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Upland cotton is sensitive to 2,4-dichlorophenoxyacetic acid (2,4-D), and spray

drift from adjacent crops can cause yield loss. The identification of potentially

2,4-D-tolerant cotton chromosome substitution (CS) lines with well-

characterized tolerance mechanisms could provide a significant step into the

development and genetic improvement of upland cotton. Experiments were

conducted to understand the possible mechanism of herbicide tolerance in

CS-T04-15, CS-T07, and CS-B15sh, 2,4-D herbicide-tolerant cotton CS lines

compared with TM-1, the 2,4-D herbicide-susceptible recurrent parent of the

CS line. Using [14C]2,4-D, the percent absorption rate and the translocation

patterns of the 14C-labeled herbicide at 6 to 48 h after treatment (HAT) were

determined. The tolerant cotton CS lines showed 15%–19% [14C]2,4-D uptake,

while TM-1 exhibited a reduced uptake of only 1.4% [14C]2,4-D at 24 HAT.

Distribution of the absorbed [14C]2,4-D showed that 2%–5% was translocated

outside the treated leaf in the tolerant CS lines. In contrast, 77% of the herbicide

was translocated above and below the treated leaf in line TM-1. Interestingly,

CS-T04-15 showed a restricted movement of 14C below the treated leaf at 6 to

48 HAT, suggesting novel information on the mechanisms of herbicide

tolerance to 2,4-D in cotton. This finding is the first report on upland cotton

demonstrating a complex differential uptake and translocation associated with

herbicide tolerance for [14C]2,4-D in cotton CS lines.

KEYWORDS

upland cotton, herbicide resistance mechanism, herbicide absorption, herbicide
translocation, abiotic stress tolerance, plant breeding, auxin
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Introduction

Herbicides used in production agriculture are typically

synthetic chemicals used to control the growth of undesirable

plants. In cotton, herbicides are the most widely used weed

management tool because of their speed, flexibility, and low cost.

These compounds are grouped into families based on a specific

mode of action, including growth regulation, cell membrane

disruption, and inhibition of amino acid synthesis, lipid

synthesis, photosynthesis, pigment formation, or seedling

growth (Gunsolus and Curran, 1999). Since most herbicides

are small molecules designed to inhibit specific target sites

critical to plant biochemical pathways and physiological

processes, understanding the mode of action of herbicide

chemistries is essential for developing appropriate weed

management strategies in agricultural production systems

(Dayan et al., 2010).

The development of 2,4-dichlorophenoxyacetic acid (2,4-D)

initiated the revolution of chemical weed control in the 1940s

(Peterson et al., 2016). Discovery of this growth-promoting

substance's toxic effects on plants and its recognition as a

potential chemical warfare agent during World War II

prompted the development of 2,4-D as a selective herbicide

which targets dicot species (Peterson, 1967). 2,4-D is a synthetic

auxin that contains phenoxyalkanoic acid as a major chemical

group and mimics the natural auxin in plants, indole-3-acetic acid

(IAA) (Song, 2014). Auxin herbicides like 2,4-D can mimic an

overdose of IAA, causing massive upregulation of ethylene

biosynthesis and abscisic acid (ABA) response (Sterling and

Hall, 1997; Grossman, 2003; Perez et al., 2022). Cereal crops are

generally tolerant to 2,4-D relative to most dicotyledonous crops

and weeds. In sensitive genotypes, the 2,4-D-induced auxinic

herbicide syndrome includes leaf epinasty, tissue swelling, stem

curling, tissue necrosis, senescence, and plant death (Grossman,

2007; Grossman, 2010). At the vegetative stages, cotton yield

losses of up to 49% may occur from 2,4-D particle drift or

misapplication exposures, whereas a yield loss of up to 71% is

possible due to misapplication at the preflowering squaring stages

(Egan et al., 2014). Cotton is not as sensitive to 2,4-D once they

start to develop bolls, but can incur yield losses of up to 6% from

drift exposures.

Herbicide tolerance in crops grown at a commercial scale is

primarily based on transgenic cultivars expressing specific genes

for enzymes or proteins that block the action or degrade the

active ingredient of the herbicide. The most important example

is the glyphosate-tolerant 5-enolpyruvylshikimate-3-phosphate

synthase (EPSPS) transgene from a soil bacterium that confers

resistance to glyphosate in the widely grown transgenic

Roundup Ready soybean and cotton cultivars (Delannay et al.,

1995; Nida et al., 1996). Transgenic cotton varieties have the

tolerance to at least six herbicide modes of action inhibiting PS-

II, EPSPS, acetolactate synthase (ALS), glutamine synthetase,

hydroxyphenylpyruvate dioxygenase, and synthetic auxins
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(Vulchi et al., 2022). The commercial production of these

herbicide-tolerant cotton varieties in the USA has expanded

significantly from 10% in 1997 to 95% in 2019 (ISAAA, 2020).

Tolerance to auxin herbicides in broadleaf crop cultivars and

weed populations has also been reported (Wright et al., 2010;

Preston and Malone, 2014; Robinson et al., 2015; Rey-Caballero

et al., 2016; Shergill et al., 2018; Kumar et al., 2019).

Understanding the herbicide tolerance mechanism is central

to identifying and developing appropriate weed management

control measures based on the response to specific modes of

action. The tolerance mechanisms may involve altered

absorption or translocation of the herbicide active compound

in the plant which leads to reduced herbicide injury. In general,

herbicides traverse the cell wall, plasma membrane, and different

plant cell organelles to reach their particular site of action and

induce toxicity in plants (Sterling, 1994). As early as the 1950s,

experiments using carbon-14 [14C]-labeled herbicides, including

2,4-D, were conducted to investigate the translocation,

distribution, and metabolism of these compounds in plants

(Day, 1952; Barrier and Loomis, 1957; Yamaguchi and Crafts,

1958). The mechanisms of 2,4-D resistance can be inferred from

[14C]2,4-D uptake, translocation, and degradation patterns. For

example, in 2,4-D-resistant and 2,4-D-susceptible waterhemp

(Amaranthus tuberculatus), herbicide uptake and translocation

patterns were the same, while an increased metabolism of the

compound was observed in 2,4-D-resistant waterhemp

(Figueiredo et al., 2018). Similarly, there was no correlation

between resistance and reduced translocation of [14C]2,4-D in

wild radish (Raphanus raphanistrum L.) (Goggin et al., 2018). In

contrast to the above findings, 2,4-D resistance in mustard has

been associated with a reduced translocation from the treated

leaf (Dang et al., 2018). A resistant ground ivy (Glechoma

hederacea), a perennial weed in lawn turf, also demonstrated

reduced herbicide uptake (Kohler et al., 2004). Other factors,

including temperature regimes, also impacted the efficacy,

absorption, and translocation of 2,4-D in both resistant and

susceptible types of ragweed species (Ambrosia artemisiifolia

and Ambrosia trifida) (Ganie et al., 2017).

Petiolar absorption of [phenyl-14C]-2,4-D has been

examined in herbicide-tolerant cotton expressing the tfdA

transgene (Laurent et al., 2000). The tfdA transgene isolated

from the soil bacterium, Alcaligenes eutrophus (strain JMP134),

encodes a 2,4-dichlorophenoxyacetate monooxygenase that

degrades 2,4-D herbicide into non-phytotoxic dichlorophenol

(DCP) (Streber and Willmitzer, 1989; Lyon et al., 1993). In the

transgenic herbicide-tolerant cotton, 2,4-D was degraded to 2,4-

dichlorophenol (2,4-DCP), which was then converted into

various polar metabolites, including 2,4-DCP-b-О-glucoside
and the complex glucosides, 2,4-DCP-(6-О-malonyl)glucoside

and 2,4-DCP-(6-О-sulfate)glucoside (Laurent et al., 2000).

However, only recently that 2,4-D-tolerant cotton varieties

using the Enlist™ technology (Dow Agrosciences ,

Indianapolis, IN) have been introduced to the commercial
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landscape. The Enlist™ technology uses an aryloxyalkanoate

dioxygenase, AAD-12, from Delftia acidovorans (Wright et al.,

2010; Braxton et al., 2017) to degrade 2,4-D into non-phytotoxic

compounds, and this transgene technology provides resistance

as well to several additional herbicides, including triclopyr and

fluroxypyr (Wright et al., 2010). Aside from the AAD

transgenes, no other forms of tolerance to auxin herbicides,

particularly 2,4-D, have been developed in upland cotton.

The narrow genetic base of cotton limits the genetic

improvement of upland cotton varieties. While it is widely

recognized in cotton that exotic germplasm contains

potentially valuable genes, the exotic gene pools from

Gossypium species other than G. hirsutum L. mostly remain

untapped, uncharacterized, and underutilized due to the paucity

of information about the beneficial alleles in these species and

the biological and technical challenges associated with

interspecific introgression of valuable traits. Solutions for the

weed problems are best addressed through the breeding of

herbicide-resistant or herbicide-tolerant varieties. Genetic

diversity exists in the relatives of upland cotton, such as the

wild accessions of G. hirsutum L. and the tetraploid species, G.

barbadense L., G. tomentosum Nuttal ex Seeman, and G.

mustelinum Meers ex Watt. Although these wild accessions

potentially contain novel genetic solutions to diverse breeding

needs, commercial breeding programs generally avoid

unadapted germplasm due to their adverse effects on

agronomic performance of multiple quality traits. A number

of chromosome substitution (CS) lines of upland cotton were

jointly developed in the genetic background of inbred TM-1 with

introgressions from G. barbadense, G. tomentosum, and G.

mustelinum (Saha et al., 2012). Previous studies show that the

CS lines are a novel breeding tool for targeted introgression of

many valuable traits such as resistance to drought, nematodes,

and fusarium wilt, and improved agronomic and fiber traits in

upland cotton (Reddy et al., 2020; Ulloa et al., 2020). In our

previous work, we identified 2,4-D-tolerant and 2,4-D-

susceptible CS lines of G. hirsutum containing specific

chromosome introgressions from G. barbadense , G.

tomentosum, and/or G. mustelinum from greenhouse and field

experiments (Perez et al., 2021). We also confirmed the genetic

inheritance of the 2,4-D tolerance trait through progeny test.

This paper investigates the tolerance mechanisms associated

with absorption and translocation of 2,4-D by comparing the

selected 2,4-D-tolerant non-transgenic CS lines with the

susceptible and recurrent parent TM-1.
Materials and methods

Plant materials and experimental design

Selected cotton CS lines, including CS-T04-15 (301-8), CS-

T07 (206-2), CS-B15sh (31-4), and the susceptible cultivar Texas
Frontiers in Agronomy 03
Marker 1 (TM-1), were used as genetic materials in the study. In

previous experiments, we conducted screening of cotton CS lines

for tolerance to 2,4-D at 1× field application rate (1.12 kg ae

ha−1) under both greenhouse and field conditions (Perez, 2021).

Two CS lines, CS-T04-15 and CS-T07, were identified showing

tolerance to 2,4-D in both field and greenhouse experiments

(Figure 1A). In addition, CS-B15sh showed reduced injury

exhibiting some form of tolerance to the herbicide compared

to TM-1 (Figure 1C). CS-T07 (206-2), CS-B15sh (31-4) are

considered to be largely isogenic to TM-1 and two each other,

aside from the substituted chromosomes; CS-T04-15, however,

is not expectedly isogenic. The cotton CS line CS-T04-15 has

substituted segments of chromosomes 4 and 15 pair, and CS-T07

has a complete pair of chromosome 7 from G. tomentosum in

TM-1 genetic background. At the same time, CS-B15sh is

homozygous for chromosome 15 in which the short arm

comes from G. barbadense. Comparative analysis of the CS

lines with their almost isogenic recurrent parent, the inbred

TM-1 (G. hirsutum), provided a method to detect and discover

important traits with specific substituted chromosome or

chromosome segments from the alien species (Saha et al.,

2004; Saha et al., 2006).

Seeds were sown directly into 18-cell Landmark plastic

inserts, size 53-cm length and 26-cm width (Landmark Plastic,

OH, USA), containing soil (BX PRO-MIX Growing Medium

10280, BWI Companies, Inc., Nash, TX 75569, USA), mixed

with 1–2 g of basal fertilizer, (Osmocote Plus, The Scotts

Company, Marysville, OH 43041, USA), so that each cell

contained one cotton seedling. The experimental design for

both uptake and translocation experiments followed a

completely randomized design with four replications and one

plant per replication. The plants were maintained in the

greenhouse from November to December 2020, where the

mean temperature and relative humidity were 25°C and

58%, respectively.
Treatment of radiolabeled 2,4-D solution
on cotton seedlings

Cotton seedlings used for the [14C]2,4-D treatment were at

the four-leaf growth stage. Before the treatment, the plants were

transferred to a controlled growth chamber for 3 days of

acclimatization to a 12-h photoperiod (07:00 to 19:00), 30°C/

25°C day/night temperatures, and 60% relative humidity. A

radiolabeled 2,4-D solution was prepared at 0.517 kBq µl−1

working concentration from a commercial stock of 2,4-

dichlorophenoxy acetic acid [carboxyl-14C] containing 0.1 mCi

ml−1, specific activity of 50 mCi mmol−1, and >98%

radiochemical purity (ARC 0722, American Radiolabeled

Chemicals, Inc., St. Louis, MO 63146, USA). The working

stock of [14C]2,4-D used was prepared using distilled water as

a diluent and was maintained at −20°C before the treatment.
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For the uptake experiments, [14C]2,4-D was applied to the

adaxial surface (upper surface) of the second true leaf of the

cotton seedling. A total of 5.17 kBq was applied to each leaf,

similar to the procedure described by Johnston et al. (2018),

where ten 1-µl spots (total volume of 10 µl per treated leaf) were

delivered using a micropipette (P-10, Eppendorf, Hamburg,

Germany). The plants were allowed to air dry for 30–60 min

on the bench to allow absorption of the radiolabeled herbicide

on the treated leaf. The treated plants were moved to and

maintained in the growth chamber under the same conditions

described above until the collection and processing of tissues for

analysis. At 24 h after treatment (HAT), the treated leaves were

cut from individual plants and immediately washed in a 50-ml

Falcon tube containing 5 ml of 1:1 water:ethanol solution for 60 s

with gentle mixing using speed no. 7 (5–35 rpm) on a Roto-

Shake Genie (Scientific Industries Inc., Bohemia, NY 11716,

USA) to remove non-adsorbed [14C]2,4-D from the leaf surface.

The 5-ml wash solutions were mixed with 14 ml of Ultima Gold

liquid scintillation (PerkinElmer, Waltham, MA 02451, USA)

solution and placed in 20-ml scintillation vials (VWR, Radnor,

PA 19087, USA). Residual [14C]2,4-D after 24 h was counted

and analyzed using a liquid scintillation counter (Perkin Elmer
Frontiers in Agronomy 04
Tri-Carb 2900TR, Waltham, MA 02451, USA) to determine

the percentage absorption of the [14C]2,4-D compound by

the plant.

To determine the movement of [14C]2,4-D from the

treated leaf to other parts of the plant, tissues were collected from

the individual treated plants at 6, 12, 24, and 48 HAT (Johnston

et al., 2018). The tissues collected from each plant were divided

into three categories: treated leaf, including the petiole (T); above

the treated leaf (AT), including all leaf and stem tissues collected

from above sample T; and below the treated leaf (BT), including

all leaf, cotyledon, and stem tissues below sample T. The

collected tissues were individually wrapped in paper wipes

(Kimwipes, VWR, Radnor, PA 19087, USA), labeled, and

dried overnight (~12 h) in an oven at 60°C–70°C. After

drying, the tissues were removed and processed in a biological

oxidizer (PerkinElmer Model 307, Waltham, MA 02451, USA)

using 0.5 min of combustion time. Radioactivity in terms of

disintegrations per minute (DPM) of [14C] in each sample was

quantified using a liquid scintillation counter (PerkinElmer Tri-

Carb 2900TR, Waltham, MA 02451, USA). The overall method

was followed as per the previous report of a similar experiment

with weeds investigating how application timing influences the
A B

C

FIGURE 1

Herbicide injury and symptoms observed in the cotton accessions used in this study. (A) Response to 2,4-D observed on TM-1, CS-T04-15, and
CS-T07 treated with 1x rate of 2,4-D in the greenhouse: Top, histogram of 2,4-D injury (mean) observed on 4-leaf stage cotton seedlings at 14
days after application (DAA), with four replications and four plants per replication; Bottom – visible 2,4-D injury of the representative individual
plant at 7 DAA; (B) Close-up image of 2,4-D injury on seedling cotyledon of TM-1 after one day of treatment with 1x rate of 2,4-D; (C) Image
shows reduced herbicide injury symptoms of CS-B15sh relative to TM-1 after 35 days from application of 0.75× rate of 2,4-D.
frontiersin.org

https://doi.org/10.3389/fagro.2022.936119
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Perez et al. 10.3389/fagro.2022.936119
translocation of auxinic herbicides in Palmer amaranth

(Johnston et al., 2018).
Data analysis

Percent absorption was calculated as the total [14C]2,4-D in

disintegration per minute obtained from leaf washes at 24 HAT

divided by the total [14C]2,4-D recovered from all tissue

fractions of each plant, including AT, T, and BT tissues.

Translocation of the radiolabeled 2,4-D was analyzed by

determining the absolute radioactivity detected on each tissue

fraction of the cotton lines from 6 to 48 HAT. Percent

translocation of [14C]2,4-D was calculated following the

formula below:

% translocation =
½14C�2, 4-D in the tissue sample

Total ½14C�2, 4-D � 100

Analysis of variance and comparison of means using the

Tukey–Kramer HSD was applied using the JMP 14 statistical

package (SAS Institute, Cary, NC 27513-2414, USA).
Results

The overall absorption of [14C]2,4-D after 24 h, as calculated

from the 14C recovered in leaf surface washes, was a modest 13%

to 15% among the cotton CS lines, while TM-1 showed uptake of

only 3% at 24 HAT, which was significantly lower than the CS

lines (Figure 2). Both CS-B15sh and CS-T04-15 showed that

15% and 13% of the applied [14C]2,4-D was absorbed by the

plant, respectively.

The translocation patterns of absorbed [14C]2,4-D among

the different tissue fractions after 24 h are presented in Table 1.
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The data reflect how much [14C]2,4-D was retained in the

treated leaf versus the proportion that was translocated into

tissues above or below the treated leaf. All of the cotton CS lines

exhibited a similar pattern in which 91%–95% of the absorbed

[14C]2,4-D remained within the treated leaf tissue. In contrast,

only 23% of the radioactivity entering the TM-1 plants remained

in the treated leaf fraction (Table 1).

In TM-1 plants, 35% of the herbicide taken into the plants

moved into the tissues above the treated leaves, while 42% was

transported to the tissues below the treated leaves (Table 1). The

movement of 14C above and below the treated leaves exhibited

similar patterns in two of the three 2,4-D-tolerant genotypes. In

CS-T07, 3% of absorbed [14C]2,4-D was translocated above and

below the treated leaf tissue, while in CS-B15sh, 5% of the

absorbed [14C]2,4-D was translocated to the tissues above

the treated leaves, and 4% was translocated into the tissues

below the treated leaves. The CS-T04-15 line displayed a similar

pattern for translocation, with 4% of the absorbed label

translocated to the tissues above the treated leaf and a slightly

lower amount of the herbicide (2%) translocated to the tissues

below the treated leaf at 24 HAT (Table 1).

In an attempt to gain insights regarding radiolabeled

material movement and herbicide tolerance in the cotton CS

lines, we examined the time courses for the appearance of

radiolabel in aerial tissues above and below the treated leaves

in control and tolerant plants. The four tested lines showed

different patterns of radiolabel movement over 48 h (Figure 3).

In CS-T04-15, there was no apparent change in radioactivity

detected in tissues above the treated leaf from 6 to 12 h, while

radiolabel movement increased from 1,068 to 2,408 dpm

between 12 and 24 h (Figure 3A). It showed a slight decrease

to 2,183 dpm at 48 h, whereas no apparent change in the

movement of label into the tissues below the treated leaf was

seen over the entire time course. There was no significant
FIGURE 2

Percent absorption of [14C]2,4-D on cotton seedlings of TM-1, CS-B15sh (31-4), CS-T04-15 (301-8), and CS-T07 (206-2) at 24 h after treatment
(HAT). Means are separated with Tukey–Kramer HSD (a = 0.05). Means of the same letter are not significantly different.
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difference in radiolabel movement to tissues above and below the

treated leaf of CS-T04-15 at 6 to 48 HAT. These data for CS-

T04-15 suggest a restricted basipetal movement of [14C]2,4-D

into tissues below the treated leaf, which may point to a

mechanism of herbicide tolerance distinct from the

mechanism(s) underpinning tolerance in CS-T07 and CS-

B15sh. A similar trend of radioactivity in both AT and BT

tissues was detected in CS-T07 (Figure 3B). There was an

increase in radiolabel movement from 6 to 12 h in AT and BT
Frontiers in Agronomy 06
at 1,274 to 1,406 and 504 to 1,341, respectively. After 12 HAT,

the radioactivity detected on each sample was reduced to 796

and 866 in AT and BT, respectively, at 48 h. The maximum

radioactivity detected was 3,222 at 24 h in CS-T04-15 and 2,747

at 12 h in CS-T07 (Figures 3A, B). In contrast, CS-B15sh showed

a steep increase of radiolabel movement over the entire time

course with 13,616 being the highest detected at 48 h

(Figure 3C). At 6 HAT, the radiolabel was 155 and 521 in the

tissues above and below the treated leaf, respectively. From 12 to
TABLE 1 Translocation of [14C]2,4-D in the cotton accessions after 24 h of treatmenta.

Cotton lines Type of tissueb p-value

AT T BT

TM-1 1,184 (34.8) a 878 (23.0) a 1,446 (42.2) a ns

CS-B15sh 3,218 (5.1) b 57,292 (90.7) a 2,648 (4.2) b 0.0009

CS-T04-15 2,408 (4.1) b 50,728 (94.3) a 814 (1.6) b <0.0001

CS-T07 1,818 (2.7) b 63,899 (94.6) a 1,841 (2.7) b <0.0001
fronti
aAbsolute radioactivity in terms of disintegrations per minute (dpm) detected on each type of tissue; the numbers in parenthesis are percent translocation observed at 24 HAT; means within
the same row were compared using the Tukey–Kramer HSD (honestly significance difference) test.
bT, treated leaf; AT, above the treated leaf; BT, below the treated leaf; ns, not significant.
A B

DC

FIGURE 3

Distributions of [14C]2,4-D detected in tissue fractions above the treated leaf (AT) and below the treated leaf (BT) in cotton seedlings of four
genotypes: CS-T04-15 (A), CS-T07 (B), CS-B15sh (C), and TM-1 (D) at 6 to 48 hours after treatment (HAT). Asterisk atop stacked bar indicates
that the difference in radioactivity detected between AT and BT tissues was significant.
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48 h, there was a continuous increase of label detected in AT of

CS-B15sh at 1,177 to 9,315. Similarly, an increase from 2,061

to 4,301 was detected in the tissues below the treated leaf of

CS-B15sh from 12 to 48 h. There was no significant difference in

the amount of label detected between tissue samples at 6 to 24 h.

The radiolabel detected in AT (9,315) was significantly higher

compared to BT (4,301) at 48 h. In TM-1, radiolabel was also

increasing in both AT and BT from 6 to 48 h similar to CS-B15sh

(Figure 3D). At 6 h, radioactivity detected in AT and BT was 270

and 564, respectively. The label increased to 3,399 and 2,740 at

48 h in AT and BT, respectively. The maximum radioactivity

detected in TM-1 was 6,139 at 48 h.
Discussion

The low absorption rates for 14C-labeled 2,4-D in upland

cotton seen in this study were similar to previous reports on 14C

uptake in 2,4-D-resistant prickly lettuce treated with [14C]2,4-D

(Riar et al., 2011). Our findings of low [14C]2,4-D absorption in

cotton contrast with the approximately 50% [14C]2,4-D uptake

by 2,4-D-susceptible Palmer amaranth 24 h after applying the

same total amount of radiolabel (5.17 kBq) to treated leaves

(Johnston et al., 2018). High rates of [14C]2,4-D uptake were

also observed in 2,4-D-resistant wild radish with only 2%–4% of

the total of 3 kBq [14C]2,4-D remaining on leaf surfaces 24 h

after treatment (Goggin et al., 2016). However, the increased

uptake of [14C]2,4-D among the cotton CS lines compared with

the parental line, TM-1 control, suggests physiological

differences in leaf surface components between the

introgressed cotton CS lines and TM-1. Our data indicate that

reduced absorption of [14C]2,4-D is not associated with the

mechanism of 2,4-D tolerance observed in the cotton CS lines.

However, it is interesting to note that TM-1 greatly restricts the

uptake of [14C]2,4-D with only 1.4% of the radiolabeled

herbicide taken up after 24 h compared to the cotton CS

lines. The data presented here only account for the

distribution of [14C]2,4-D in the aerial tissues of treated

plants 24 HAT. It will be interesting to expand these

observations to additional time points and belowground

tissues. In one of our greenhouse experiments, the adaxial

surface of the seedling cotyledon of TM-1 treated with 1× rate

exhibited severe leaf abrasions as early as 1 day after herbicide

application (Figure 1B). This shows the extreme sensitivity of

TM-1 to the 2,4-D herbicide that even a small amount of

herbicide penetrating the cuticle is enough to kill the plant.

Our previous study showed that CS lines had significant

variation in their root, shoot, and leaf morphology (Ayubov

et al., 2021). In addition, G. tomentosum, one of the donor

parents of CS-T04-15 (301-8) and CS-T07 (206-2), is endemic

to Hawaii and shows very distinct morphology from other

Gossypium tetraploid species. It has hairy, silvery-green to

gray-green, palmately veined leaves, sulfur-yellow corollas
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without petal spots; forms strongly exerted stigmas; and is

devoid of leaf, bracteole, and extra-floral nectaries (Saha et al.,

2006). It will be interesting to study in the future if leaf

morphology differences, including leaf surface components

such as cuticles, wax, and the presence of lysigenous gossypol

glands with phenolic compounds, may be factors contributing

to the reduced uptake of [14C]2,4-D in cotton species (Johnston

et al., 2018; Benedict et al., 2004).

A pattern of reduced translocation of 14C-labeled 2,4-D from

the treated leaves was reported for 2,4-D-resistant biotypes of

prickly lettuce relative to the susceptible biotype (Riar et al.,

2011). Reduced movement of 14C-labeled 2,4-D beyond the

treated leaf was also observed in 2,4-D-resistant wild radish

(Goggin et al., 2016). These patterns are associated with non-

target site resistance mechanisms such as herbicide

detoxification and vacuolar sequestration of herbicides or their

metabolites, detected in the weeds evolving to become herbicide-

resistant under intense selection pressure (Yuan et al., 2007;

Delye et al., 2013). Although in a much later study involving 11

resistant populations of wild radish, there was no relationship

between resistance and reduced translocation of 2,4-D (Goggin

et al., 2018). Among the cotton CS lines, the reduced

translocation outside the treated leaf may indicate

sequestration of the [14C]2,4-D and any derived metabolites

within the treated leaves of the cotton CS lines, but this has not

yet been investigated. It is possible that genomic regions in CS-

B15sh, CS-T04-15, and CS-T07 introgressed from the donor

alien Gossypium species during CS line development could

potentially carry genes that oxidize 2,4-D or add different

conjugates necessary to inactivate and/or sequester 2,4-D and

its derivatives (Delye et al., 2013). The source of CS fragments in

CS-T04-15 and CS-T07 is G. tomentosum, a wild allotetraploid

Gossypium species native to the Hawaiian area. Although the

two lines carry different chromosome introgression segments of

chromosomes 4 and 15 for CS-T04-15 and chromosome 7 for

CS-T07 (Perez, 2021; Saha et al., 2015), it is interesting to note

that both exhibited high tolerance to the herbicide (Figure 1A).

Under field conditions, CS-T07 and CS-B15sh also showed heat

and drought tolerance as exhibited by enhanced photosynthesis,

stomatal conductance, transpiration, and pollen germination

compared to TM-1 (Reddy et al., 2020).

On the other hand, the CS line CS-B15sh could potentially

carry unique genetic loci from the substitutions on the short arm

of chromosome 15 from G. barbadense L. (Stelly et al., 2005;

Perez, 2021). Since CS-B15sh is less tolerant than the other two

CS lines but more tolerant to 2,4-D than TM-1, we can equally

infer that reduced translocation is also responsible for the

tolerance in CS-B15sh and its lower tolerance than the other

CS lines is due to the fact that it translocates a bit more 2,4-D out

of the treated leaf. The tolerance of CS-B15sh to 2,4-D can be

due to altered auxin perception within the plant. This study is

the first report on 14C translocation in cotton from the treated

leaf and beyond (above and below) the treated tissues to
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understand the potential mechanism of 2,4-D tolerance

observed on the selected upland cotton CS lines.

Weeds are the most critical pests in US agriculture based on

the consideration of the percentage of hectares treated with

herbicides versus the percentage of hectares treated with other

pesticides (Fernandez-Cornejo and Jans, 1999). Weed

management strategies in cotton often rely primarily on

chemical herbicides due to their simplicity, ease of

application, efficiency, and cost-effectiveness. The wide

application of the 2,4-D herbicide as a sole means of weed

control (especially after the introduction of auxinic herbicide-

resistant transgenic crops) increases the risk of development of

herbicide-resistant weeds. Transgenic crop lines have provided

farmers with a cost-effective method to control weeds in the

cotton field. However, one of the important disadvantages of

using 2,4-D is that wild-type cotton is extremely sensitive to

this herbicide, and injury can occur when 2,4-D drifts into

neighboring non-transgenic cotton fields. The cotton CS lines

tolerant against 2,4-D provide a complementary genetic tool to

solve the drift effect problem from 2,4-D in weed management

based on non-transgenic cotton cultivars. The genes associated

with 2,4-D tolerance in the CS lines could be stacked as a new

source of 2,4-D-tolerant genes in a breeding program

providing an additional strategy to tackle weed management

in cotton. The discovery of unique genetic loci in the cotton CS

lines, which have been introgressed from the wild and

unadopted genetic resource of cotton germplasm, suggests

that the potential herbicide tolerance in the selected cotton

CS lines can be transferred by breeding and hybridization in an

upland cotton genetic improvement program. Ultimately, the

introgression of this useful trait into commercial cotton

varieties, protecting non-GM cotton cultivars against off-

target drift effects of auxin herbicides applied to neighboring

fields, will be a great benefit to cotton farmers.
Conclusion

There is little information available on the physiological

mechanism(s) associated with 2,4-D tolerance in cotton. Our

results unveiled for the first time that 2,4-D tolerance may be

based on reduced translocation, comparing the 2,4-D-tolerant

CS lines with the susceptible TM-1 line. This research has, for

the first time, 1) provided genetic information on the potential

association of different chromosomes or chromosome segments

from the alien species of G. barbadense and G. tomentosum with

2,4-D tolerance, 2) revealed that different 2,4-D-tolerant CS lines

exhibit different patterns of absorption and translocation, 3)

provided a tool to develop natural (non-transgenic) herbicide-

tolerant cotton CS lines, and (4) generated insights into genetic

2,4-D tolerance mechanisms in cotton that could connect future

possibilities of metabolomics with genomic technologies in

developing herbicide-tolerant cotton lines.
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