
HORTSCIENCE 55(1):63–70. 2020. https://doi.org/10.21273/HORTSCI14614-19

Reducing Preharvest Bolting in Open-
field-grown Cilantro (Coriandrum
sativum L. cv. Santo) through Use of
Growth Regulators
Bo Meyering, Adam Hoeffner, and Ute Albrecht
Southwest Florida Research and Education Center, University of Florida/
IFAS, 2685 State Road 29 North, Immokalee, FL 34142

Additional index words. coriander, gibberellin, gibberellin biosynthesis inhibitors, plant
growth regulators

Abstract. Cilantro (Coriandrum sativum L.), also called coriander, is an herbaceous,
annual plant that is cultivated worldwide for its leaves and seeds. Cilantro has a strong
propensity to bolt quickly in hot weather and under long-day (LD) conditions, which
affects the flavor and renders the crop unmarketable. High incidence of preharvest
bolting in open-field production can cause significant economic loss. The phytohormone
gibberellic acid (GA) regulates stem elongation and floral initiation in many LD rosette
plants. In pilot experiments, we found that GA induced bolting in greenhouse-grown
cilantro and that plant growth regulators (PGRs) with anti-GA activity can delay this
process.We then explored the effects of different GA inhibitors on reducing the incidence
of bolting in cilantro grown in a commercial open-field environment. Four field trials
were conducted on a commercial farm near Clewiston in Florida between Fall 2016 and
Spring 2018. Different growth regulators were applied at different times, ranging from 5
to 8 weeks after seeding (WAS), and plants were harvested 2 to 3 weeks thereafter.
Applications of GA inhibitors significantly reduced the incidence of bolting in three of the
four trials, but the extent depended on the type of inhibitor used. The results from one
trial were inconclusive due to changes in weather that prevented bolting in the entire
field. Overall, plots treated with prohexadione calcium and paclobutrazol were most
effective and reduced bolting by up to 78%. Applying the PGRs at 5 and 6WASwasmore
effective than at 7 or 8 WAS.

Coriander (Coriandrum sativum L.) or
cilantro, as it is commonly called in the
United States, is an herbaceous, annual plant
with a basal rosette growth habit that belongs
to the family Apiaceae and is widely culti-
vated throughout the world (Morales-Payan,
2011). Both the seeds and vegetative parts of
the plant contain high levels of essential oils
and organic compounds with broad medici-
nal properties (Laribi et al., 2015). Cilantro is
grown mostly for its dried fruits, although its

highly aromatic leaves, which are used to
flavor a variety of dishes from salsas to
curries, are the main part of the plant con-
sumed in the United States. Its origin has not
been conclusively determined, but most ac-
cessions can be placed into one of two broad
categories: 1) those that originated in the
Caucasus and Central Asia and are charac-
terized by a prolonged vegetative growth
state with many basal rosette leaves and 2)
those that originated in the Near East and the
Indian subcontinent where cultural selection
favored quick flowering and large fruits over
leaf production (Diederichsen, 1996).

Commercially grown cilantro is com-
monly cultivated in open field systems and
suffers from relatively few production prob-
lems, although bacterial leaf spot, Phytoph-
thora root rot, and Fusarium wilt can
sometimes cause economic damage (Dugan
et al., 2017; Pernezny et al., 1997). Several
studies have explored various treatments and
storage methods to increase its postharvest
shelf life (Hassan and Mahfouz, 2012; Luo
et al., 2004), and the effects of fertilization
and water use have also been investigated
extensively (Angeli et al., 2016). However,
one persistent physiological trait of cilantro
that has received proportionately little atten-
tion is its propensity to ‘‘bolt’’ or initiate
rapid stem elongation from the rosette and
flower under certain environmental condi-

tions, causing the leaves to assume an un-
pleasant flavor (Bashtanova and Flowers,
2011). This averse flavor, which is most
likely due to changes in the essential oil
composition in the leaves (Potter, 1996),
renders the crop unmarketable. During the
winter in south Florida, it is possible to
harvest a crop twice before bolting com-
mences, but this becomes increasingly diffi-
cult as temperatures start to rise (Chuck
Obern, personal communication, 2016). The
relationship of cilantro bolting to increases in
temperature and LD environmental condi-
tions has been suggested in several extension
publications; however, these provide little
more than general observations on yield and
early flowering (Blade et al., 2016; Smith
et al., 2011).

Putievsky (1983) showed that LD condi-
tions accelerate cilantro flowering but reduce
overall yield, and Nawata et al. (1995), in
their survey of cilantro landraces in southeast
Asia, gathered evidence suggesting that ci-
lantro is a facultative LD plant. Tomitaka
et al. (2001) later provided support for these
results by examining the stages of floral
development in relation to changes in day-
length through a series of controlled green-
house experiments. Their results showed a
strong, negative linear relationship between
photoperiod and the elapsed time until flow-
ering, even though flowering eventually oc-
curred in all photoperiods tested. In their
study, flower bud pre-differentiation oc-
curred at an average of 49 d after seeding
under daylength neutral conditions. This is in
agreement with values published elsewhere
(Diederichsen and Hammer, 2003).

Plant growth, development, and organ
ontogenesis are complex processes, which
are highly regulated by endogenous plant
hormones and genetic and epigenetic control
of regulatory pathways (Bishopp et al., 2006;
Johnson and Lenhard, 2011; Pikaard and
Scheid, 2014). Floral development and regu-
lation in several other Apiaceous species are
well understood and were shown to be
regulated mainly through photoperiod and
vernalization. Dill (Anethum graveolens), an
LD plant, can be induced to flower once
exposed to a single 11-hour daylength cycle,
and early flowering is accompanied by lower
vegetative yields (H€alv€a et al., 1993; Hamner
and Naylor, 1939). Similarly, fennel (Foe-
niculum vulgare) will bolt after being ex-
posed to several photoperiod cycles for a
minimum of 13.5 h (Peterson et al., 1993).
Several other studies reported that celery
(Apium graveolens) is a day-neutral species
that is induced to flower by vernalization
(Jenni et al., 2005), although LD conditions
after vernalization treatments greatly reduced
the time to bolting (Ramin and Atherton,
1994).

Floral induction in Arabidopsis thaliana,
also a facultative LD plant with basal rosette
growth, has been studied extensively and is
highly regulated by several integrated path-
ways that monitor both environmental and
plant internal conditions (Simpson and Dean,
2002). Bioactive gibberellins (GA) are a class
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of endogenous phytohormones that posi-
tively direct seed germination, stem elonga-
tion, and floral initiation and significantly
interact with the auxin–cytokinin pathways
for root and shoot meristem development
(Vanstraelen and Benkov�a, 2012). Arabidop-
sis mutants deficient in GA synthesis genes
show extreme dwarfing phenotypes with tight
rosette patterns and are nonresponsive to LD
inductive conditions, supporting the role that
GA plays in integrating these two pathways
(Reeves and Coupland, 2001).

Several studies have investigated the ef-
fects of exogenously applied GA in cilantro
to increase yield. Das et al. (2018) found that
a 20 ppm GA application at 25 and 30 d after
seeding increased leaf yield by 47%, but they
did not comment on the incidence of pre-
harvest flowering. Morales-Payan and Stall
(2004) also observed a significant yield in-
crease with GA applications. GA applied at
rates of 10 and 20 g·ha–1 to plots of cilantro at
7 WAS had no effect on overall yield but
significantly increased preharvest bolting and
plant height (Kahn and Maness, 2010). When
applied to plots at rates of 50 to 75 ppm, GA
increased the number of flowering umbels,
plant height, seed yield, and size and de-
creased the days to flowering and seed
maturity (Yugandhar et al., 2016). Although
early flowering and increased seed yield are
beneficial traits for cultivation of coriander
fruit, this is not the case when leaf production
is the objective. Applying auxin or cytokinin
to the foliage to prevent early bolting has
been proposed, but no evidence was provided
for its efficacy (Morales-Payan, 2011), and to
date, no studies have specifically examined
any methods to reduce the incidence of pre-
harvest bolting in the field.

PGRs are synthetically produced com-
pounds which alter growth and development
and can attenuate the effects of environmental
conditions and of endogenous phytohormones
such as GA (Rademacher, 2015). Some com-
pounds such as the diethanolamine salt of
mefluidide (MFL) are cell division inhibitors
and are used strictly to inhibit seedhead
formation in turfgrass (Haguewood et al.,
2013). Other PGRs, such as chlormequat
chloride (CQC), paclobutrazol (PBZ), flurpri-
midol, and prohexadione calcium (PCa), di-
rectly inhibit GA biosynthesis (Rademacher,
2016). Currently, PCa has widespread use in
controlling fire blight in apples (McGrath
et al., 2009), reducing vegetative growth in
peanuts (Beam et al., 2002), and decreasing
shoot growth in apples and cherries (Cline,
2017). Although PBZ is mainly used in the
ornamental plant industry, it has some efficacy
in reducing shoot growth in tropical and sub-
tropical tree crops (Rademacher, 2016).

It is possible to control certain environ-
mental conditions within a greenhouse set-
ting; however, it is currently not practical to
do so in open production systems. Given our
assumptions that cilantro is induced under
LD conditions and that GA at least partially
controls stem elongation and floral initiation
in cilantro, we hypothesized that PGRs that
inhibit GA biosynthesis would decrease the

incidence of early bolting in the field. The
objective of our study was therefore to de-
termine the efficacy of several commercially
available GA inhibitors to prolong the vege-
tative stages of cilantro in the field and to
identify the appropriate time at which to
apply these products.

Materials and Methods

Greenhouse experiments
Plant material. Two pilot experiments

were conducted in an enclosed greenhouse to
screen prospective antigibberellin compounds
and identify appropriate concentrations for
spray application. One-gallon nursery con-
tainers (Pro-Cal, South Gate, CA) were sur-
face sterilized with a 1% NaClO solution and
air-dried. Cilantro seeds (cv. Santo) were sown
into sterilized pots filled with Fafard #2
potting medium (Sun Gro Horticulture, Aga-
wam, MA). Both the seeds and potting me-
dium were pretreated with Oxidate 2.0
(BioSafe Systems LLC, East Hartford, CT)
according to the manufacturer’s directions.
Seeds were germinated and then thinned to
six seedlings per pot. Once the first true
leaf was fully expanded, pots were fertilized
three times per week with 150 mL of a water-
soluble fertilizer at 100 ppm N (Peter’s
Professional, 20N–10P2O5–20K2O, Israel
Chemicals Ltd., Tel Aviv, Israel). The fertil-
izer dosage was increased to 300 mL starting
at 6 WAS as the plants began to mature.

Experimental design. Plants were arranged
on the greenhouse benches in a completely
randomized design (CRD) with 6 replicates per
treatment. Each replicate consisted of one pot
containing 6 plants.

Treatments. PGRs applied to plants in
Expt. 1 were PBZ (paclobutrazol, Bonzi,
0.4%, Syngenta, Greensboro, NC) at 3 mg·L–1

a.i., CQC (chlormequat chloride, Cycocel
11.8%, OHP, Bluffton, SC) at 2000 mg·L–1

a.i., andGA (gibberellic acid, N-large 4%GA3,
Stoller) at 25 mg·L–1 a.i. as a positive control.
PGRs applied to plants from Expt. 2 included
PBZ and GA at the same rates used in Expt. 1.
In addition, PCa1 (prohexadione calcium,Apo-
gee, 27.5% (w/w), BASF Corporation, Flor-
ham, NJ) at 119 mg·L–1 a.i. and MFL
(mefluidide, Embark 3.2%, PBI/Gordon Cor-
poration, Kansas City, MO) at 45 mg·L–1 a.i.
were used. CQC was used in Expt. 1 as a proof
of concept but later omitted because of its
restricted use in an open-field environment.
PBZ was applied as a 200-mL drench; all other
materials were applied foliar with a handheld
sprayer and included Tween 20 (Sigma-
Aldrich, St. Louis, MO) at 0.1% (v/v) as a
surfactant. The spray volume per pot was �50
mL, whichwas enough to cover the leaves until
runoff. An untreated control (UTC) usingwater
and surfactant only was included in each
experiment. In Expt. 1, plants were sprayed at
8 WAS and evaluated 10 WAS. In Expt. 2
plants were sprayed at 5 WAS and evaluated at
8 WAS. The average daylength during the
experiments was 11.25 and 11.5 h for Expts.
1 and 2, respectively. Treatments and support-
ing information are summarized in Table 1.

Field trials
Field location and management. Four

field trials were conducted on a commercial
vegetable farm in Clewiston, FL (lat.
26�27#18$ N, long. 81�1#52$ W). Trial 1
was conducted in Winter 2016, trials 2 and 3
in Spring 2017, and trial 4 in Spring 2018.
The prominent soil type at the farm site is
siliceous Basinger fine sand, which is typi-
cally poorly drained but rapidly permeable
(Soil Survey Staff, Natural Resources Con-
servation Service, U.S. Department of Agri-
culture, Official Soil Series Descriptions,
2014). Cilantro seeds (cv. Santo) were sown
in 1.27-m-wide · 30.0-m-long raised beds
with five rows per bed. Fields were broadcast
fertilized with a granular fertilizer containing
N, P, K (7N–9P2O5–17K2O) at a rate of 672.1
kg·ha–1 and then supplemented with three
side dress applications of liquid fertilizer
containing 10N–0P–8K2O at a rate of 375
L·ha–1 for a total of 134.5 kg·ha–1 N. Liquid
fertilizer applications were performed at 2, 4,
and 6 WAS. Irrigation was by seepage, and
pest and disease management was performed
according to the grower’s standard practice.
Average daylength ranged from 10.5 h during
trial 1 to 11.9 h during trial 4, and the average
temperatures ranged from 19.6 �C during trial
3 to 21.4 �C during trial 4 (Table 1).

Experimental design. The experimental
design was a randomized complete block
design (RCBD) using four replicates (trials
1–3) or six replicates (trial 4) per treatment.
Each treatment plot was 1.27 m (the width of
one bed) · 3.66m (4.65m2) in size with a 0.2-
m buffer area between plots to reduce the
chance of spray carryover from adjacent
plots. The treatments were applied to the
entire plot, and sampling was conducted on
a smaller subplot, which excluded 0.6 m on
either end of the plot as well as the outer two
rows of cilantro within a bed to minimize any
edge effect. Plants from field trials 1, 2, and 3
were harvested and evaluated at 8 WAS, and
plants from trial 4 were harvested at 9 WAS,
coinciding with the grower’s harvest of the
remainder of the field.

Treatments. Treatments were applied us-
ing a motorized backpack sprayer equipped
with a flat fan nozzle wand (Solo 417, Solo
Inc., Newport News, VA) and were sprayed
at 40 psi. All materials were applied together
with a liquid soap (Dawn, Proctor & Gamble,
Cincinnati, OH) as adjuvant favored by the
grower at 0.1% (v/v). The UTC plants were
sprayed with the adjuvant only. The total
spray volume for each plot was 3.785 L for
field trials 1 through 3 and 325 mL for field
trial 4. Treatments for field trial 1 were
applied in Dec. 2016 at 5 WAS. The time
of application was 10:00 HR. The PGRs used
were PBZ applied as a sprench (‘‘sprayed
drench’’ directed at the soil surface near the
stem) at 3 mg·L–1 a.i. and PCa1 applied foliar
at 42.5 mg·L–1 a.i. Field trials 2 and 3 were
sown 1 week apart in neighboring fields.
Treatments were applied at 10:00 HR on the
same day in Feb. 2017 at 6 WAS (trial 2) and
at 5 WAS (trial 3). The plant growth regula-
tors used were PBZ applied as a sprench at
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6mg·L–1 a.i., PCa1 applied as a foliar spray at
42.5 mg·L–1 a.i., and MFL applied as a foliar
spray at 45 mg·L–1 a.i. Plants from field trials
1 through 3 were evaluated 8 WAS.

In field trial 4, we explored the interaction
of treatment and application time. In addition
to PCa1, a second prohexadione calcium
material, PCa2 [Kudos, 27.5% (w/w), Fine
Americas Inc., Walnut Creek, CA] was used.
Both materials were applied as foliar sprays
at 42.5 mg·L–1 a.i. with spray grade AMS
(21–0–0) at 476 mg·L–1 to facilitate uptake
into the leaves and a nonionic surfactant
(Activator 90, Loveland Products Inc., Love-
land, CO) at 1.25 mL·L–1 according to the
manufacturer’s recommendations. The UTC
consisted of AMS and nonionic surfactant
only. The total spray volume per plot was
reduced from 3.785 L in field trials 1 through
3 to 325 mL to more accurately represent
volumes used in commercial production.
Applications were conducted 6, 7, and 8
WAS, and plants were evaluated 9 WAS.
Treatments and supporting information are
summarized in Table 1.

Plant evaluations
Plant collection. For the greenhouse ex-

periments, the six plants in each pot were cut
at the stem below the base of the rosette
leaves and immediately analyzed for bolting
and biometric parameters. For the field trials,
a sampling quadrat was used to randomly
collect 10 (field trial 1) and 20 (field trial 2)
plants from a sample subplot (2.44 m ·
0.76 m, 1.85 m2) in the center of each
treatment plot. Plants were cut at the stem
below the base of the rosette leaves, pooled
by plot, bagged in macroperforated clear
polyethylene bags, and transported to the
laboratory for assessment of bolting and
other biometric parameters.

Biometric measurements. Plants were de-
fined as bolting when internodes measured at
least 1 cm in length. Plant length was de-
termined from the base of the first rosette leaf
to the length of the distal end of the leaves
when laid on end, excluding any aberrant
leaves. The stem diameter wasmeasured with

a digital caliper directly beneath the first true
leaf of each plant. If a plant was scored as
bolting, then the longest internode on the
caulis (in rosette plants, the main stem that
elongates before anthesis) or the total length
of the caulis (field trial 4) was measured.
Finally, the fresh weight of each plant was
determined (not measured for field trial 4).

Leaf morphology changes. In the field
trials, the percentage of plants displaying leaf
morphology changes (inflorescent stems with
leaves of highly pinnate to filiform morphol-
ogy) was assessed in whole plots before
harvest. In field trials 2 and 3, the percentage
of plants with leaf morphology changes was
additionally assessed 1 and 2 weeks after
harvest (WAH) in regrown plants; we were
unable to collect these data for field trials 1
and 4 because fields were accidentally
plowed shortly after harvest.

Yield. The yield for field trial 1 was
determined as the total biomass of 20 random
plants from the sample subplot. The yield for
field trials 2 through 4 was determined as the
total biomass of all plants in the sample
subplot and expressed as kg/m2 standardized
to the average plant density per plot. Yields
were determined on location immediately
after harvest using a commercial scale
(CWP-150, CAS-USA, East Rutherford, NJ).

Statistical analysis
Measurements were averaged for the six

plants grown in one pot (greenhouse exper-
iments) or collected from each plot (field
trials) before calculating treatment means,
and 95% confidence intervals for each vari-
able mean were constructed. Data were ana-
lyzed separately for each greenhouse
experiment and each field trial. Analysis of
variance (ANOVA) was conducted using R
in the RStudio environment (R Core Team,
2018; RStudio Team, 2016). The means from
significant tests were separated with Tukey’s
honestly significant difference (HSD)
test using the ‘‘Agricolae’’ package (de
Mendiburu, 2017). One-way ANOVA
was employed for greenhouse experiments.
RCBDANOVAwas employed for field trials

with treatment as a main factor and block as a
random factor (trials 1–3) or treatment and
application time as themain factors and block
as a random factor (trial 4). Means were
separated by Tukey’s HSD test. Differences
were defined as statistically significant when
the P value was <0.05. Graphs were con-
structed using the ‘‘ggplot2’’ package (Wickham,
2016).

Results

Greenhouse experiments
In both greenhouse experiments, GA

treatment significantly increased plant length
and induced bolting in 100% of the plants
(Table 2) with many plants displaying leaves
with pinnate to filiform morphology typical
of cilantro plants that have initiated flowering
(Fig. 1). In Expt. 1, plants treated with both
PBZ and CQC were significantly shorter
(30.5 cm and 31.8 cm) and bolted less
frequently (11.7% and 24.2%) than the
UTC plants, which were 39.3 cm long and
bolted with a frequency of 82.8%. In Expt. 2,
only PBZ significantly reduced bolting
(30.6%) compared with the UTC (71.1%).
Plant fresh weight was not significantly
affected by any of the treatments in Expt. 1.
In Expt. 2, plants treated with MFL were
significantly reduced in weight and in length
compared with the UTC and displayed severe
apical growth aberrations. No growth aber-
rations were observed for the other treat-
ments. The internodes of plants from Expt.
2 were shortest in MFL treated plants (2.0
cm) and longest in GA-treated plants (8.8
cm), but no significant differences were
found among plants having received PCa1
or PBZ compared with the UTC.

Field trials
Bolting. In field trial 1, plants treated with

PCa1 bolted at a significantly lower percent-
age (25.0%) compared with PBZ-treated
plants and the UTC, which bolted at a
percentage of 67.5% and 97.5%, respectively
(Table 3). Plot-to-plot variability for percent
bolting of PBZ-treated plants was high,

Table 1. Treatments, treatment rates, planting dates, application times, and other supporting information of cilantro (cv. Santo) greenhouse experiments and field
trials conducted in this study.

Greenhouse experiments Field trials

1 2 1 2 3 4
Treatments and treatment rates
GA 25 mg·L–1 25 mg·L–1 — — — —
PBZ 3 mg·L–1 3 mg·L–1 3 mg·L–1 6 mg·L–1 6 mg·L–1 —
PCa1 — 119 mg·L–1 42.5 mg·L–1 42.5 mg·L–1 42.5 mg·L–1 42.5 mg·L–1

PCa2 — — — — — 42.5 mg·L–1

CQC 2000 mg·L–1 — — — — —
MFL — 45 mg·L–1 — 45 mg·L–1 45 mg·L–1 —

Supporting information
Planting date 21 Sept. 2016 23 Jan. 2017 11 Sept. 2016 12 Jan. 2017 21 Jan. 2017 2 Apr. 2018
Application time 8 WAS 5 WAS 5 WAS 6 WAS 5 WAS 6, 7, 8 WAS
Evaluation time 10 WAS 8 WAS 8 WAS 8 WAS 8 WAS 9 WAS
Avg daylength (h) 11.25 11.5 10.5 11.25 11.5 11.9
Avg high temp (�C) 29.9 27.5 28.0 27.9 27.6 29.2
Avg low temp (�C) 18.8 13.1 15.5 14.0 13.1 15.0
Avg temp (�C) 23.3 19.5 20.8 20.0 19.6 21.4

Treatment rates listed are mg of a.i. per liter. GA = gibberellic acid; PBZ = paclobutrazol; PCa1 and PCa2 = prohexadione calcium; CQC = chlormequat chloride;
MFL = mefluidide; WAS = weeks after seeding.
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ranging from 30% to 90%. In trial 2, plants
treated with both PCa1 and PBZ bolted
significantly less frequently (8.8% and
13.8%) than MFL-treated plants and the
UTC (41.3% and 40.0%). In trial 3, the
percentage of bolting ranged from 1.3% to
11.3%, and no significant differences were
measured among differently treated plants.

In trial 4, a significant effect was found for
both treatment and application time, but the
interaction between the two factors was not
significant (Fig. 2A). The average percentage
of bolting in the UTC plots was 95%. Both
PCa1 and PCa2 reduced the incidence of
bolting to 72.5% and 73.5%, respectively.
Plants bolted less frequently when they were
sprayed at 6 and 7WAS than when they were
sprayed at 8 WAS. Block was significant at a
level of 0.4%, but no interaction with main
effects was observed.

Leaf morphology changes. The percent-
age of plants with leaf morphology changes
was significantly different among treatments
in three of the four field trials (Table 3,
Fig. 2B). In field trial 1, leaf morphology
changes occurred least frequently in PCa1
treated plants (1.7%), followed by PBZ
treated plants (17.9%), and most frequently
in the UTC (39.6%). In field trial 2, the
average percentage of plants with leaf mor-
phology changes was low (1.1%), with the
lowest percentage observed for PCa1- and
PBZ-treated plants (0.4%) and the highest

percentage observed for plants treated with
MFL (2.9%). In trial 3, none of the plants
displayed leaf morphology changes at the
time of harvest. In field trial 4, both treatment
and application time were significant factors
and significantly interacted; leaf morphology
changes occurred least frequently in plants
treated with PCa1 and PCa2 at 6 and 7 WAS
(7.3% to 11.4%) and most frequently in
untreated plants (33.3% to 36.5%), regardless
of the application time (Fig. 2B). Block was
not a significant factor.

Leaf morphology changes after harvest.
The percentage of plants with changed leaf
morphology was assessed 1 and 2 WAH in
field trials 2 and 3. Significant differences
were found in field trial 2 at 1WAH (Table 3)
with the highest percentage measured for the
UTC (32.6%) and the lowest percentage
measured for PCa1-treated plants (14.5%).
The average percentage of plants with
changed leaf morphology at 2 WAH in field
trial 2 was 45.4.5% with no significant
difference among treatments. In field trial 3,
the average percentage of plants with changed
leaf morphology after harvest was 28.6%
(1 WAH) and 61.9% (2 WAH) but did not
differ significantly among treatments.

Plant biometrics. Application of growth
regulators did not significantly influence
plant length in trials 1 and 3, which averaged
44.3 cm and 46.1 cm, respectively (Table 4).
Plant length in trial 2 varied significantly

among treatments. Plants treated with MFL
were shortest (39.5 cm), while the UTC
plants were longest (46.9 cm). Neither
PCa1- nor PBZ-treated plants were different
in length from the UTC plants. Block was a
significant factor for plant length in field
trial 2.

In trial 4, both treatment and application
time significantly affected plant length, but
there was no significant interaction (Fig. 2C).
PCa1- and PCa2-treated plants were signifi-
cantly shorter (53.6 cm and 54.7 cm) com-
pared with the UTC (58.2 cm). Application of
treatments at 6 and 7WAS resulted in shorter
plants (54.6 cm and 54.8 cm) than applica-
tions at 8 WAS (57.1 cm). Block was a
significant factor (P < 0.0001), as was the
interaction of block with treatment (P =
0.0463) and application time (P = 0.0313).

The average stem diameters of plants
ranged from 8.4 mm in field trial 4 to
9.8 mm in field trial 1 and no significant
differences were found among treatments in
any of the trials (data not shown).

The length of the longest internode of
bolting plants was measured in field trials 1
through 3 (Table 4). Internode length was a
significant trait in trial 1; plants treated with
PCa1 had the shortest internodes (3.2 cm),
and UTC plants had the longest (6.7 cm). No
significant differences for internode length
were measured in trials 2 and 3. Block was
not a significant factor in any of the three
trials.

Caulis length was measured for bolting
plants in trial 4 (Fig. 2D). Treatment was a
significant factor; caules of plants treated
with PCa1 and PCa 2 were significantly
shorter (28.6 and 29.7 cm) than caules of
untreated plants (41.1 cm). Caulis length was
not significantly affected by application time,
and no interaction between main effects was
observed. Block was a significant factor (P <
0.0001) and interacted significantly with
application time (P = 0.0011). A significant
interaction was also found for block, appli-
cation time, and treatment (P = 0.0045).
There was a moderate positive correlation
(R = 0.5214, P < 0.0001) between caulis
length and the incidence of bolting across all
treatments.

The average fresh weight of plants from
trials 1 through 3 ranged from 50.0 g in trial 1
to 89.0 g in trial 2 (Table 5). Significant

Table 2. Plant length, percent bolting, fresh weight, and internode length of cilantro (cv. Santo) plants from greenhouse Expts. 1 and 2 after treatment with
different plant growth regulators.

Plant length (cm) Bolting (%) Fresh wt (g) Internode length (cm)

Treatment Expt. 1 Expt. 2 Expt. 1 Expt. 2 Expt. 1 Expt. 2 Expt. 1 Expt. 2
UTC 39.3 ± 3.4 b 27.8 ± 4.3 b 82.8 ± 15.7 a 71.1 ± 21.8 a 31.1 ± 6.6 22.9 ± 7.9 a — 4.7 ± 1.9 bc
GA 57.3 ± 4.0 a 36.9 ± 10.2 a 100.0 ± 0.0 a 100.0 ± 0.0 a 34.8 ± 9.4 18.1 ± 8.3 ab — 8.8 ± 1.7 a
PBZ 30.5 ± 1.8 c 21.0 ± 5.1 bc 11.7 ± 14.6 b 30.6 ± 23.2 b 25.6 ± 6.4 19.3 ± 4.5 ab — 6.1 ± 2.7 ab
PCa1 — 20.5 ± 1.6 bc — 66.9 ± 25.2 a — 14.7 ± 3.2 ab — 4.4 ± 2.0 bc
CQC 31.8 ± 4.1 c — 24.2 ± 22.4 b — 24.3 ± 12.5 — — —
MFL — 15.4 ± 2.4 c — 71.1 ± 25.8 a — 12.9 ± 5.5 b — 2.0 ± 1.0 c
Avg 39.7 ± 4.8 24.3 ± 3.4 54.7 ± 17.2 67.9 ± 11.0 28.9 ± 3.9 17.6 ± 2.4 — 5.1 ± 1.1
Treatment P < 0.0001 P < 0.0001 P < 0.0001 P = 0.0001 P = 0.1570 P = 0.0554 — P < 0.0001

Values presented are the mean ± the 95% confidence interval (n = 4). Different letters within columns indicate significant differences according to Tukey’s
honestly significant difference test. Internode length was not measured in Expt. 1. UTC = untreated control; GA = gibberellic acid; PBZ = paclobutrazol; PCa1 =
prohexadione calcium; CQC = chlormequat chloride; MFL = mefluidide.

Fig. 1. Cilantro (cv. Santo) plants from greenhouse Expt. 1 treated with (A) paclobutrazol (PBZ), (B) no
growth regulator [untreated control (UTC)], and (C) gibberellic acid (GA). Photos were taken 10
weeks after harvest. The yellow arrows point to leaves with pinnate to filiform morphology typical of
cilantro plants that have initiated flowering. Note the more compact growth habit in the PBZ-treated
plants and the elongated stems in GA-treated plant compared with the UTC.
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differences among plants from the different
treatments were only found in trial 2 where
MFL-treated plants weighed significantly
less (79.4 g) than UTC plants (101.7 g). Fresh
weight per plant was not measured in trial 4.

The yield for trial 1, expressed as the
combined weight of 20 plants per plot, was
1.0 kg on average but did not differ signifi-
cantly among treatments (Table 5). The yield
for trials 2 and 3, expressed as plant weight
per square meter, was 4.3 kg/m2 in trial 2 and
5.1 kg/m2 in trial 3, but no significant
differences were found among plants from
the different treatments. Block was a signif-
icant factor in field trial 2.

The yield for field trial 4 ranged from 4.5
kg/m2 when plants were treated with PCa1 to
4.9 kg/m2 when plants were untreated, but
differences were not significant (data not
shown). Yields of plants treated at 6, 7, or 8
WAS ranged from 4.7 to 4.8 kg/m2 with no
significant differences among application
times. No interaction of yield and application
time was found. Block was not a significant
factor.

Discussion

Preharvest bolting in rosette plants entails
rapid stem elongation and floral initiation and
is an undesirable trait in many leafy crops

such as lettuce, cabbage, and spinach. In
field-grown cilantro, it can cause significant
reductions in leaf yield and therefore profit-
ability. High temperatures and increased day-
length are factors thought to exacerbate
bolting (Morales-Payan, 2011); however, it
is not practical to control these in large open-
field production systems. GA is known to
have repressive effects on flowering and bud
formation in perennial, woody plants, but
promotes bolting in most herbaceous plant
species (Li et al., 2018; Vanstraelen and
Benkov�a, 2012). Previous research that fo-
cused on increasing leaf yield in cilantro (cv.
Santo) reported increased incidences of bolt-
ing in response to exogenous applications of
GA (Kahn and Maness, 2010). GA was also
found to be effective in decreasing the time to
flowering in other cilantro cultivars (Kurmi
et al.,2019; Yugandhar et al., 2014). Our pilot
experiments conducted in the greenhouse and
using the cilantro cultivar ‘Santo’ confirmed
these findings. These pilot experiments also
demonstrated that plant growth regulators
that inhibit GA biosynthesis such as PBZ
could effectively reduce bolting. GA bio-
synthesis inhibitors were previously exam-
ined regarding their influence on growth and
anatomical characteristics of greenhouse-
grown cilantro (Kofidis et al., 2008). To
assess whether these PGRs are also effectiveT
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1. Fig. 2. Percent bolting (A), percent leaf morphology changes (B), plant length (C), and caulis length (D) of

cilantro (cv. Santo) plants from field trial 4 after application of prohexadione calcium (PCa1 and PCa2)
at 6, 7, and 8 weeks after seeding (WAS). Plants were assessed at 9 WAS. Values presented are the
mean ± the SE (n = 6). Different letters above bars indicate significant differences according to Tukey’s
honestly significant difference test. UTC = untreated control.
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in a commercial open-field environment, we
conducted four field trials between Nov. 2016
and April 2018. GA biosynthesis inhibitors
have been successfully used to curtail bolting
in Chinese cabbage, spinach, and lettuce
(Abed, 2018; Fukuda et al., 2005; Pressman
and Aviram, 1986). In cilantro, applications
of indole-3-acetic acid and kinetin delayed
the onset of flowering (Hern�andez-D�avila
et al., 2004), but GA biosynthesis inhibitors
were not examined in that study.

Although PBZ was effective in reducing
the frequency of bolting in the greenhouse
experiments, it was less effective in the field
trials. In field trial 2, bolting was reduced by
65% compared with the UTC, but in trial 1,
any effects that may have been present were
masked by high variation among PBZ-treated
plots. The differences between greenhouse
and field results may have been caused by the
stronger retention of PBZ in the peat-based
potting medium compared with the sandy
permeable soils present at the farm site
(Environmental Protection Agency, 2007).
In addition, a larger volume per plant was
used in the greenhouse experiments than in
the field trials. In contrast to PBZ, PCa was
highly effective in field trials and reduced
bolting by 74% to 78% in trials 1 and 2 and by
21% to 36% in trial 4. The lower efficacy of
PCa in field trial 4 could have been a
consequence of the reduced spray volume
used in that trial. Although the reduced spray
volume more accurately reflects spray vol-
umes used by growers, it may not have
provided enough coverage.

The average percentage of bolting in field
trial 3 was low with no differences among
treatments, despite the longer average day-
length during this trial compared with trials 1
and 2. Fluctuations in temperature, as dis-
cussed later in this section, may have con-
tributed to these findings.

MFL, a plant growth regulator used to
inhibit vegetative growth and seed head forma-
tion in turfgrass, reduced plant length and
caused apical growth aberrations but had no
effect on bolting in greenhouse experiments or
field trials. MFL is a fast-acting PGR that
rapidly accumulates in the apical meristem
where it inhibits mitosis within 48 h of appli-
cation (March et al., 2013; Tautvydas, 1983);
however, time of application and concentration
must be precisely optimized to be effective
(Christians, 2001). Therefore, this compound
may bemore effective in suppressing bolting in
cilantro when applied at lower concentrations
and several days before bolting instead of
several weeks as explored in our study.

CQC, which, like PBZ and PCa, inhibits
GA biosynthesis and reduced bolting inci-
dence by 70% in greenhouse Expt. 1, was not
used in the open-field trials because of the
potential environmental hazards listed on the
label. In addition to effectively reduce bolt-
ing, greenhouse-grown plants treated with
CQC were shorter compared with untreated
plants, which is similar to results obtained in
field-grown lettuce (Passam et al., 2008).
PBZ reduced plant length in greenhouse
Expt. 1 but had no effect on plant length in
the field trials. PCa reduced plant length only
in field trial 4 but reduced neither plant length
nor percentage of bolting in greenhouse Expt.
2. A strong effect of PCa on plant length was
observed in a study by Kofidis et al. (2008);
however, PCa concentrations were higher,
and plants were sprayed multiple times and
were measured after fruit ripening.

Applications of PGRs were performed at
different time points (weeks) after seeding.
The greatest reductions in the incidence of
bolting under open-field conditions were
observed when plants received applications
at 5 to 6 WAS and were harvested at 8 WAS,
although applications of PCa at 7 WAS were

also effective when plants were harvested 2
weeks later (9 WAS). When plants received
PCa at 8 WAS and were harvested at 9 WAS,
effects were diminished. This suggests that
for the effects of GA biosynthesis inhibiting
growth regulators to become manifest in
cilantro, applications should commence at a
minimum of 2 weeks before the anticipated
time of bolting. This period may not be
appropriate for PGRs with a different mode
of action, such as MFL.

Field trials 2 and 3 were sown in adjacent
fields and 1 week apart from each other. The
percentage of bolting in the untreated plots
was 40% in trial 2 compared with 5% in trial
3. Detailed review of the climatic data during
the time of the trials revealed a drop in the
minimum temperature to 4 �C for a period of
12 h, which occurred 10 d after seeding trial
3. It is possible that the sudden drop in
temperature occurred at a developmental
stage that is critical for floral induction, and
that floral induction already occurred in
plants of trial 2 where minimum temperatures
were higher (10–15 �C) during the same time
frame after seeding. PCa is absorbed quickly
by plants and does not persist in the plant
tissue, and thus applications made before
induction of floral pathways may not effec-
tively curtail bolting (Evans et al., 1999).

Because of the apparent strong influence
of environmental conditions on cilantro de-
velopment, a morphology marker indicative
of the developmental stage may be more
useful for determining the most effective
time of application rather than the time after
seeding and the estimated time of harvest.
Stem diameter at the base of the rosette
leaves was measured as one possible indica-
tor of bolting in our field studies. However, in
none of the trials did we observe any signif-
icant differences of stem diameter that was
associated with bolting.

Table 4. Plant length and internode length of cilantro (cv. Santo) plants from field trials 1 through 3 treated with different plant growth regulators.

Treatment

Plant length (cm) Internode length (cm)

Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3

UTC 44.4 ± 7.7 46.9 ± 6.1 a 47.5 ± 11.6 6.7 ± 2.6 a 3.1 ± 0.9 2.8 ± 3.0
PCa1 46.0 ± 3.9 44.2 ± 8.8 a 47.8 ± 5.5 3.2 ± 2.3 b 2.6 ± 2.5 1.7 ± 1.8
PBZ 42.5 ± 4.9 45.3 ± 5.3 a 45.7 ± 4.4 5.6 ± 2.8 ab 2.8 ± 0.8 2.0 ± 0.0
MFL — 39.5 ± 6.9 b 43.5 ± 9.1 — 3.2 ± 0.7 2.4 ± 1.4
Avg 44.3 ± 2.3 44.0 ± 2.6 46.1 ± 2.6 5.1 ± 1.4 3.0 ± 0.4 2.3 ± 0.8
Treatment P = 0.5060 P = 0.0042 P = 0.6900 P = 0.0235 P = 0.7620 P = 0.6540
Block P = 0.7600 P = 0.0009 P = 0.7780 P = 0.1557 P = 0.3050 P = 0.1750

Values presented are the mean ± the 95% confidence interval (n = 4). Different letters within columns indicate significant differences according to Tukey’s
honestly significant difference test. UTC = untreated control; PCa1 = prohexadione calcium; PBZ= paclobutrazol;MFL =mefluidide.MFLwas not used in trial 1.

Table 5. Fresh weight and yield of cilantro (cv. Santo) plants from field trials 1 through 3 treated with different plant growth regulators.

Fresh wt (g/plant) Yield (kg/20 plants) Yield (kg/m2)

Treatment Trial 1 Trial 2 Trial 3 Trial 1 Trial 2 Trial 3

UTC 49.0 ± 21.1 101.7 ± 17.9 a 59.9 ± 14.5 1.05 ± 0.4 4.1 ± 1.0 5.0 ± 2.4
PCa1 46.8 ± 10.9 85.8 ± 10.1 ab 65.5 ± 22.6 0.93 ± 0.2 4.6 ± 1.1 6.1 ± 2.3
PBZ 54.1 ± 21.1 89.1 ± 21.1 ab 64.9 ± 13.9 1.08 ± 0.1 4.6 ± 0.5 4.6 ± 2.7
MFL – 79.4 ± 7.1 b 60.3 ± 20.4 — 4.0 ± 0.4 5.3 ± 3.6
Avg 50.0 ± 6.9 89.0 ± 6.4 62.6 ± 5.6 1.0 ± 0.1 4.3 ± 0.5 5.1 ± 0.8
Treatment P = 0.6380 P = 0.0477 P = 0.8630 P = 0.3300 P = 0.3023 P = 0.3390
Block P = 0.3300 P = 0.4054 P = 0.6000 P = 0.2230 P = 0.0085 P = 0.2470

Values presented are the mean ± the 95% confidence interval (n = 4). UTC = untreated control; PCa1 = prohexadione calcium; PBZ = paclobutrazol; MFL =
mefluidide. MFL was not used in trial 1.
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Cilantro plants were further assessed to
determine whether PGRs influence the in-
ternode length of the stem (caulis) during the
later stage of bolting. Except for field trial 1,
no internode length reductions were ob-
served. In contrast, internode length was
reduced in greenhouse-grown cilantro treated
with PCa (Kofidis et al., 2008) and in field-
grown tef treated with PBZ (Tesfahun, 2017).
Different application rates and different en-
vironmental conditions are possible reasons
for these variations.

In field trial 4, instead of internode length,
the total length of the caules was assessed.
Plants treated with PCa had significantly
shorter caules than untreated plants. The aver-
age caulis length per plot was also moderately
correlated with the percentage of bolting in
each plot, suggesting that in addition to curtail-
ing bolting, PCa also delayed caulis develop-
ment in plants that had initiated bolting. Caulis
lengthmay therefore be a useful indicator of the
developmental stage of cilantro in relation to
flowering.

The biometric assessment of individual
plants to determine the developmental stage
is time consuming. To determine the percent-
age of bolting in open-field-grown cilantro
more quickly, we measured the percentage of
plants with leaf morphology changes typical
for cilantro plants at a later stage of bolting.
Although there were significant differences
among PGRs that mirrored the results of
bolting and caulis length, the visual assess-
ments underestimated the percentage of bolt-
ing considerably in all field trials. However,
this method was useful when assessing plants
regrown after harvest because leaf morphol-
ogy changes occurred immediately. In trial 2,
PCa reduced the percentage of plants with
leaf morphology changes by more than 50%
at 1 WAH but was ineffective 2 WAH. This
suggests that if a second harvest is desired, a
second application before the first harvest
may be necessary to prevent postharvest
bolting beyond the first week of regrowth.

Neither the fresh weight of individual
cilantro plants nor the yield per area was
affected by PGR applications in both green-
house and field trials. These results are
different from results for okra and potatoes,
where applications of PCa and PBZ reduced
plant height and aboveground biomass (Ilias
et al., 2007; Njiti et al., 2013). Reductions in
yield resulting from PBZ applications have
also been linked to reduced internode length
in tef forage grass (Tesfahun, 2017). How-
ever, in contrast to these plants, cilantro is a
rosette plant without a visible stem during the
vegetative growth phase, precluding a direct
comparison with nonrosette plants. In carrots,
PBZ also decreased the shoot weight, but
increased the weight and diameter of the
roots (Wang et al., 2015). In that study,
multiple PBZ applications were performed
contrary to our study in which single appli-
cations were performed. Although we in-
cluded both bolting and nonbolting plants to
assess the yield in our study, in commercial
cilantro production, plants displaying clear
signs of bolting are usually not harvested.

Any reduction in bolting due to the activity of
PGRs would therefore offset losses in mar-
ketable yield.

Although PBZ has found widespread use in
mango cultivation to mitigate the effects of
alternate bearing, research indicates that the
compound can persist in field soils up to 6
months and negatively affect soil microbial and
fungal diversity (Rademacher, 2016; Silva
et al., 2003). PBZ residues in the soil also
inhibited growth and development in potatoes
and taro (Jiang et al., 2019) and reduced seed
germination and plant growth in cucumber and
tomato (Magnitskiy et al., 2006; Still and Pill,
2003). When used in closed capture irrigation
systems, PBZ residues can accumulate and
reduce growth of subsequent crops, which
necessitates remediation (Grant et al., 2018).
Therefore, routine use of PBZ may not be an
option for growers cultivating in-field sown
crops or rotating PBZ-sensitive crops. In our
study, PBZ was not effective in reducing
bolting in plants regrown after harvest, suggest-
ing that it may not persist in the sandy soils
typical for Florida’s agricultural production
systems. Conversely, PCa is fast acting, effec-
tive, and has low persistence in the environ-
ment. It is also one of the few GA inhibitors
currently on the market that is labeled for use
on some agricultural crops in the United States.

Conclusion

Our study suggests that GA is at least
partially responsible for bolting in cilantro
and, when applied exogenously, induces
bolting under greenhouse conditions. PGRs
that inhibit GA biosynthesis curtailed the
incidence of bolting effectively when applied
at 5 to 6WAS both in the greenhouse and in a
commercial open-field environment when
plants were harvested 2 to 3 weeks later.
PCa and PBZ were the most effective of the
PGRs tested and reduced the incidence of
bolting by up to 78%. However, they had
little to no residual effect on the bolting
incidence of plants regrown for a second
harvest. Applications of PCa and PBZ caused
no reductions in plant fresh weights and yield
compared with untreated plots. The results
from our study suggest that use of PCa or
PBZ may be an effective strategy to delay
bolting in rosette plants like cilantro and
reduce crop losses during growth conditions
conducive to preharvest bolting.
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