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Abstract

BACKGROUND: Lack of fitness costs has been reported for multiple herbicide resistance traits, but the underlying evolution-
ary mechanisms are not well understood. Compensatory evolution that ameliorates resistance costs, has been documented
in bacteria and insects but rarely studied in weeds. Dicamba resistant IAA16 (G73N) mutated kochia was previously found to
have high fecundity in the absence of competition, regardless of significant vegetative growth defects. To understand if
costs of dicamba resistance can be compensated through traits promoting reproductive success in kochia, we thoroughly
characterized the reproductive growth and development of different G73N kochia biotypes. Flowering phenology, seed
production and reproductive allocation were quantified through greenhouse studies, floral (stigma-anthers distance) and
seed morphology, as well as resulting mating and seed dispersal systems were studied through time-course microcopy
images.

RESULTS: G73N covaried with multiple phenological, morphological and ecological traits that improve reproductive fitness:
(i) 16–60% higher reproductive allocation; (ii) longer reproduction phase through early flowering (2–7 days); (iii) smaller
stigma-anthers separation (up to 60% reduction of herkogamy and dichogamy) that can potentially promote selfing and repro-
ductive assurance; (iv) ‘winged’ seeds with 30–70% longer sepals that facilitate long-distance seed dispersal.

CONCLUSION: The current study demonstrates that costs of herbicide resistance can be ameliorated through coevolution of
other fitness penalty alleviating traits. As illustrated in a hypotheticalmodel, the evolution of herbicide resistance is an ongoing
fitness maximization process, which poses challenges to contain the spread of resistance.
© 2020 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
A widely accepted ecological theory for plant defensive traits, is
they usually entail a concomitant fitness cost, due to resource
restrictions and the trade-offs between growth and defense.1-3

However, fitness costs of resistance against either herbivores,
pathogens or weeds, was only detected in 25–50% of the stud-
ies summarized by Bergelson and Purrington.4 A general con-
clusion for the fitness costs of herbicide resistance, is that
costs are not ubiquitous, and depend on resistance traits, weed
species and the environment.5-7 There are both methodological
and biological factors contributing to the absence of detectable
fitness costs. First, without the knowledge of the resistance
genes or studied species with appropriately controlled genetic
background, it is challenging to unequivocally attribute the fit-
ness effects to herbicide resistance traits.8,9 Another relatively
less studied factor, is that compensatory evolution may be
involved to ameliorate the fitness costs of resistance endowing
mutations.10,11

Compensatory evolution for resistance has been well documen-
ted in bacteria and insects but rarely studied in higher plants espe-
cially herbicide resistant weeds.9,12,13 According to Baucom,14

there are three evolutionary paths for fitness costs: (i) replacement
of resistance alleles of high costs with ones with low costs;
(ii) optimized genetic background of the selecting populationmight
help offset the fitness costs; (iii) interaction with a fitness modifier
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loci might ameliorate the fitness costs.10,15,16 A pioneer study by
Paris et al.17 used axr1-3 2,4-D resistant Arabidopsis thaliana sug-
gested that resistance costs can be potentially compensated
through the genetic diversity present within a species. Another
study by Darmency et al.18 also found that genetic backgrounds
of weed populations might evolve to counterbalance the fitness
costs of certain acetyl-coenzyme A carboxylase (ACCase) inhibi-
tors resistance endowing mutations. However, other strategies
(e.g. replacement theories and fitness modifiers) agricultural
weeds adopt to compensate for resistance costs are largely
unknown for many herbicide resistance traits including syn-
thetic auxins.
Synthetic auxins are important herbicides that have been in the

market for more than 70 years.19 It is also the first herbicide mode
of action (MOA) to which a weed species evolved resistance.20

Kochia (Bassia scoparia) is a key weed species that first developed
resistance to synthetic auxins in 1994.21,22 Due to lack of knowl-
edge on the MOA of synthetic auxins, the genetic basis of resis-
tance was not known for decades. Recently, the first resistance
endowing mutation was documented in kochia to be a Gly-
73-Asn substitution at one of the auxin co-receptor AUX/IAA16
proteins.23 This target-site based mechanism provides a unique
and highly relevant model to investigate compensatory evolution
in naturally occurring synthetic auxins resistant weeds. Previously,
our group has reported that G73N can cause significant vegeta-
tive growth defects and impaired competitiveness in kochia. Strik-
ingly, even with significantly diminished plant sizes, resistant
plants were able to produce similar amounts of seeds under low
intra-specific competition or in the absence of competition.23,24

The cause of high fecundity of G73N mutant kochia even in the
presence of vegetative growth defects is not clear. Previous
research suggested that herbicide resistance traits could shift
the plant mating system through changes in stigma-anther dis-
tance, which promotes selfing and reproductive assurance.25

Few studies have characterized the impact of specific herbicide
resistance endowing mutations on the mating system, reproduc-
tive phenology and morphology of herbicide-resistant weed bio-
types. Furthermore, it is possible that resistant kochia might be
associatedwith altered resource allocation pattern, such as invest-
ing more energy in reproduction than vegetative growth.26,27

However, quantitative data for resources allocation in resistant
weeds is scarce.
In this study, we used G73Nmutant kochia as a model to under-

stand how weeds can overcome the fitness costs of synthetic
auxin resistance and investigate if compensatory evolution is pre-
sent. Our hypothesis is that due to the high standing genetic
diversity of kochia, there are reproductive and developmental
traits that might potentially be co-selected with the resistance
mutation and act as fitness modifiers to offset the fitness costs
of G73N. To test this hypothesis, we characterized the effect of
G73N on multiple reproductive traits in kochia including flower-
ing time, floral and seedmorphology and reproductive allocation,
as well as outcrossing propensity. Knowledge of compensatory
evolution might shed light on how synthetic auxins resistance
rapidly spread and thus is topical. Crops engineered with synthetic
auxin resistance are being rapidly andwidely adopted28-30, increas-
ing the selection pressure that could potentially lead to spread of
weed resistance. Results from the current study will provide
insights to design novel proactive weed management practices
by leveraging the deleterious effects of G73N mutation and coun-
ter the benefits of resistance to synthetic auxins.

2 MATERIALS AND METHODS
2.1 Plant materials, genotypingmethod and greenhouse
experimental settings
Kochia seeds from a segregating parental line 9425 and a suscep-
tible WT population used in the current study were described pre-
viously.23,24 Three F2 lines were generated from self-pollinating F1
plants from crosses of a male RR plant from the 9425 line with a
female WT plant from Herbiseed (www.herbiseed.com/). The
genotypes of F1 progenies were confirmed through molecular
marker and spray test (Fig. 1(a)). All kochia seeds were first sown
onto plastic insert trays filled with commercial potting media
(Premier Pro-Mix BX mycorrhizae, Premier Horticultural Services,
PA, USA). Seedlings were grown in the growth chamber set at
the following conditions: 16 h photoperiod, 26 °C/20 °C day/-
night temperature; and light intensity at 550 μmol m−2 s−1. When
seedlings were 3–4 cm high, one cotyledon was sampled and
each plant was genotyped through the allelic specific Taqman®
assay as described in LeClere et al.,23 and labeled as
homozygous-, heterozygous-resistant (RR, RS) or homozygous
susceptible (SS) or WT. Uniform size of genotyped seedlings were
then transplanted into bigger pots for downstream studies.
Two glasshouse fitness studies were conducted in parental line

(9425) inMay and July 2019 respectively, with detailed glasshouse
growth conditions listed in Table S1 and timing listed in Fig. 1(b).
Genotyped 9425-RR, -RS -SS andWT kochia plants of 5 to 7-cm tall
were transplanted into 4.5 in plastic pots (10.2 cm width
× 10.2 cm length × 17.8 cm height, one plant per pot). Pots were
prefilled with the above-mentioned commercial potting media,
which were incorporated with slow release granular fertilizer
(Osmocote [14-14-14], Scotts Company LLC, OH, US) at the rate
of 3.6 g L−1. In total, 72 plants (18 per genotype) were included
in Exp-1 and 48 plants (12 per genotype) were included in
Exp-2. Plants were watered as needed and fertilized biweekly.
Pots were evenly spaced to avoid any interplant shading and re-
randomized weekly.
Two runs of replacement series studies were conducted on

three F2 lines in July and September 2016 respectively, with
detailed glasshouse conditions listed in Table S1 and timing listed
in Fig. 1(b). Genotyped F2-RR, -RS -SS kochia plants were trans-
planted into 20 L plastic pots filled with a commercial potting
media fertilized with 3.6 g L−1 of osmocote 14–14-14. Each pot
contained eight plants either as pure stands or in mixtures at
ratios of 0:8, 2:6, 4:4, 6:2 and 8:0 (RR:SS or RS:SS). The correspond-
ing frequencies of resistant biotypes were: 0%, 25%, 50%, 75%
and 100% (monoculture), respectively. In Exp-1, 480 plants from
three F2 lines (160 per line) were included; in Exp-2, 320 plants
from two F2 lines (160 per line, one line was dropped due to poor
germination) were included. All the pots were randomized weekly
and the plants were only watered as needed. More details of the
settings of replacement series studies are provided in Fig. 1(c).

2.2 Plant biomass, seed production and reproductive
allocation
Plants were harvested individually at maturity, dried (9425 line: at
40 °C for 72 h; F2 lines: air dried for 6 weeks) and weighed for bio-
mass. Harvest time of 9425 plants were recorded for each individ-
ual plant and used to calculate seed maturation time (days after
flowering initiation). Both parental and F2 plants were cleaned
through U.S. standard brass sieves (2 mm fb 0.5 mm, Dual
Manufacturing Co., Inc. IL, US) and a column seed blower
(Hoffman Manufacturing, Inc, OR, US) for total seed production
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measurement. Harvest index (HI), a measurement of reproductive
allocation, was calculated using the following formula31

HI=
Seed Production
Total Biomass

x 100% ð1Þ

2.3 Flowering phenology, floral and seed morphology
The flowering initiation time was recorded every 2 days for all the
plants from both parental and F2 lines. Flowering initiation was
defined as noticeable elongation of the filaments that separates
stigma and anthers. A subset of 9425 kochia plants were used to
study reproductive morphology through microscopy. Three
plants per genotype were selected for non-destructive time-
course images over a 45 day period (5-12WAP), through a stan-
dard brightfield microscope (Leica, model: M205 FA, Wetzlar,
DEU) fitted with a digital camera (Leica, model: M205 FA,
DFC310 FX) through Leica application suite X (LAS X) platform.
Images were taken daily on the same spikelet from the 7th node
from themeristemwith the above describedmicroscope, to study
the dichogamy (temporal separation of anthers and stigma)
behavior in flowers. In our study, dichogamy was characterized
by rapid pollen shedding and limited coexistence of mature
anthers and receptive stigmas. Presence of dichogamy was
checked on all the studied plants beyond the ones that were
imaged.
As a measurement of physical distance between stigma and

anthers, degree of herkogamy were estimated by the length dif-
ference between the stamens (mean of three stamens) and the
pistil of the same flower. Stamen and pistil (ovary + style + stigma)
length, and seed sepal length were measured on eight plants per

genotype, two to three flowers/seeds per plant. All floral and seed
sepal quantifications were done with Fiji,32 using digital photo-
graphs taken from cross-sections of matured flowers or buds. To
compare two different progeny types potentially resulting from
different mating behaviors (herein we defined as selfed vs out-
crossed progenies), 30 seeds were collected from similar positions
of four plants from each genotype, dried at 40 °C for 72 h,
weighed and 1000 seed weights were calculated.

2.4 Germination of F1 progenies and outcrossing
propensity of different genotypes
To confirm the viability of resulting F1 progenies of different geno-
types, seeds from all the harvested plant were subjected to a germi-
nation test in a growth chamber set at the following conditions: 22 °
C with 16-h day/8-h night light cycle with a light intensity of
200μmolm−2 s−1 and relativehumiditymaintained at 50%. 10 seeds
per plant were placed onto six-well microplates (Corning™ Costar™
six-well cell culture plate, CLS3506) prefilled with one layer of filter
paper (GE Healthcare Life Sciences, Whatman™ Grade 1, 85MM,
Cat. No. 1001–085) and 1 mL of deionized water. Germinated seed-
lingswere counted daily for 7 days, followed by a simple seed crush
test to determine the viability of non-germinated seeds.33 The
whole germination test was repeated once.
Outcrossing rates were estimated for RR, SS and WT as the pro-

portion of heterozygous F1 plants resulting from crosses between
RR and SS/WT plants (RR♂ X SS♀ or SS♀ X RR♂). We subjected F1
seeds harvested from each individual plant of 9425-RR, -RS, -SS,
and WT from two runs of the greenhouse studies (Exp-1, Exp-2)
to molecular marker assay (four to six parental plants per experi-
ment, four F1 seeds per parental plant). The seeds were sowed
and seedlings were genotyped as described above. In total,

Figure 1. Schematic illustration of the generation of the study populations and experimental layouts. (a) Segregating 9425 parental line was derived
from a previously characterized dicamba resistant line maintained through a single seed descent (SSD) method. Three F2 lines were generated through
introgression of G73N from 9425 RR plants into female WT plants, followed by self-pollinating different F1 crossed progenies with confirmed genotypes.
(b) F2 lines and 9425 parental line were subjected to greenhouse studies with or without intra-specific competition; (c) Two runs of greenhouse exper-
iments were conducted during different time of the year for both parental and F2 lines.
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48 F1 seedlings per parental genotype (9425-RR, -RS, SS or WT)
were genotyped. To compare the estimates from molecular
marker with herbicide response, we also sprayed 24 more
3-5 cm high F1 seedlings per parental plant (N = 8 in exp-1,
N = 7 in Exp-2) with 1X rate of dicamba (560 g, XtendiMax, Bayer-
Crop Science, St Louis, MO, USA) using the method described in
Wu et al.24 Mortality rates were scored 28 days after herbicide
application.

2.5 Statistical analysis
For the comparison of different genotypes of 9425 and WT lines
on different plants fitness traits, as well as the germination of F1
progenies, ANOVA (Analysis of Variance) was conducted accord-
ing to the following model.

Yi=⊘+Mi +εi ð2Þ

in which Yi is the fitness measurement for genotype i, ⊘ is the
overall mean, Mi is the fixed effect of genotype i, εi is the resid-
ual error. For the comparison of different genotypes of F2 lines
on different plants fitness traits in monoculture or at different
mixture ratios, ANOVA was conducted according to the follow-
ing model.

Yij=⊘+Mi +Sj +εij ð3Þ

in which Yij is the fitnessmeasurement for genotype i in F2 line j, ⊘
is the overall mean, Mi is the fixed effect of genotype i, Sj is the ran-
dom effect of F2 line j, εij is the residual error. All pairwise compar-
isons between the three genotypes for each fitness trait and
competition level were defined within the ANOVA and tested
using t-tests. Studentized residual of the range (−6,6) and quantile
box plot was explored for outlier detection.
To visualize the flowering pattern of both F2 lines and parental

lines, daily flowering plants were plotted to Julian date of year

using a 3-parameter log-logistic regression model in the DRC
package in RStudio (version 3.5.1, The R Foundation for Statistical
Computing, Vienna, Austria). For the germination of F1 progenies,
violin plots showing the distribution of final accumulated germi-
nation rates of different genotypes, and line charts showing the
time course of the mean accumulated germination rates of each
genotype were generated using the GGPLOT2 package in RStu-
dio. Boxplots were generated for the mortality rates of F1
progenies.

3 RESULTS
3.1 G73N is associated with early flowering and more
synchronous flowering pattern
The G73N mutation had profound effects on kochia's reproduc-
tive phenology. Flowering initiation timing and synchrony pat-
terns were documented in both parental line 9425 and F2 lines
in two glasshouse experiments (Fig. 2). In Exp-1 (14-15 h photope-
riod, Table S1), 9425-RR plants flowered 38 days after planting,
which was 2, 4, 8 days earlier than -RS, -SS and WT plants, respec-
tively (Table 1, Fig. 2(a)). At the population level, it took about
9 days for 80% of the 9425-RR plants to flower while 13, 15 and
22 days for RS, SS and WT plants, respectively (Fig. 2(b), N = 72).
However, no difference on the flowering initiation time was
observed in Exp-2 when daylength was shorter (11-12 h,
Table S1), since all the genotypes transitioned into the reproduc-
tive phases within 42 days after planting (Table 1, Fig. 2(a)). Similar
flowering phenology patterns were observed on F2 lines when a
larger number of plants were studied (Fig. 2; N = 400; LeClere et
al.23). All 9425 kochia genotypes took similar amount of time for
seed maturation, except for the WT plants, which had a slightly
shorter reproductive phase as observed in Exp-1 (Table 1). Our
data suggests that kochia is a facultative short-day species with
plasticity in adjusting the time required for reproductive growth
stages to maximize their reproductive success.

Figure 2. Flowering phenology of different G73N genotypes of both F2 and parental (9425) kochia (Bassia scoparia) line. RR, RS, SS/WT stand for homo-
zygous-, heterozygous-resistant and susceptible plants (with or without the dicamba resistance endowing mutation G73N), respectively. (a) Boxplots
showing different flowering initiation time for different genotypes of parental and F2 lines in Exp-1. (b) Flowering synchronous patterns as measured
by the accumulated flowering plants (%) over Julian date.
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3.2 G73N is associated with simultaneous decrease in
both herkogamy and dichogamy that might promote
selfing
Besides flowering phenology, G73N is also associated with altered
floral morphology and mating system of kochia. Flowers of
9425-RR plants displayed smaller stigma-anthers physical dis-
tance (decreased herkogamy) than other genotypes (Fig. 3,
Table 2). At bud stages, all genotypes had similar stamen (♂)
length. However, the pistil (♀) of WT and SS plants elongated fas-
ter and were 10–15% taller than that of the resistant plants, result-
ing in a higher level of herkogamy (Table 2, Fig. 3(a),(b)). In open
flowers, the pistils were largely similar among the genotypes
while RR plants had 10–25% shorter filaments (Table 2, Figs 3(a),
(b) and S1a,b), resulting in 60% and 67% lower herkogamy com-
pared with RS and SS plants (Table 2; Fig. 3(a), (b)). Though the
herkogamy level for RR plants was similar to that of WT plants
(Table 2), the stigma of WT plants appeared to mature earlier
(Figs 3(b) and S1c,d), indicating higher temporal separation of
stigma and anthers (dichogamy).
In addition to decreased herkogamy, the anthers and stigma of

RR plants also appeared to mature in a more synchronous pattern
(reduced dichogamy, Figs 3(c) and S2a). We observed dichogamy
exclusively in almost all WT plants and in varied proportions of RS
and SS plants, but not in any of the RR plants (Figs 3(c)–(f ) and S2c,
d). RS and SS plants consistently displayed more dehiscent
anthers due to rapid pollen shedding overnight or early morning
before imaging (Figs 3(c)-(f) and S2(b)–(d); black/brownish stigma
tips in SS and WT flowers before their own pollen shedding).
Decreased dichogamy and longer longevity of the anthers might
potentially enable G73N kochia mutant plants to constantly polli-
nate their own flowers or flowers of nearby plants, facilitating the
spread of resistance alleles (Figs 3(c)–(f) and S2a).

3.3 G73N is associated with altered seed morphology
and higher reproductive allocation
Our data also revealed that kochia is a self-compatible, mixed-
mating species which can produce both selfed and outcrossed

progenies (Figs 4, S3, and S4e–f). Although different progenies
can co-exist on the same branch (Figs 4(a), (c) and S4a–d), the
selfed progenies were more commonly observed at the bottom
portion of the plants, tips of late flowering branches, as well as at
the nodes of lateral branches attaching directly to plant stems
(Fig. 4(b)). In both cases, those flowers exhibited delayed develop-
ment and thus less exposure to mature pollen either from other
flowers of the same plant, or flowers from other plants. The selfed
progenies were flat, slightly bigger in size and with longer and
greenish sepals (Fig. 4(e)), while outcrossed progenies were fea-
tured with a succulent type of sepals (thickened, fleshy and
engorged) (Fig. 4(d)). Selfed seeds of RR plants had 30–70% longer
sepals and potentially lower shattering propensity than other
genotypes (Fig. 4(a), (c), (e) and S3, S5), which might serve as an
efficient seed dispersal mechanism allowing ‘winged’ seeds to
spread across the landscape through tumbling in winds (Table 2,
Fig. 4(e)).
Even though 9425 mutant plants produced 30–50% less bio-

mass, they produced a similar amount of seeds as SS or WT plants
(Table 1). As a result, 9425-RR plants had up to 60% higher repro-
ductive allocation (Table 1). More biomass reduction was
observed (up to 80–90%) in F2 lines when mutant plants were
grown in mixture (25–75% of resistance) with susceptible geno-
types in the replacement series study (Fig. 5(a), (b)). Interestingly,
when grown in monoculture or without competition, both F2 and
9425-resistant plants produced similar amounts of seeds as SS or
WT plants, although there were some variations among the two
experiments (Fig. 5(c), (d), Table 1). F2-resistant plants also had
slightly higher reproductive allocation than SS plants at monocul-
ture though the difference was not statistically significant (Fig. 5
(e), (f)).

3.4 G73N mutant plants did not suffer from low F1
fitness or outcrossing propensity
No difference was observed on germination ability or viability of
seeds produced by different G73N genotypes (Table 1, and
Fig. S6). The slightly lower germination rates (∼90%) for seeds

Table 1. Measurement of reproductive traits of different G73N genotypes from the 9425 and WT B. scoparia line

Fitness measurement Timing

Genotype†

9425-RR 9425-RS 9425-SS WT ANOVA‡

Flowering time (d) Exp-1 37.8 ± 0.8 (a§) 40.3 ± 0.9 (b) 42.3 ± 0.7 (b) 46.6 ± 0.7 (c) <0.0001
Exp-2 41.6 ± 0.6 (a) 41.7 ± 0.5 (a) 41.1 ± 0.4 (a) 42.1 ± 0.5 (a) 0.6164

Seed maturation time (d) Exp-1 54.4 ± 0.9 (a) 54.1 ± 1.0 (a) 54.6 ± 1.0 (a) 46.7 ± 0.8 (b) <0.0001
Exp-2 45.3 ± 0.5 (a) 48.9 ± 1.7 (b) 45.6 ± 1.1 (ab) 43.5 ± 1.3 (a) 0.0345

Biomass (g) Exp-1 33.1 ± 1.2 (a) 44.2 ± 1.3 (b) 46.7 ± 1.9 (b) 58.8 ± 1.9 (c) <0.0001
Exp-2 26.8 ± 0.8 (a) 28.7 ± 1.3 (a) 34.6 ± 1.1 (b) 25.9 ± 2.5 (a) 0.0021

Seed production (g) Exp-1 13.2 ± 0.7 (ab) 15.2 ± 1.0 (a) 12.8 ± 0.8 (b) 14.4 ± 0.7 (ab) 0.1426
Exp-2 5.7 ± 0.5 (ab) 5.6 ± 0.5 (b) 7.5 ± 0.7 (a) 5.3 ± 0.7 (b) 0.0694

Harvest index (%) Exp-1 39.8 ± 1.6 (a) 34.2 ± 1.8 (b) 28.0 ± 2.0 (c) 24.8 ± 1.5 (c) <0.0001
Exp-2 21.2 ± 1.5 (a) 20.0 ± 2.4 (a) 21.8 ± 2.1 (a) 20.3 ± 1.4 (a) 0.9103

F1 germination rate (%) Exp-1 89.3 ± 3.1 (a) 92.1 ± 3.0 (a) 88.0 ± 3.9 (a) 87.0 ± 4.3 (a) 0.7776
Exp-2 100.0 ± 0.0 (a) 99.4 ± 0.6 (ab) 96.3 ± 2.2 (b) 98.8 ± 0.9 (ab) 0.0157

Outcrossing rates (%) Exp-1 33.3 ± 13.9 (a) — 8.3 ± 5.5 (a) 14.3 ± 9.2 (a) 0.1893
Exp-2 36.1 ± 11.7 (a) — 18.8 ± 12.0 (a) 10.0 ± 6.1 (a) 0.2114

† RR, RS, SS stand for homozygous-, heterozygous-resistant and susceptible plants (with or without the dicamba resistance endowing mutation
G73N), respectively.
‡ P-values for ANOVA for the effects of genotype on different fitness traits are listed in the far-right column.
§ Different letters represent significant difference among the means at p = 0.05 level.
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from Exp-1, is likely because seeds have started to decay when the
germination tests were conducted. Seed crush tests indicated the
non-germinated seeds were close to 100% viable. The high
fecundity of mutant plants might be due to higher seed

densities per spikelet and less aborted seeds than the SS and
WT plants (Figs 4(a)–(c) and S5). The 1000 seed weight was sim-
ilar or even slightly heavier (Table 2; LeClere et al.21), indicating
seed quality was also similar. Interestingly, outcrossing rates as

Table 2. Anatomical observations and quantifications of seed and flower morphology of different G73N genotypes from the 9425 and WT B. sco-
paria line

Fitness measurement Timing

Genotype†

9425-RR 9425-RS 9425-SS WT ANOVA‡

Stamen length (mm) Young bud 0.88 ± 0.04 (a§) 0.96 ± 0.06 (a) 0.91 ± 0.04 (a) 0.84 ± 0.05 (a) 0.3666
Mature bud 1.21 ± 0.06 (a) 1.23 ± 0.05 (a) 1.24 ± 0.04 (a) 1.18 ± 0.07 (a) 0.8748
Flower 2.90 ± 0.07 (a) 3.43 ± 0.11 (b) 3.89 ± 0.08 (c) 3.19 ± 0.10 (b) <0.0001

Pistil length (mm) Young bud 1.63 ± 0.09 (a) 1.57 ± 0.07 (a) 1.84 ± 0.07 (ab) 1.95 ± 0.16 (b) 0.044
Mature bud 1.76 ± 0.08 (ab) 1.60 ± 0.10 (a) 1.97 ± 0.08 (b) 2.08 ± 0.16 (b) 0.0258
Flower 2.37 ± 0.06 (b) 2.05 ± 0.09 (a) 2.34 ± 0.11 (ab) 2.70 ± 0.16 (c) 0.0013

Herkogamy (mm) Young bud 0.75 ± 0.06 (ab) 0.60 ± 0.05 (a) 0.93 ± 0.06 (bc) 1.11 ± 0.12 (c) 0.0003
Mature bud 0.50 ± 0.10 (ab) 0.37 ± 0.07 (a) 0.73 ± 0.09 (bc) 0.90 ± 0.14 (c) 0.0005
Flower 0.55 ± 0.08 (a) 1.38 ± 0.18 (b) 1.69 ± 0.20 (b) 0.49 ± 0.09 (a) <0.0001

1000 Seed weight (g) Self 1.01 ± 0.08 (a) 0.96 ± 0.15 (a) 0.98 ± 0.05 (a) 0.84 ± 0.10 (a) 0.6269
Outcross 1.40 ± 0.06 (a) 0.74 ± 0.09 (bc) 0.90 ± 0.10 (b) 0.63 ± 0.03 (c) <0.0001

Sepal length (mm) Self 0.92 ± 0.03 (a) 0.65 ± 0.02 (b) 0.68 ± 0.02 (b) 0.53 ± 0.02 (c) <0.0001

† RR, RS, SS stand for homozygous-, heterozygous-resistant and susceptible plants (with or without the dicamba resistance endowing mutation
G73N), respectively.
‡ P-values for ANOVA for the effects of genotype on different fitness traits are listed in the far-right column.
§ Different letters represent significant difference among the means at P = 0.05 level.

Figure 3. Floral morphology and stigma-anther distance of different G73N endowing resistant or susceptible genotypes. (a), (b) intact and dissected
young and mature flower buds and open flowers of different genotypes, showing the physical distance between the anthers and stigma (herkogamy).
(c)-(f)mages of a single flowering spikelet that was taken from the seventh node below the meristem for different genotypes 9425-RR (c); -RS (d); -SS
(e), WT plants (f). Yellow arrows indicate flowers with intact anthers, and synchronous male and female phases that promote selfing; red arrows indicate
flowers with rapidly dehiscent anthers and separated male and female phases (dichogamy). Scale bar = 2 mm for spikelet (a–d), 500 μm for flower bud
and 1 mm for mature flower (e,f).
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measured by the frequency of heterozygous plants were similar
among the F1 progenies of 9425-RR and -SS and WT plants
(Table 1), indicates the highly inbred 9425 line might still main-
tain high outcrossing propensity. Results from the molecular

marker assay generally agreed with the mortality rates
observed in the spray test (10–20%, Fig. S7), except that the
1X rate of dicamba killed some mutant plants likely with slower
growth and smaller sizes.

Figure 4. Seed morphology of different G73N endowing resistant or susceptible genotypes. (a), (c) Seed spikelet (one per genotype) showing the co-
existence of different types of progenies. Genotypes from left to right are: 9425-RR, -RS, -SS and WT, respectively. Red, yellow, and white arrows in
(a) indicate outcrossed, selfed and aborted seeds, respectively. (b) seed spikelet (two per genotype) taken from upper (U) and lower portion (L) of a plant;
(d), (e) fresh and dried seeds of different genotypes: outcross-progenies (d), self-progenies (e); Scale bars = 2 mm in (a), 5 mm in (b), (c) and 1 mm in (d),
(e), respectively.

Figure 5. Biomass, seed production and reproductive allocation of different G73N genotypes of F2 kochia (Bassia scoparia) lines across different compe-
tition levels in the replacement series studies. RR, RS, SS stand for homozygous-, heterozygous-resistant and susceptible plants (with or without the
dicamba resistance endowing mutation G73N), respectively. Means of each fitness trait of F2-RR, -RS, and SS plants were plotted across different compe-
tition levels. Reproductive Allocation or Harvest Index = (Seed Production)/(Total Biomass) × 100%.
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4 DISCUSSION
Auxin plays an essential role in regulating plant reproductive pro-
cess.34-37 Therefore, auxin deficient mutants are often associated
with impaired reproductive traits such as anther filament elonga-
tion, embryogenesis, and seed development.37-39 In an extreme
example Arabidopsis (Arabidopsis thaliana) iaa16-1 homozygote
is incapable of seed production, because their stamens fail to
reach the stigma before dehiscence.40 Since the 9425 line was
maintained through a single seed descent method, it is possible
that inbreeding depression might be a confounding effect result-
ing in lower fitness in the resistant kochia.24, 41, 42 Strikingly,
though G73N can cause significant vegetative growth defects, it
does not appear to reduce plant fecundity in the absence of com-
petition. Similar to what was previously reported in F2 lines,23

resistant plants (9425-RR, 9425-RS) from the parental 9425 line
produced a similar amount of seeds as 9425-SS or WT plants
regardless of the drastic difference in plant sizes. Our result is con-
sistent with previous reports in kochia,23,43 as well as other studies
showing that resistant plants had increased fecundity when
grown in monoculture.44,45

One possible reason for the limited fitness costs of G73N at the
highly conserved degron region (GWPPV/I) of IAA16 in kochia,23

might be the high redundancy of the AUX/IAA protein family.
There are 29 AUX/IAA proteins in Arabidopsis, and some of which
might show no visible developmental defects.46-48 Furthermore,
different AUX/IAA proteins have different interaction partners (e.
g. auxin response factors (ARF)), which might lead to varied phe-
notypic effects for different AUX/IAA mutants.49 From an evolu-
tionary point of view, plants might manage to mitigate the
growth-dense trade-offs, through co-evolution of other fitness
enhancing genes/ecological strategies.50 In the current study,
the deleterious effects of G73N on kochia's vegetative growth
and competitiveness appeared to be compensated by multiple
highly effective reproduction strategies.
First, G73N is associated with alteration of kochia reproductive

phenology such as flowering initiation time, leading to longer
reproduction phase. In both parental and F2 lines, kochia mutants
consistently flowered earlier but took a similar amount of time to
finish reproductive development. Early flowering can be evolu-
tionarily advantageous since it allows plants to rapidly divert
resources from vegetative growth to seed maturation.51 This find-
ing, however, contradicts with Kumar & Jha52 andMai et al.,53 who
observed delayed flowering associated with auxin resistance. The
difference might be due to different auxin deficient mutants that
are involved, as well as other confounding environmental and
geographical factors on flowering phenology.54 Results from
Exp-1 also showed that G73N mutant plants allocated signifi-
cantly higher proportion of energy captured from photosynthesis
to reproduction. Research has suggested that plants might allo-
cate more resources to reproduction when they are under
stress.55 These plasticity and strategic differences allow resistant
kochia to maximize its reproductive output and adapt to unpre-
dictable and stressful field environments.
Second, G73N covaried with multiple floral and seed morpho-

logical changes, which shifted kochia's mating systems. Flowers
of G73N mutant plants are linked with decreased herkogamy
and dichogamy (smaller spatial and temporal separation of
stigma-anther), both are mechanisms that promote selfing and
limit outcrossing.56-60 Self-pollination is often linked with a higher
risk of inbreeding depression61-62 and lower levels of

heterozygosity/recombination rates. As a result, self-pollinating
species might have lower standing genetic variation on which
the selection may act.63-64 However, self-pollination can also,
serve as a mechanism of reproductive assurance to maximize
seed production, especially in pollen-limited conditions.57 When
conditions are not favorable for outcrossing (e.g. no pollinators
around or limited number of plants are in the reproductive stage),
autonomous within-flower selfing allows ovules that otherwise
would have gone unfertilized to be fertilized and develop into
seeds.65 Indeed, we observed more aborted flowers in SS and
WT plants which failed to develop into seeds, while RR and RS
plants had higher seed density per spikelet. Besides serving as a
mechanism to maximize seed production, higher self-fertility of
resistant plants compared with the susceptible plants, might also
be a mechanism to reduce the influx of susceptible alleles in the
field, also known as the ‘prevention of gene flow’ hypothesis.14,66

To our surprise, the outcross rates of 9425-RR plants we estimated
were similar to that of 9425-SS andWT plants, suggesting the high
reproductive success of mutant kochia might be more compli-
cated with other unknown factors involved. For example, though
we sampled representative floral and seeds in our dichogamy and
herkogamy measurements, we did observe variations among
samples from different positions of a single plant. Nevertheless,
more thorough studies are needed to fully elucidate the impact
of G73N on the mating behavior of dicamba resistant kochia.
Lastly, G73N mutant seeds had longer sepals (‘winged’ seeds)

and seemingly lower shattering rate, which might facilitate long-
distance seed dispersal and the spread of resistance over the
landscape. Previous research found that Dipterocarpaceae spe-
cies produce multiple-winged seeds which can autorotate to
maximize descent time.67-69 It is not known if kochia seeds are
able to autorotate while tumbling, but they clearly adopt a similar
multiple-winged approach which can influence dispersal dis-
tances and germination locations. We do have to point out that
the pleiotropic effects of the G73N mutation need to be tested
in more diverse genetic backgrounds or in transgenic plants, to
fully establish a causal relationship between the mutation and
the reproductive traits we observed.
To put our fragmentary understanding of the evolution of herbi-

cide resistance costs into a framework, we propose a 4-phase hypo-
thetic model (Fig. 6(a)). Phase I denotes the pre- or early selection
stage, during which most of the plants are sensitive. Genetic varia-
tions for adaptations/tolerance can be selected and enriched as the
magnitudes of selection pressure fluctuate in the field.70,71 Phase II
features a period driven by increased selection pressure, alongwith
a surge of fitness costs (we might fail to detect such highly costly
and thus rare resistance endowing mutations). When overall resis-
tance costs reach a plateau, the evolution transits from a defense-
focused into a growth-defense balanced phase. During Phase III,
plants can evolve secondary compensatory mutations or combine
multiple mechanisms that mitigate the fitness costs while main-
taining a high level of resistance.13,72 Eventually, resistance traits
without fitness costs get fixed in a homogeneous population at
phase IV. During the evolution, the energy plants fixed from photo-
synthesis can be allocated to defense, growth, and reproduction
with different prioritization levels. What is worth mentioning, it is
possible a population might have to have optimized genetic back-
grounds for the successful integration of the resistance genes with-
out suffering a fitness cost. As a result, the compensatory evolution
(phase III) might overlap with the evolutionary rescue stage (phase
II) as illustrated in Fig. 6(b).
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We also believe that the genetic basis of resistance might trans-
form this evolutionary trajectory into different forms and scales
(Fig. 6(b)). For example, resistance endowed by a single mutation
will likely incur an instant and significant fitness cost initially,
resulting in a positively-skewed curve (Type A). Whereas fitness
costs might be gradually accumulated for resistance endowed
by multiple genes of smaller effects (‘creeping resistance’),73

resulting in a negatively-skewed curve with a lower peak (Type
B). There might also be species that follow an evolutionary trajec-
tory that is intermediate to the above two models (Type C) due to
a more confounding and overlapping genetic basis that is
involved. These models might also help explain how fitness stud-
ies with different detection sensitivitiesmight affect how often we
see a cost for herbicide resistance traits. Nevertheless, more
empirical data are required to validate these hypotheses on the
intertwining relationship of evolutionary rescue and compensa-
tory evolution.64

5 CONCLUSIONS
Overall, the current study demonstrated that though G73N can
lead to significantly diminish plant size and impaired vegetative
growth, its deleterious effects can be compensated through co-
evolution of other fitness traits that promote reproductive fitness.
We do have to point out that since the 9425 parental line was
maintained through a modified single seed descent method,
some of the reproductive traits might be the result of the inbreed-
ing depression and limited to the genetic background of the 9425
line. However, as one of the most important fitness indices, no

reduction in fecundity and high outcrossing propensity of mutant
plants, are both strong evidence that inbreeding depression was
not severe in our kochia populations. Nevertheless, future studies
that characterize the effects of G73N in more diverse genetic
backgrounds are needed to fully rule out the confounding effects
of inbreeding depression.
From an evolutionary point of view, it is possible that G73N

might only be an initial step during the synthetic auxin resistance
evolutionary trajectory, which might later be replaced by other
mutations or non-target site resistance (NTR) mechanisms with
lower or negligible resistance cost, as seen in the case of atrazine
resistance in common waterhemp (Amaranthus tuberculatus).74 In
fact, NTR mechanisms such as decreased translocation have
already been reported in other dicamba or 2,4-D resistant
weeds.75-78 Future research could focus on using the newly avail-
able kochia genome to identify the genetic basis for compensa-
tory evolution.79 For example, identifying specific secondary
mutations or genes that are involved in the co-selected weedi-
ness traits.13,25,72,80 These genes might also be a valuable source
for engineering crops with certain desirable traits.
Our findings re-enforced the importance of controlling resistant

weeds when they are still in low frequency, since the competitive-
ness of resistant plants can increase during selection, especially
when they become the dominant biotypes within a population.
From a weed management point of view, the altered flowering
phenology, floral and seed morphology for RR plants, might
enable novel management tactics that target the mating systems
and reproductive strategies of resistant plants.81-82 Considering
the extent of selection pressure that might be imposed by the
widely adopted synthetic auxins resistant cropping system, it is
highly recommended that farmers adopt diverse weed control
approaches that harness evolutionary thinking,83 to delay the
resistance evolution and sustain the utility of the limited resistant
weed management technologies we still have.
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