 0.31 0.03 0.06 0.24 0.27 −0.06 −0.15 0.46 (*) 0.19 0.27

Starch
content (%) 0.53 (*) 0.09 0.26 0.19 0.26 0.07 0.08 0.07 0.28 0.09 0.14 −0.09 0.01 −0.05

Total
suloble
sugar

content

0.60 (**) 0.585 (**) 0.73 (**) 0.80 (**) 0.35 0.07 0.40 (*) 0.27 0.17 0.35 0.38 (*) 0.29 0.32 0.15 0.11

Protein
content 0.66 (**) 0.09 0.26 0.21 0.08 −0.03 0.4 (*) 0.15 0.00 0.10 0.33 0.42 (*) 0.50 (*) 0.37 0.00 0.21

TSS 0.55 (**) 0.21 0.34 0.59 (**) 0.14 −0.02 0.44 (*) 0.25 0.26 −0.01 0.21 0.20 0.23 0.32 0.08 0.43 (*) 0.37

CAT 0.60 (**) −0.552
(**) −0.45 (*) −0.54 (**) −0.62 (**) −0.27 −0.58 (**) −0.50 (**) −0.29 −0.50 (*) −0.68 (**) −0.64 (**) −0.83 (**) −0.56 (**) −0.05 −0.26 −0.38 (*) −0.50 (*)

MSI 0.250 0.31 0.46 (*) 0.43 (*) 0.26 0.29 0.32 0.16 0.26 0.24 0.28 0.26 0.14 0.16 0.10 0.46 (*) 0.38 (*) 0.31 −0.28
MDA −0.51 (**) −0.393 (*) −0.73 (**) −0.66 (**) −0.28 0.00 −0.51 (**) −0.03 0.08 −0.06 −0.26 −0.05 −0.30 −0.42 (*) −0.16 −0.68 (**) −0.50 (*) −0.56 (**) 0.35 −0.31

Proline 0.50 (**) 0.36 0.21 −0.01 0.31 0.40 (*) 0.28 0.44 (*) 0.29 0.71 (**) 0.53 (**) 0.67 (**) 0.47 (*) −0.12 −0.12 0.07 0.17 −0.37 −0.24 0.21 0.28
POX 0.50 (**) 0.28 0.13 0.06 0.35 0.16 0.33 0.59 (**) 0.33 0.57 (**) 0.62 (**) 0.76 (**) 0.59 (**) 0.11 0.11 0.03 0.31 −0.01 −0.51 (**) 0.01 0.18 0.62 (**)

* Correlation is significant at the 0.05 level (two-tailed), ** Correlation is significant at the 0.01 level (two-tailed).
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4. Conclusions

The results of this study confirmed the significant influence of weeds on potato yields
and the importance of controlling weeds with pre-emergence herbicides. Development of
the new pre-emergence pre-mixes herbicides enabled a larger spectrum of control leading
to greater weed control efficiency and increasing tuber yields compared to hand hoeing.
Phytotoxicity and foliar injury symptoms were visible on plants treated with Kroki (mixture
contains 11% clomazone) at the beginning of crop development, but symptoms disappeared
at about 30 days after application. All weed control treatments caused an improvement in
plant growth including greening index, leaf photosynthetic pigments, plant height, shoot
fresh and dry weight, and the number of stems. Furthermore, the herbicidal treatments
enhanced the activity of antioxidant enzymes (CAT and POX), proline and carotenoid
content of potato leaves more than hand hoeing and un-weeded control. The potato tuber
yield was almost equally increased by all the tested herbicides and the hoeing treatment
in relation to the un-weeded control. Starch, protein, TSS, and protein, as major chemical
constituents, seemed not to be affected by the herbicides as comparable values were found
between hoeing and herbicides treatments. Hoeing treatment increased starch and total
sugar content more than herbicides, while the total soluble protein was higher in case of
Ecopart related to hoeing and un-weeded control. Although not all the tested herbicides
have been adequately tested on potatoes, the current study suggests that they might be
helpful options for weed management and may provide a possible alternative to metribuzin
(Sencor).

The availability of newer herbicides with different modes of action would also provide
potato farmers with efficient options to manage difficult-to-control weeds. However,
further investigation is needed on these herbicides in other situations such as soil types,
planting time, different potato varieties, and geographical location in order to confirm the
results of the present work for wider adaptability. Besides, the dissipation and residues of
the tested herbicides in tubers and soil should also be tested for the safety of consumers.
Based on the present data, integration of all possible approaches could offer sustainable
weed control efficiency and positively affects potato yield and quality attributes.
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