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Abstract. Ethylene production by 10 or 20 m2 stands of wheat, soybean, lettuce, potato, and tomato was monitored throughout
growth and development in an atmospherically closed plant chamber. Chamber ethylene levels varied among species and rose
during periods of canopy expansion and rapid growth for all species. Following this, ethylene levels either declined during seed
fill and maturation for wheat and soybean, or remained relatively constant for potato and tomato (during flowering and early
fruit development). Lettuce plants were harvested during rapid growth and peak ethylene production. Chamber ethylene levels
increased rapidly during tomato ripening, reaching concentrations about 10 times that measured during vegetative growth. The
highest ethylene production rates during vegetative growth ranged from 1.6 to 2.5 nmol·m–2·d–1 during rapid growth of lettuce
and wheat stands, or about 0.3 to 0.5 nmol·g–1 fresh weight per hour. Estimates of stand ethylene production during tomato
ripening showed that rates reached 43 nmol·m–2·d–1 in one study and 93 nmol·m–2·d–1 in a second study with higher lighting,
or about 50× that of the rate during vegetative growth of tomato. In a related test with potato, the photoperiod was extended
from 12 to 24 hours (continuous light) at 58 days after planting (to increase tuber yield), but this change in the environment
caused a sharp increase in ethylene production from the basal rate of 0.4 to 6.2 nmol·m–2·d–1. Following this, the photoperiod
was changed back to 12 h at 61 days and ethylene levels decreased. The results suggest three separate categories of ethylene
production were observed with whole stands of plants: 1) production during rapid vegetative growth, 2) production during
climacteric fruit ripening, and 3) production from environmental stress.
Background and Methods
Ethylene is one of the most important compounds in horticulture
and its effects on plants have studied for nearly 100 years (Abeles et al.,
1992; Burg and Burg, 1965; Crocker et al; 1932; Denny, 1924). Ethylene
is the lightest of the alkene series of hydrocarbons (H2C = CH2, MW
28) and occurs as a gas under Earth ambient conditions (e.g., ≈300 K
and ≈100 kPa pressure); hence, measuring ethylene for plant research
typically uses direct gas analysis, e.g., gas chromatography (Abeles et
al., 1992). These measurements are often carried out by placing plant
tissues (e.g., leaves, fruit, etc.) in a sealed vessel or chamber and then
analyzing the headspace of the vessel (Abeles et al., 1992). The tissues
can be degassed using vacuum techniques (e.g., Beyer and Morgan,
1970) or allowed to incubate permitting ethylene to accumulate. These
procedures are relatively convenient and can target different organs or
tissues, but they are limited by the size and types of tissue that can be
enclosed for sampling. In addition, this approach generally requires
excision or manipulations resulting in wounding, which can generate
ethylene, and often exposes the tissue to different CO2 and O2 concentrations, which also can affect ethylene production (Abeles et al., 1992;
Bassi and Spencer, 1979). An alternative approach is to place whole
plants or intact organs (e.g., fruit) in a controlled environment that is
atmospherically sealed (Bassi and Spencer, 1979; De Greef and De
Provitt, 1978). This allows observations of ethylene production with
minimal perturbation and provides the integrated measure of whole
plants or communities of plants. Unfortunately this latter technique
requires controlled environment chambers that are sufficiently large to
accommodate whole plants, and the atmosphere must either be closed
(to allow ethylene accumulation) or ventilated such that the air stream
passes through a sorbent material, which can later be degassed and
sampled (Bassi and Spencer, 1979; Saito et al., 1996).
Measurements of ethylene production by plants are especially pertinent to spaceflight applications, where research on µ-gravity effects and
the use of plants for human life support are being studied (Krikorian
and Levine, 1992; Wheeler et al., 2001). Because spacecraft must
be protected from the vacuum and harsh environments of space, the
atmosphere must be tightly sealed and controlled. Thus, any ethylene
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produced in these environments can accumulate and cause problems;
moreover, these problems can be exacerbated if ethylene production
is increased by the low-gravity environment of space (Crocker et al.,
1932; Leather et al., 1972; Wheeler et al., 1986).
For the past 25 years or so, NASA and other space agencies have
been conducting tests in controlled environments to assess the potential
for using plants to provide human life support (Wheeler et al., 2001).
As part of this effort, our group at Kennedy Space Center conducted
tests with various crops in a large, atmospherically closed chamber
that simulated the sealed conditions that might be encountered in
space. The chamber provided a closed volume of 113 m3 with an
available planting area of 20 m2, and was used to track whole-stand
photosynthesis (e.g., Wheeler, 1992; Wheeler et al., 1993). As part
of the testing, we were able to observe ethylene buildup throughout
crop growth and development. For all of these studies, the crops were
grown using recirculating nutrient film technique (without any solid
rooting medium), lighting was provided by 96 400-W high-pressure
sodium and/or 400-W metal halide lamps, and CO2 concentrations were
enriched to 1000 or 1200 µmol·mol–1 (0.10 to 0.12 kPa). Studies used
20-m2 stands (monocultures) of wheat (Triticum aestivum L. ‘Yecora
Rojo’), soybean (Glycine max [Merr.] L. ‘McCall’), lettuce (Lactuca
sativa L. ‘Waldmann’s Green’), and potato (Solanum tuberosum L.
‘Norland’) and 10- or 20-m2 stands of tomato (Lycopersicon esculentum [L.] Mill. ‘Reimann Philipp’) (Wheeler et al., 1996). Ethylene in
the chamber atmosphere was monitored throughout growth using gas
chromatography (GC) with photoionization detection (PID) (Photovac
10S70 and Photovac 10S Plus). The GC/PID was set to automatically
sample the air via 3.2 mm o.d. × 76 mm Teflon lines. Four different
columns were used at various times during the different studies: 1)
183 cm × 3.2 mm 6.6% CSP-20M on Carbopak B and 183 cm × 3.2
mm Carbopak BHT 100 in tandem with 15-cm precolumn; 2) 244 cm
× 3.2 mm XE-60 on Carbopak B with 15-cm precolumn; 3) 900 cm
× 0.53 mm KCL/Alumina fused silica with precolumn; 4) 900 cm ×
0.53 mm CP-Sil 5cB with precolumn. The detector gain was set at
1,000 for greatest sensitivity and the isothermal oven was set at 30 ºC.
Ultra-pure air carrier gas was set at 15 mL·min–1. Detectable limits of
2 ppb (nmol·mol–1) were calculated. Replicate injections of ethylene
standards showed variability of <1% and a standard deviation of 0.27
ppb. Changing the column, injecting the standard and sample, and then
comparing retention times verified the presence of ethylene. Chamber
leakage was determined to be about 10% of the volume per day using CO2 concentration decay tests without any plants in the chamber
(Wheeler, 1992). Large amounts of transpired water were condensed
and removed from the chamber during plant growth (up to about 100
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Fig. 1. Ethylene concentrations in NASA’s Biomass Production Chamber over time for 20 m2 crops of wheat, soybean, potato, and lettuce grown through typical
production cycles (A). Accumulation of biomass for each of the crops was estimated by CO2 uptake rates (B). Dividing the chamber concentrations (A) by
cumulative biomass (B) shows relative concentrations normalized for the amount of plant materials (C).

Fig. 2. Ethylene concentrations during the growth and development of tomato plants in NASA’s Biomass Production Chamber. Ethylene concentrations rose rapidly during fruit ripening (beginning about day 60), showing a climacteric type response. Arrows indicate dates when
ripe fruit were harvested (removed) from the chamber.
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Fig. 3. Ethylene concentrations during growth and development of a potato stand.
The photoperiod was increased form 12 h light/12 h dark to 24 h (continuous)
light on day 58. This resulted in a rapid increase in ethylene concentration
and an apparent stress to the crop (photosynthetic rates dropped following
this change). The photoperiod was changed back to 12 h light/12 h dark on
day 61, after which ethylene concentrations decreased.

L·d–1 from full 20-m2 stands), but ethylene is relatively insoluble in water
(≈1 mL of ethylene dissolved into 9 mL of water under pure ethylene;
Abeles et al., 1992) and hence any ethylene leaving the system through
condensate was ignored. Rates of ethylene production were estimated
using changes in concentration over fixed time intervals (without any
leakage corrections), or by comparing peak concentrations and determining the amount of production needed to offset the leakage at these
points. Periodic entries (door openings) to the chamber were required
for routine horticultural activities, resulting in temporary increases in
leakage, and no data were used from these time periods for calculating
ethylene production rates.

Ethylene levels during potato studies typically showed a gradual rise
during early growth until about day 40, followed by relatively constant
levels throughout maturation. Tubers typically appeared near 30 d after
planting and continued to enlarge thereafter.
Except for lettuce, ethylene concentrations in the chamber did
not continue to increase over time, suggesting that chamber leakage
outstripped plant production during later stages of growth. It is possible microbes in the plant rhizosphere and nutrient solution could
have been a source of ethylene (Arshad and Frakenberger, 2002), or
that microbes could have metabolized some ethylene. But analysis of
the solution microflora showed little change in species composition
and total counts following planting (Strayer, 1991), suggesting that
Fig. 4. Epinastic leaves on potato plants grown in an atmospherically closed
chamber where ethylene concentrations ranged from 40 to 50 ppb. Epinasty
was only noted on young expanding leaves of axillary branches following
full canopy cover.

Results and Discussion
Atmospheric measurements made
before planting showed low (<10 ppb)
or undetectable levels of ethylene, indicating that construction materials and
internal components of the chamber
were not a significant source of ethylene.
Results showed that ethylene production
varied among species, reaching peak
levels of 120 ppb with wheat, 60 ppb with
soybean, and 40 to 50 ppb for lettuce and
potato (Fig. 1A). Wheat studies showed a
distinctive rise early in growth followed
by a decline during head maturation and
senescence. Peak ethylene production by
wheat occurred during rapid vegetative
growth, about 30 d, close to when the
highest rates of photosynthesis, respiration, and nutrient uptake of the stand
were occurring (Wheeler et al., 1993).
For soybean, ethylene concentration
peaked near 50 d, declined during pod
fill, and showed a slight increase about
harvest (Fig. 1A). Lettuce studies showed
a rapid rise in ethylene beginning near 20
to 24 d and continued to harvest at 28 d.
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Fig. 5. Longitudinally (epinastically) rolled flag leaves of wheat plants grown
in an atmospherically closed chamber where ethylene concentrations
reached 120 ppb.

microbial effects, if any, were constant over time. It is also possible that
the plants metabolized (oxidized) some ethylene, but the rates would
likely be low and not affect overall concentrations (Raskin and Beyer,
1989). Collectively, these observations indicate that the plants were
the primary source of the ethylene, and that chamber leakage was the
primary factor in decreasing any elevated ethylene concentrations.
If ethylene concentrations were normalized for standing biomass
(estimated from assimilated CO2; Fig. 1B), lettuce showed the highest ethylene concentration per unit biomass (Fig. 1C). Other species
showed a trend of high production when plants were young followed
by a gradual decrease with age (Fig. 1C). These observations from
whole stands are consistent with data from excised tissue of bean
plants (Phaseolus vulgaris) (Roberts and Osborne, 1981) suggesting
that ethylene production by plant stands is a normal occurrence during
healthy vegetative growth. Peak rates of production during rapid growth
of wheat and lettuce stands ranged from 8 to 10 ppb/d, or 1.6 to 2.5
nmol·m–2 stand area per day, which equates to about 0.6 nmol·g–1 dry
weight per hour (0.04 nmol·g–1 fresh weight per hour) for lettuce and
0.3 nmol·g–1 dry weight per hour (0.03 nmol·g–1 fresh weight per hour)
for wheat. These estimates are likely conservative because of slow
leakage from the chamber. Because plants were still alive at harvest
(wheat and soybean shoots were partially dry), ethylene production
during final stages of senescence was not monitored and could have
increased somewhat, as suggested in the soybean study (Fig. 1A)
(Aharoni and Lieberman, 1979).
Unlike the other species, tomatoes showed a very different ethylene
production pattern: Chamber ethylene concentrations were generally low
during early growth, but as fruit began to ripen (about day 55) ethylene
rose rapidly reaching the highest levels (≈600 ppb) of any of the studies
(Fig. 2). Ripe fruit were harvested several times during these studies,
which reduced ethylene concentrations (much of this was also due to
the opening of the door). But in each case concentrations increased
again as additional fruit ripened (Fig. 2). Although the concentration
data are noisy due to the periodic entrances to harvest fruit, an increase
of 560 ppb between days 59 to 61 suggest that stand ethylene production was about 43 nmol·m–2·d–1. In another study with tomato plants
grown at higher PAR levels (not shown), ethylene concentrations rose
nearly 400 ppb in 1 d during a period of rapid fruit ripening for a stand
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production rate of 93 nmol·m–2·d–1. As
with estimates of ethylene production
rates during vegetative growth, these
rates are most likely conservative due
to chamber leakage.
Tomato is a climacteric type species
and ripening fruit tissues are known to
go through a different ethylene metabolic sequence than vegetative tissues
(Alexander and Grierson, 2002), and it
is likely that autocatalysis occurred during this phase of growth (i.e., ethylene
promoted the production of more ethylene). ‘Reimann Philipp’ is determinate
and largely parthenocarpic for fruit set
and thus it is not clear whether the high
ethylene concentrations would have adverse effects on less determinate cultivars
that continue to flower and produce fruit
through pollination/fertilization (Klassen
and Bugbee, 2003).
In addition to the large climacteric
burst of ethylene in the tomato studies, a large increase in ethylene also
occurred in a potato study in which the
photoperiod was extended from 12 h
light/12 h dark to 24 h (constant) light
at 58 d after planting. Within 24 to 48 h
following the change to continuous light,
potato stand ethylene levels rose to nearly 80 ppb (Fig. 3). During
this same period, instantaneous photosynthetic rates decreased. This
combination of symptoms suggested the continuous light stressed the
plants and consequently the photoperiod was changed back to a 12 h
light/12 h dark cycle. Following this, ethylene concentrations dropped
although photosynthetic rates never fully recovered. Based on the time
course of concentration rise, ethylene production rates in response to
the change to continuous light were about 6.2 nmol·m–2·d–1, nearly 15
times greater than the basal rate of 0.4 nmol·m–2·d–1 about change to
continuous light. Although the continuous light can promote faster
tuber development, it can also be stressful to potato plants in certain
circumstances (Wheeler and Tibbitts, 1986), and the rapid rise in
ethylene in response to this change suggests that the continuous light
induced photooxidative stress.
With the exception of some later studies with tomato and wheat
where ethylene concentrations were not monitored closely, no attempts
were made to scrub or reduce ethylene levels in most of these tests.
Expanding potato leaves on axillary branches often showed epinasty
(Fig. 4) and flag leaves of wheat showed longitudinal, epinastic rolling
(similar to a soda straw) soon after peak ethylene levels were measured
(Fig. 5). Epinasty is a classic symptom of ethylene exposure (Abeles
et al., 1992; Crocker et al., 1932) and in the case of potato leaves, this
occurred with the chronic exposures of only 40 to 50 ppb ethylene.
This finding is consistent with recent results from Klassen and Bubgee
(2002, 2003), and suggests that exposures to ethylene even at seemingly
low levels can cause responses in some plants.
There are few reports of ethylene measurements for intact plant
canopies in the literature. Tani et al. (1993) reported ethylene accumulating to 0.15 ppm after a closure test with lettuce plants and Shiitake
mushrooms, and Saito et al. (1996) grew rice plants in closed chambers
and reported production rates up to about 2 nmol/plant per hour during
the heading stage of growth. In each case these were relatively small
chambers (<1 m2 area) compared to the 10 and 20 m2 planting areas
used in our studies (see also, Wheeler et al., 1996). In addition to our
studies, other NASA-sponsored testing reported ethylene buildup in an
11-m2 closed chamber containing wheat plants Edeen et al. (1996).
Could ethylene accumulation be a problem for plant growth systems
envisioned for space? The International Space Station is required to keep
ethylene below 50 ppb through the use of its trace contaminant control
system, and the plant chambers used in space vary in their degree of
closure, with some open to cabin air for cooling and CO2 supply, while
others are relatively closed to provide better environmental control.
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Chronic exposures to 50 to 100 ppb reduced growth in lettuce and
Easter lily (Blankenship et al., 1993; Mortensen, 1989), levels of <50
ppb reduced seed set in rice and wheat (Klassen and Bugbee, 2002),
and our studies showed that leaf epinasty occurred in potato at levels
of 40 to 50 ppm (Figs. 4 and 5). Although leaf epinasty may not be
directly harmful, it could result in reduced light interception thereby
slowing growth (Woodrow and Grodzinski, 1989). At the production
rates noted for wheat during rapid growth, maximum levels in a system
with leakage of only 1% vol/d would exceed 1.0 ppm, which could result
in little or no seed set (Klassen and Bugbee, 2002). Related studies with
wheat at NASA’s Johnson Space Center using a more tightly sealed
chamber with wheat plants showed that ethylene levels exceeded 800
ppb, resulting in poor seed production (Edeen et al., 1996). In addition,
experiments on growing wheat to maturity in space initially failed to
produce viable seed, and this was later attributed to the high (≈1 to 2
ppm) ethylene levels in Mir Space Station atmosphere (Bingham et
al., 2000; Salisbury, 1997). Subsequent tests in which cabin ethylene
levels were reduced resulted in successful seed production by the wheat
plants (Bingham et al., 2000; Salisbury, 1997)
Preliminary tests in our large chamber showed that potassium
permanganate filters were effective for controlling ethylene (Martin
and Sinnaeve, 1987). Tests with catalytic burners, UV degradation,
selective membranes, different sorbents, or even ethylene metabolizing
microbes also have been considered for ethylene control (Abeles et al.,
1992; Eastwell et al., 1978). Questions then arise as to whether some
ethylene in the atmosphere might be beneficial during certain stages
of development and whether ethylene should be managed to optimize
growth, much as is done with CO2 and humidity. For example, tomato
fruit ripening was delayed in one of our studies where potassium permanganate filters were added to the air ducts, but then accelerated after
the filters were exhausted. Answers to these questions may be critical
to the use of plants and horticulture for bioregenerative life support
systems in future space travel.
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