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Physical disturbance of plants or plant parts
results in a mechanical stress response from
the plant. Mechanical stress applied natu-
rally or under controlled conditions inhibits
growth in mass and dimensions of major plant
parts. Wind and precipitation are important
natural sources of mechanical stress. Under
field conditions, cultivated plants experience
these natural mechanical stresses plus those
caused by irrigation and contact with farm
machinery or workers during cultivation.
Some horticultural practices, such as staking
of trees or potted plants, pinching or pruning
stems, deadheading flowers, bagging potted
plants, or training branches, are mechanical
stresses that affect plant growth. Handling
practices in plant science research, such as
cross-pollination or tagging of flowers (Friz-
zell et al., 1960) or repeated attachment of
leaf chambers for measurement of water status
or photosynthetic rates (Marler and Mickel-
bart, 1992), also can affect plant growth and
physiology.

Grace (1977) extensively studied effects
of wind on the growth and physiology of
grasses. Jaffe (1973) termed plant response
to tactile (touching, rubbing, brushing) me-
chanical stress “thigmomorphogenesis,”
whereas plant response to a nontactile (shak-
ing, vibration, wind) treatment was termed
“seismomorphogenesis” by Mitchell et al.
(1975). However, only recently has plant re-
sponse to mechanical stress been studied to
control plant growth in controlled environ-
ments, such as greenhouses and growth
chambers (Beyl and Mitchell, 1977b; Ham-
mer et al., 1974).

WHAT IS MECHANICAL
CONDITIONING?

The term “mechanical conditioning” will
be used here to refer to the commercial ap-
plication of natural mechanical stress re-
sponses to vegetable transplant production.
The following types of treatments will be
discussed with respect to mechanical con-
ditioning: Tactile stimulations include
touching any part of the plant, rubbing stem
sections with the fingers, or brushing the
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shoots of plants with hands, brooms, paper,
or other materials. Nontactile stimulation in-
cludes manually shaking potted plants or vi-
bration of the pots or of plants themselves
by natural wind or forced aeration. Other
treatments, such as a forceful water spray or
manually shaking the stem of the plant, com-
bine tactile and nontactile stimulation. Bid-
dington (1986) reviewed the effects of
mechanical stress on plant growth and de-
velopment. This article reviews research re-
sults pertinent to use of mechanical stress as
a means of conditioning and controlling the
growth of vegetable transplants under green-
house conditions.

WHY DO WE NEED MECHANICAL
CONDITIONING?

Height of bedding plants has been regu-
lated commercially with plant growth retar-
dants such as daminozide (B-Nine, Alar).
Treated plants are shorter, sturdier, and darker
green and thus more attractive than untreated
plants. In 1989, the daminozide label was
changed to exclude its use on all food crop
plants in the United States, making growth
control of vegetable transplants much more
challenging. Although reductions in water and
nutrient availability may reduce plant growth
in controlled environments, these practices
may be deleterious to long-term plant growth,
development, and productivity (Rubatzky,
1986). The potential for mass application of
mechanical conditioning to control growth of
vegetable species is excellent because the
treatment generally is noninjurious, adapta-
ble to production schedules, and has few long-
lasting effects on plant development. In fact,
treated plants usually resume normal growth
2 to 3 days after treatment ceases (Jaffe, 1973;
Mitchell et al., 1975; Neel and Harris, 1972).

MORPHOLOGICAL AND
PHYSIOLOGICAL RESPONSES

Species and cultivar response
Plant species differ in their responses to

mechanical conditioning and to the type of
treatment imposed. For example, stem elon-
gation of young barley ( Hordeum vulgare
L.), wild hop ( Bryonia dioica Jacq.), cu-
cumber ( Cucumis sativa L.), kidney bean
(Phaseolus vulgaris L.), and castor bean ( Ri-
cinus communis L.) was significantly re-
tarded by rubbing for 10 set daily (Jaffe,
1973). However, rubbing did not affect stem
elongation of pumpkin ( Cucurbita pepo L.),
pea ( Pisum sativum L.), or wheat ( Triticum
aestivum L.). Steucek and Gordon (1975)
demonstrated that shaking reduced the growth
of a lodging-resistant cultivar of winter wheat
but had no influence on that of a lodging-
sensitive cultivar. Eggplant ( Solanum me-
longena L.) and soybean [ Glycine max (L.)
Merr.] were responsive to rubbing or shak-
ing, but eggplant was less responsive to wind
than was soybean, presumably due to dif-
ferences in growth habit (Latimer et al.,
1986). Although shoot dry weight and leaf
area of cauliflower (  Brassica oleracea L.),
lettuce ( Lactuca sativa L.), and celery ( Ap-
ium graveolens L.) seedlings were reduced
by brushing, the species differed in which
plant parts showed the greatest response to
treatment (Biddington and Dearman, 1985a).
Petiole elongation was most reduced for cau-
liflower and celery, whereas leaf elongation
was most reduced for lettuce. These re-
sponses related to differences in natural growth
habit of the individual species.

The degree of growth retardation of trans-
plants of four Japanese cucumber cultivars
in response to brushing corresponded to the
cultivar’s normal vigor and growth habit
Latimer et al., 1991). Cucumber cultivars
with naturally short internodes exhibited less
growth reduction than did cultivars with typ-
ically longer internodes relative to their re-
spective untreated controls. Four tomato
( Lycopersicon esculentum Mill.) cultivars
differing in internode length and vigor showed
similar responses; however, hybrids between
these cultivars responded in a manner similar
to the maternal parent (Johjima et al., 1992).
However, four cultivars of chrysanthemum
[Dendranthema grandiflorum (Ramat.) Ki-
tamura] responded similarly relative to their
respective untreated controls, to an auto-
mated mechanical stress treatment (Beyl and
Mitchell, 1977a).

In addition to species and cultivar differ-
ences in growth response to mechanical stress,
there also are differences in the degree of
damage caused by the treatments. Eggplant
seedlings are very easily damaged by stem-
rubbing treatments (Latimer et al., 1986).
Cabbage and broccoli ( Brassica oleraceae
L.) are more easily damaged by brushing
than is tomato or pepper ( Capsicum annuum
L.) (Latimer, 1991). However, pepper ex-
hibited more damage than did tomato under
the same treatment regime. Differences in



leaf morphology may account for differences
in damage between the species. However,
cultivars also differ: ‘Dantobi-yohzu’ tomato
incurred extensive leaf damage during the
first week of brushing, whereas six other lines
incurred none (Johjima et al., 1992).

Plant responsivity
The greatest reductions in growth occur in

young tissue or tissue directly contacted by
the treatment (Mitchell et al., 1975; Turgeon
and Webb, 1971). Therefore, mechanical
conditioning preferentially reduces stem
elongation and leaf expansion, resulting in
more compact plants. Younger plants suffer
more physical damage, indicating that time
of initiating treatment also may affect plant
response to the stress Latimer, 1991). How-
ever, most vegetable transplants are grown
in multicell flats and, to prevent unruly tan-
gling of plants in the flat, brushing must be
initiated before plants become undesirably
tall. Damage possibly will occur only if there
is physical contact with developing tissue,
as in brushing. The duration of a brushing
treatment also affects the amount of damage
incurred (Biddington and Dearman, 1988).

The duration and time of application of
mechanical conditioning treatments also may
affect the amount of growth reduction. Greater
growth inhibition of ‘Supersonic’ tomato oc-
curred when plants were shaken twice daily
for 30 sec than with a daily 60-sec treatment
(Mitchell et al., 1975), but shaking-induced
growth reductions of ‘Rutgers’ tomato seed-
lings were independent of the time of day
treatment was applied (Heuchert and Mitch-
ell, 1983). Inhibition of chrysanthemum stem
elongation in response to a single shaking
treatment was greatest when the treatment
was applied in the morning (Beyl and Mitch-
ell, 1977a). However, one 4-min treatment
in the morning resulted in the same growth
reduction as four 1-min treatments applied
throughout the day, suggesting that the fre-
quency of treatment is less important than
the total dosage applied throughout the day.
However, Piszczek and Jerzy (1987) found
that stem elongation of tomato transplants
was reduced more effectively by small doses
(5 sec) of shaking stress applied frequently
(six times daily) than by a larger dose ap-
plied once daily (60 sec) or once every 3rd
day (90 sec). Research on mechanical con-
ditioning of vegetable transplants has typi-
cally used a minimum of 1.5 min of
brushing applied once (Biddington and

 Dearman, 1985a) or twice (Latimer, 1990;
Latimer et al., 1991) daily.

With respect to commercial production,
the more frequent the application and the
longer the duration of a mechanical condi-
tioning treatment of vegetable transplants, the
greater the growth reduction expected. How-
ever, if a single daily treatment is applied,
it often is advisable to apply it during the
morning hours. Although CO2 uptake re-
sumed within 60 min after shaking, photo-
synthetic rates of soybean were reduced for
almost 5 h, primarily due to increased sto-
matal resistance (Pappas and Mitchell, 1985a).
Therefore, morning treatments may have
Seasonal variation in environmental con-
ditions also can affect plant response to me-
chanical conditioning. Growth of tomato is
reduced more by shaking during the winter
than during the summer (Heuchert and
Mitchell, 1983; Piszczek and Jerzy, 1987),
and pea was more responsive during winter
than during spring or fall (Akers and Mitch-
ell, 1984). In general, plant response to me-
chanical conditioning is greater under
moderate temperatures and low photon flux
levels than under higher levels.

Kidney bean was less responsive. to rub-
bing when night temperatures were <16C
rather than above and showed maximal re-
sponse, compared with untreated controls, at
a constant 24C (Hunt and Jaffe, 1980). In
preliminary growth-chamber experiments,
tomato seedlings grown at high (32C day/
28C night) temperatures were less respon-
sive to shaking than plants grown at mod-
erate (27C day/23C night) temperatures
(Heuchert and Mitchell, 1983).

Effects of light on plant response to me-
chanical treatments have been more clearly
defined. Stem elongation by tomato seed-
lings grown under reduced sunlight during
the summer exhibited greater response to
shaking at low (17% of full sun) light levels,
while leaf area was affected only at higher
(44% of full sun) light levels (Heuchert and
Mitchell, 1983). Similar response was ob-
tained in soybean (Pappas and Mitchell,
1985b). Growth chamber studies with soy-
bean confirmed a light-sensitivity response
for stem elongation and leaf expansion (Jones
et al., 1990). Heuchert and Mitchell (1983)
found that equivalent shaking treatments re-
duced leaf area 34% during winter but only
19% during summer, although, through the
use of shadecloth during the summer exper-
iment, the total solar energy received during
the two experiments was about the same,
suggesting undefined interactions with other
environmental conditions. Generally, under
conditions of low, limiting light, vegetable
seedling response to mechanical condition-
ing likely would improve control of plant
height with less effect on leaf growth.

Other morphological responses
Depending on species, other morpholog-

ical responses may include increased or de-
creased stem thickness. However, in either
case, mechanical conditioning enhances stem
strength and plant resistance to damage dur-
ing subsequent handling. Kidney bean sub-
jected to stem rubbing or wind exhibited
reduced elongation but increased radial en-
largement of the stems (Biro and Jaffe, 1984).
Rubbed bean stems also were stronger, i.e.,
had a higher modulus of elasticity, than un-
treated stems (Jaffe et al., 1984). However,
shaking tomato plants resulted in shorter but
thinner stems that also were stronger than
stems of unshaken plants (Heuchert et al.,

longer lasting effects on growth. This re-
sponsiveness to application dose makes me-
chanical conditioning a more flexible
treatment than chemical growth regulation.

Seasonality of response
1983). Compared with untreated plants, there
was much less stem breakage of brushed
cucumber transplants during manual planting
to the field (Latimer et al., 1991). These
results suggest that mechanical stress could
be valuable in preparing plants for the rigors
of shipping and field planting.

Pretreatment of transplants with mechan-
ical stress caused a slight increase in stem
pithiness of celery under well-watered con-
ditions (Pressman et al., 1984), as well as
of tomato (Pressman et al., 1983). Pithiness
is a disorder, generally induced by severe
drought, that results in a “hollow” or pithy
stem (Aloni and Pressman, 1981). Although
mechanical conditioning induced some pith-
iness, it significantly improved plant resis-
tance to more severe, drought-induced stem
pithiness for celery and tomato.

Mechanically conditioned plants fre-
quently appear darker green than the con-
trols. Specific chlorophyll content (chlorophyll
content per unit dry weight of tissue) in-
creased in shaken tomato (Mitchell et al.,
1975), brushed lettuce and celery (Bidding-
ton and Dearman, 1985a), and rubbed or
shaken eggplant (Latimer and Mitchell, 1988).
Specific leaf weight (SLW, leaf dry weight :
leaf area), an estimate of leaf density, also
increased in tomato (Heuchert and Mitchell,
1983), eggplant and soybean (Latimer et al.,
1986), pea (Akers and Mitchell, 1984), soy-
bean (Jones et al., 1990), and in lettuce, ce-
lery, and cauliflower (Biddington and
Dearman, 1985a) in response to various me-
chanical conditioning treatments. Increased
SLW and chlorophyll content may enhance
photosynthetic rate (Nobel and Hartsock,
1981). Because early stages of leaf devel-
opment influence SLW (Nobel and Hart-
sock, 1981), mechanical conditioning of
greenhouse-grown seedlings or transplants
may improve their adaptation to field con-
ditions, in part by increasing SLW Latimer
et al., 1986).

Mechanical conditioning generally re-
duces root growth less than shoot growth,
resulting in increased root : shoot ratios in
some species, including lettuce (Biddington
and Dearman, 1985a), broccoli (Latimer,
1990), cucumber (one of four cultivars) (La-
timer et al., 1991), and in three of seven
lines of tomato (Johjima et al., 1992). In-
creases in root : shoot dry weight ratios have
been associated with improved field estab-
lishment under drought conditions (Watts et
al., 1981). Brushing reduced root growth of
lettuce, cauliflower, and celery (Biddington
and Dearman, 1985a), broccoli (Latimer,
1990), and garden bean (Huberman and Jaffe,
1981), but not of Cucurbita melopepo L.
(Turgeon and Webb, 1971), pea (Akers and
Mitchell, 1984), or sunflower (Helianthus
annuus L.) (Beyl and Mitchell, 1983).

There is limited evidence that mechanical
conditioning influences nutrient uptake..
Continuous shaking of tall fescue (Festuca
arundinacea Schreb.) resulted in greater ac-
cumulation of N, P, and K in leaves, espe-
cially when the plants were grown under
conditions of low soil-P levels (Grace et al.,
1982). These results may have been related



to higher transpiration rates of the shaken

(Adler and Wilcox, 1987a). However, con-
comitant with reductions in plant growth, the

plants, but shaking reduced growth of plants

concentration of P in tomato shoots was in-
creased, while that of N was unaffected and

grown with sufficient P more than that of

that of K was reduced.

plants grown under limited P. Brushing did
not affect the uptake of N, P, Ca, or Mg by
tomato transplants grown in nutrient solution

Stress tolerance and field establishment
During field establishment, transplants

generally are subjected to drought and/or
temperature stresses. Mechanical condition-
ing can improve transplant tolerance of stress
conditions. Shaking or rubbing increased leaf
diffusive resistance and decreased transpir-
ation of tomato (Mitchell et al., 1977), and
shaking produced the same responses in soy-
bean (Pappas and Mitchell, 1985a). The rate
of water loss from detached kidney bean
leaves was reduced by brushing the source
plant (Suge, 1980). Also, all bean plants
pretreated by brushing before extended water
restriction (22 days) survived upon rewater-
ing. No untreated control plants survived the
drought stress, although soil moisture con-
tent was the same in pots of both treatments
(Suge, 1980). In a similar study, young kid-
ney bean plants rubbed for 7 days before
imposition of drought stress did not wilt as
severely as undisturbed control plants, were
more able to recover than were controls after
4 days of water restriction, and resumed nor-
mal growth immediately upon rewatering
(Jaffe and Biro, 1979). Under environmental
stress, a conditioned plant can recover water
balance (i.e., resume normal transpiration
without experiencing a water deficit) faster
than an unconditioned plant (McKee, 1981).

However, Biddington and Dearman
(1985b) found that very young (13 or 12 days
from seeding), brushed cauliflower or lettuce
seedlings exhibited less recovery than did
untreated plants when subsequently exposed
to “relatively extreme” drought stress. Rel-
ative to their respective untreated control
plants, transpiration rate per unit leaf area
increased in all brushed seedlings. In similar
studies, brushing reduced the freezing resis-
tance of 21-day-old cauliflower seedlings
subjected to - 3C for 24 h but had no effect
on that of lettuce (Biddington and Dearman,
1988). Since the authors also found that
smaller plants were less resistant to freezing
damage than were larger plants, their results
may not be applicable to plants of the age or
size normally considered ready to transplant
to the field.

Jaffe and Biro (1979) found that rubbed
kidney bean, soybean, maize (Zea mays L.),
and mung bean (Vigna radiata L.) plants ex-
hibited increased resistance to a freezing stress
(- 13C for 5 min). The amount of protection
varied with the degree of plant-growth re-
sponse to rubbing. For example, the greatest
reduction in stem elongation and the greatest
frost resistance occurred for soybean, but lit-
tle growth response and only mild freeze
protection occurred for mung bean. How-
Reviewing previous results, it is possible that

ever, daily brushing of tomato transplants for

some species conditioned with mechanical
stress, perhaps the warm-season vegetable
crops in particular, will be more tolerant of

15 days did not improve chilling resistance

drought and chilling stresses than are uncon-

of plants subjected to 2.X for 72 h (Pardossi

ditioned plants.

et al., 1988). There have been no systematic
studies of the effect of mechanical condi-
tioning on stress tolerance of vegetable crops.

In addition to improving tolerance to
drought and freezing stresses, mechanical
conditioning has improved plant establish-
ment in the field. Liptay (1985) reported that
tomato seedlings vibrated by an under-the-
bench air source established rapidly. There
were no differences in plant dry weight,after
3 weeks in the field, although the initial dry
weight of treated transplants was 34% less
than that of untreated plants. Field establish-
ment of brushed broccoli transplants, mea-
sured by shoot dry weight gain during the
first 2 weeks in the field, was significantly
better than that of untreated transplants in
two of three tests (Latimer, 1990). These
responses have not been fully characterized
but may be due to improvements in stress
tolerance (Jaffe and Biro, 1979; Suge, 1980),
increased root : shoot dry weight ratio (Bid-
dington and Dearman, 1985a; Latimer, 1990),
improved P uptake by treated shoots (Adler
and Wilcox, 1987a; Grace et al., 1982), or
the “accelerated” growth rate identified in
plants relieved of mechanical stress treat-
ment (Jaffe, 1973; Mitchell et al., 1975; Neel
and Harris, 1972). The process of “cross-
adaptation,” i.e., preconditioning a plant with
one type of physiological stress to make the
plant more tolerant of other stresses, also
may play a role in improved field establish-
ment of treated transplants (Boussiba et al.,
1975; Krizek, 1987).

Long-term effects on yield
Mechanical conditioning usually affects

plant growth only during the period of treat-
ment, plus about a 3-day recovery period,
which makes it a desirable growth control
treatment for vegetable transplants. How-
ever, there have been reports of long-term
treatment effects on yield. Under greenhouse
conditions, daily shaking during vegetative
and reproductive growth phases decreased
tuber weight of potato (Solanum tuberosum
L.) without affecting the number of tubers
produced (Akers and Mitchell, 1985). Sim-
ilarly, daily shaking of ‘Patio’ tomato during
vegetative and reproductive development de-
layed anthesis but improved fruit set (Akers
and Mitchell, 1985). Twice-daily shaking of
tomato plants during fruit production in the
greenhouse reduced yields 18%, but shaking
on alternate days did not affect yield (Bui-
telaar, 1989). Brushing potted soybean dur-
ing various periods of vegetative and/or
reproductive development did not affect seed
yield (Umezaki and Matsumoto, 1990).

Few long-term effects are expected from
mechanical conditioning of transplants since
reproductive tissues generally are not treated.
Brushing lettuce seedlings only during trans-
plant production reduced the size and im-
proved the handling characteristics of the
transplants (Wurr et al., 1986). However,
brushing did not affect lettuce head weight
at maturity in the field. Brushing or wind
treatment of broccoli transplants during their
production in the greenhouse had no effect
on subsequent head weight during field pro-
duction Latimer, 1990). Brushing increased
subsequent root yield from sugar beet (Beta
vulgaris L.) transplants, but excess growth
inhibition of transplants caused a corre-
sponding yield decrease (Takaki et al., 1977).
Brushing tomato transplants before setting
them in a cold (9C) greenhouse reduced early,
but not total, yield (Pardossi et al., 1988).
In contrast, brushing tomato transplants sub-
sequently set in a warm greenhouse had no
effect on early or total yield (Johjima et al.,
1992).

These differences in yield response to me-
chanical stress again may be due to differ-
ences in cultivars or species. However, the
lack of detail in many published reports pre-
vents determination of the developmental state
of the transplants at the time brushing ceased.
Brushing can physically damage reproduc-
tive structures such as tomato flowers (Johjima
et al., 1992) that may be present during the
latter stages of treatment. Physical damage
to flowers could contribute directly to de-
creased early yields such as those reported
by Pardossi et al. (1988). However, brushed
‘Ritsurin’ cucumber had comparably re-
duced yields over the entire harvest period,
whereas the yield of three other cultivars was
unaffected by transplant brushing Latimer
et al., 1991). Both the physical and physi-
ological long-term effects of mechanical
conditioning must be more adequately de-
fined.

Disease incidence
Another potential problem that must be

addressed is the effect of mechanical con-
ditioning on disease incidence and spread.
Mechanical procedures such as clipping,
pruning, or taking cuttings may promote dis-
ease spread by dissemination of pathogens.
Although we have observed no disease in-
cidence in our studies with brushing, it would
be prudent to assume that brushing also can
spread pathogens. Therefore, we have rec-
ommended that any diseased plants be culled
before brushing and that plants be treated
only when the foliage is dry (Latimer, 1991).

Brushed plants have been shown to be more
susceptible to infection than are untreated
plants. When tomato transplants previously
inoculated with Fusarium oxysporum
[Schlechtend.: Fr. f. sp. lycopersici (Sacc.)
Snyder & Hans] were brushed for 14 days,
incubation time for the disease was reduced
and symptom expression was more severe
than for plants not subjected to brushing
(Shawish and Baker, 1982). Flax (Linum
usitatissimum L.) and pea seedlings exhib-
ited similar responses to their respective Fu-
surium pathogens. In addition, in a test using
a limited sample size, cuttings taken from
tomato plants that had been brushed for 5



days were inoculated, rooted, and trans-
planted into pots. When evaluated 50 days
later, cuttings taken from brushed plants had
more severe symptom expression than those
from unbrushed plants.

Additional research is necessary to deter-
mine how mechanical conditioning would
predispose seedlings to infection by Fusar-
ium wilt pathogens, the reason for the per-
sistence of this predisposition, and the
susceptibility of treated plants to other plant
pathogens. Nontactile forms of mechanical
conditioning, like shaking or exposure to
wind, probably will have little effect on dis-
ease spread. However, the effect of the treat-
ments on predisposition to disease may be
the same as for brushing. Mechanical con-
ditioning affects the hormone balance in
plants, particularly with respect to root-pro-
duced hormones (Beyl and Mitchell, 1983;
Suge, 1978), which also may affect plant
susceptibility to disease. The longevity of
these hormone responses and their impact on
disease predisposition is unknown.

Mechanism of response
The generality of plant response to me-

chanical stress in the absence of gross phys-
ical damage has prompted many studies on
the physiological effects of these treatments
on plants. However, the mechanism of the
mechanical stress response still is unclear.
Recently discovered “touch-induced genes”
in Arabidopsis have added a new dimension
to mechanical stress research (Braam and
Davis, 1990). Three of five genes identified
encode calmodulin and calmodulin-related
proteins. Jones and Mitchell (1989) found
that calmodulin antagonists partially negated
the growth inhibition of rubbed soybean hy-
pocotyls, which supports a role for calmo-
dulin and Ca in the mechanical stress
response. The interaction of these systems
and their effects on whole-plant growth and
physiology presently are unknown.

On a whole-plant scale, the role of plant
growth regulators in response to mechanical
stress is unclear. Ethylene has been impli-
cated in many mechanical stress responses
(Biddington, 1986). Responses to mechani-
cal stress may involve an interaction between
auxin and ethylene (Erner and Jaffe, 1982;
Mitchell, 1977). However, studies involving
the application of ethylene or inhibitors of
its production prove that ethylene does not
account for all plant responses to mechanical
stress (Biro and Jaffe, 1984; Takahashi and
Jaffe, 1984; Takahashi and Suge, 1980). In
brushed cauliflower seedlings, ethylene did
not appear to be responsible for any aspects
of growth retardation (Biddington and Dear-
man, 1986). Ethylene production actually may
be a result of the regulation of touch-induced
gene expression rather than an inducer of
gene expression (Braam and Davis, 1990).

Mechanical stress also affects the produc-
tion of growth promoters and inhibitors. Re-
ductions in gibberellin-like promoters,
demonstrated for shaken sunflower (Beyl and
Mitchell, 1983) and brushed bean (Suge,
1978), may be responsible for reductions in
stem elongation and leaf expansion. Rubbing
or shaking inhibited polar auxin transport in
pea stems (Mitchell, 1977). Abscisic acid or
other inhibitors increased in rubbed bean
(Emer and Jaffe, 1982), brushed rice (Oryza
sativa L.) (Jeong and Ota, 1980), and shaken
or rubbed sunflower (Beyl and Mitchell,
1983), but was unchanged in eggplant by 3
days of shaking (Latimer and Mitchell, 1988)
or by brushing in lettuce or cauliflower seed-
lings (Biddington and Dearman, 1988). In-
creases in abscisic acid may enhance drought
stress tolerance (Jaffe and Biro, 1979; Suge,
1980) and freezing resistance (Jaffe and Biro,
1979). Determining the role of plant hor-
mones in mechanical conditioning may pro-
vide information on the mechanism of plant
response between gene induction and regu-
lation and plant growth and development.

RELATIONSHIP TO OTHER
GROWTH-CONTROL  METHODS

Mechanical conditioning results in plants
that appear very similar to those treated with
growth retardants like daminozide or chlor-
mequat (Adler and Wilcox, 1987b; Beyl and
Mitchell, 1977a; Biddington and Dearman,
1987b). Although chemical growth retar-
dants are readily available for production of
greenhouse-grown ornamental bedding plants,
none is labeled for use on vegetable species.
Growers are now limited to nonchemical
means of growth control for vegetable trans-
plants. Drought stress or water restriction also
reduces transplant growth and, if severe, may
affect final crop yield. Biddington and Dear-
man (1987a) established that lettuce and cau-
liflower seedlings grown under nutrient or
drought stress were at least as responsive to
brushing as were nonstressed seedlings, and
the effects of combined treatments on lettuce
seedling growth were multiplicative rather
than additive. Sugar beet transplant growers
in Japan use a combination of brushing and
drought stress to control growth during plant
culture (Fletcher, 1984). This combination
of mechanical conditioning with drought may
reduce the severity of drought required to
achieve adequate growth control.

Bedding plant growth also can be con-
trolled by manipulation of day and night
temperature to maintain a predetermined
temperature difference (DIF; Karlsson et al.,
1989). Crops such as squash are unrespon-
sive to DIF, whereas tomato, bean, water-
melon [Citrullus lanatus (Thunb.) Matsum.
& Nakai], and sweet corn (Zea mays L. var.
rugosa Bonaf.) are greatly affected (Heins
and Erwin, 1990). Bedding plant growers in
Michigan using DIF found that the overall
quality of their vegetable transplants was not
as good as in previous years when damino-
zide (Alar) was applied, and they expressed
the desire to have additional options avail-
able for growth control and conditioning
(Ferretti, 1990). Combining mechanical
conditioning with DIF may provide the im-
proved green pigmentation and sturdy stems
lacking in tomato transplants grown with DIF.

Nutrient restriction frequently is used to
control plant height but can cause long-term
reduction in plant growth or crop yield
(Weston and Zandstra, 1986). Providing op-
timal nutrient balance by pretransplanting
nutritional conditioning (PNC) improved the
growth and quality of tomato transplants
(Melton and Dufault, 1991). In muskmelon
transplants, PNC reduced transplant shock in
the field and improved final fruit yield and
quality (Dufault, 1986). Although growth
control is adequate with PNC, the addition
of mechanical conditioning, especially if
plants must be held back due to poor planting
conditions, may provide some additional
benefits in transplant handling and establish-
ment.

Manipulation of light quality or duration
also may improve transplant quality while
maintaining growth control. Supplementary
fluorescent light improved the quality of let-
tuce transplants (Wurr et al., 1986) and out-
door adaptation of eggplant (Latimer and
Mitchell, 1987). Brief, daily exposure to a
high red : far-red light ratio was very effec-
tive in reducing stem elongation of bell pep-
per, presumably by affecting phytochrome
photoequilibrium (Decoteau et al., 1990).
Manipulation of the red : far-red ratio through
the use of copper sulfate filters in the green-
house also reduced bedding plant height
(Benson and Kelly, 1990).

Many of the nonchemical growth-control
methods being studied result in similar
changes in growth patterns, thereby provid-
ing new opportunities to discern the mech-
anisms behind these responses. There also
are many opportunities to combine methods
for various sytems and crops. Cost effec-
tiveness of the various methods and of some
combinations should be analyzed once com-
mercially applicable systems are designed.

Methods of applying mechanical stress vary
with individual researchers; some are more
applicable to commercial use than others.
Rubbing individual stems (Jaffe, 1973) or
shaking small groups of individual pots
(Mitchell et al., 1975) clearly is too labor
intensive for commercial application. How-
ever, Beyl and Mitchell (1977b) designed an
automated, mechanical oscillatory shaking
(AMOS) device for applying a combined
rubbing and shaking treatment to groups of
potted chrysanthemums on a greenhouse
bench. AMOS is fully adjustable for plant
height and applies a uniform mass stress
treatment, but the device is cumbersome, not
portable, and unsuitable for certain growth
habits (Beyl and Mitchell, 1977b). AMOS
would require much redesign to be suitable
for the high-density production of vegetable
transplants.

Treatments such as manually brushing with
a small broom are used commercially in Ja-
pan (Takaki et al., 1977), where transplant
production units generally are small. Other
brushing materials used in research include:
typing paper (Biddington and Dearman,
1985a), cardboard Latimer, 1990), vinyl net



covering (as a static counterforce) (Beyl and
Mitchell, 1977a; Hiraki and Ota, 1975), a
dusting brush (Hiraki and Ota, 1975), sus-
pended aluminum bars (Nakaseko, 1988),
steel bars suspended in a cloth sling Latimer
et al., 1991), or a wooden pole Latimer,
1991). Materials to which leaves adhere, such
as polyvinyl chloride or painted pipes, or
materials that tangle with certain leaf types
such as a draftsman’s brush with tomato, cause
excessive damage and should be avoided.
Some treatments may be adaptable for com-
mercial application of mechanical condition-
ing to large numbers of uniform plants. Beyl
and Mitchell (1977b) suggested the use of
“mechanical fingers” drawn across crop
canopies or vibration of entire benches as
being commercially feasible. A system for
vibration of movable metal benches that are
commonly used in greenhouses would be
simple and cost-effective.

Other effective methods of applying me-
chanical stress include a daily 10-sec water
spray (Wheeler and Salisbury, 1979), vibra-
tion via aeration (wind) from below the bench
(Liptay, 1985), or wind stress from oscillat-
ing (Adler and Wilcox, 1987b) or unidirec-
tional fans (Adler and Wilcox, 1987b; Beyl
and Mitchell, 1977b; Latimer, 1990). Al-
though water spray would be a convenient
application method, especially by pressur-
izing the boom sprayers commonly used in
greenhouses, irrigation timing may not cor-
respond with the need for growth control.
Wind stress causes many changes in the mi-
croenvironment of plants (Grace and Rus-
sell, 1982), and may cause desiccation of
plant material (Latimer, 1990). Use of a hu-
midified airstream applied intermittently was
suggested by Beyl and Mitchell (1977b) as
being feasible as part of a boom irrigation
system.

Methods of rapid and uniform mass ap-
plication of a mechanical conditioning treat-
ment that do not require manual handling of
plant material will be more flexible for
greenhouse operators. Uniform application
of a brushing treatment across cucumber plants
differing in height was very difficult (Lati-
mer et al., 1991) and would not be feasible
for very small plants that differed signifi-
cantly in height. Conversely, brushing tends
to produce more height uniformity within
groups of plants, provided the initial differ-
ences were not so great as to permit exces-
sive damage to the tallest plants.

SUMMARY

Mechanical conditioning has excellent po-
tential for control of growth and quality of
vegetable transplants. The treatment gener-
ally is noninjurious, flexible, and has few
long-lasting effects on plant growth. Me-
chanical conditioning improves plant ap-
pearance by increasing specific chlorophyll
content, thereby increasing the degree of
greenness, and by reducing stem elongation,
thereby contributing to a more sturdy plant.
Mechanical conditioning improves plant per-
formance by increasing stem and petiole
strength, thereby decreasing plant breakage
and loss during shipping and planting; it also
improves stress tolerance and field establish-
ment of some crops. Although some nega-
tive effects on yield have been identified,
pretreatment of transplants generally does not
affect final crop yield.

Methods of treatment application, differ-
ences in species and cultivar response, and
sensitivity to damage must be further defined
to fully recommend mechanical conditioning
as a means of nonchemical growth control
of vegetable transplants. The interaction of
mechanical conditioning with other cultural
and management practices, such as inte-
grated pest management and fertilization, also
must be determined for various cropping
systems. There are many opportunities to
study different combinations of the non-
chemical growth-control methods available
to growers. Mechanical conditioning has good
potential as a flexible addition to the growth-
control program for many species and pro-
duction systems.
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