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Abstract. A series of experiments were conducted to determine the sensitivity of radish to 
four light alcohols (ethanol, methanol, 2-propanol, and t-butanol) identifi ed as atmospheric 
contaminants on manned spacecraft. Radish (Raphanus sativus L. ‘Cherry Bomb’ Hybrid 
II) seedlings were exposed for 5 days to concentrations of 0, 50, 100, 175, 250, and 500 
ppm of each alcohol and the effect on seedling growth was used to establish preliminary 
threshold response values. Results show a general response-pattern for the four alcohol 
exposures at threshold responses of 10% (T

10
), 50% (T

50
) and 90% (T

90
) reduction in seed-

ling length. There were differences in the response of seedlings to the four alcohols, with 
the T

10
 for t-butanol and ethanol (25 to 40 ppm) being 3 to 5× lower than for methanol or 

2-propanol (110 to 120 ppm). Ethanol and t-butanol exhibited similar T
50

 values (150 to 
160 ppm). In contrast, T

50
 for methanol (285 ppm) and 2-propanol (260 ppm) were about 

100 ppm higher than for ethanol or t-butanol. Chronic exposures to 400 ppm t-butanol, 
ethanol or 2-propanol were highly toxic to the plants. Radish was more tolerant of metha-
nol, with T

90
 of 465 ppm. Seeds did not germinate at the 500 ppm treatment of t-butanol, 

2-propanol, or ethanol. There were signifi cant differences in projected performance of 
plants in different environments, dependent upon the regulatory guidelines used. The use 
of exposure guidelines for humans is not applicable to plant systems.

Accumulation of air pollutants present in 
the atmosphere of closed environments such 
as the Space Shuttle, International Space Sta-
tion (ISS), or proposed lunar or planetary bases 
are a concern to mission planners because of 
the potential effects on human health and the 
vehicle life support systems. Chronic exposure 
to volatile organic compounds (VOCs) in open 
systems, such as greenhouses or laboratories, 
which are in proximity to industrial sites, may 
also reduce plant yield and crop development 
[Sharkey, 1991; U.S. Environmental Protection 
Agency (EPA), 1978]

Threshold exposure values (TEVs) for 
atmospheric contaminants are recommended 
by the American Conference of Governmental 
Industrial Hygienists (ACGIH, 2005) and the 
U.S. Department of Labor (DOL) Occupational 
Safety and Health Administration (OSHA) have 
established personnel exposure limits (PELs) 

for regulatory purposes (DOL, 1988). These 
industrial standards are based on the continuous 
exposure limit a typical worker could tolerate 
during a typical 8-h day (40-h work week) 
without suffering negative health effects.

The National Aeronautic and Space Admin-
istration (NASA) developed 1 h, 24 h, 7 d, 30 
d, and 180 d spacecraft maximum allowable 
concentration (SMAC) values for individual 
trace chemical contaminants to ensure the health, 
safety, and performance of the crew members 
during space missions [National Research Coun-
cil (NRC), 1994, 1996a, 1996b, 2000]. These 
values take into account a number of unique 
factors associated with space fl ight, including 
uniform good health of the crew and absence 
of pregnant or very young individuals (NRC, 
1992), and are generally more conservative than 
either the ACGIH and OSHA values. 

Experiments were undertaken as a part of 
NASA’s Advanced Life Support Program to 
determine whether VOCs accumulate in closed 
plant chambers and what, if any, impact they 
had on plant growth. A large (113-m3),closed 
plant growth facility at Kennedy Space Center 
(KSC), the biomass production chamber (BPC), 
permitted the tracking of VOC production and 
accumulation through growth and development 
of a number of crops (Batten et al., 1993, 1995, 
1996; Stutte, 1999; Stutte and Wheeler, 1997; 
Wheeler et al., 1996b). 

During those tests, ethylene was the VOC 
with the greatest bioactivity and has generated 
the greatest amount of attention with respect to 

monitoring and control in spacecraft (Abeles, 
1992; Klassen and Bugbee, 2004; Salibury et al., 
1997; Wheeler et al., 2004). Although ethylene 
has received the greatest research attention, it is 
by no means the only biologically active VOC 
that accumulates. 

Batten et al. (1993, 1995, 1996) identifi ed 
>170 VOCs in the BPC atmosphere from sev-
eral crop species. The compounds originated 
from both anthropogenic (hardware, adhesives, 
equipment) and biogenic (plants, microorgan-
isms) sources (Batten et al., 1993, 1996; Stutte 
and Wheeler, 1997). The production of biogenic 
VOCs varied depending on crop and stage of de-
velopment (Batten et al. 1995; Stutte 1999). 

Periodic sampling of the atmosphere of the 
Space Shuttle, ISS, and other spacecraft has 
revealed the presence of trace concentrations 
of several additional VOCs (James et al, 1994; 
NASA, 2004; Perry 1998). Some of the most 
common VOCs that accumulate in spacecraft are 
light alcohols (ethanol, methanol, 2-propanol, 
and t-butanol) that originate from a variety of 
anthropogenic and biogenic sources (Perry, 
1998; Perry and Peterson, 2003). 

Preliminary tests revealed that existing 
NASA SMAC levels to insure crew health 
were not suffi cient to insure the health of a 
crop (Eraso et al., 2001, 2003; Stutte et al., 
2004). For example, ethylene, one of the most 
problematic biogenic VOCs for plants, was 
found to have a threshold response in radish 
at 25 to 50 ppb (Eraso et al., 2003; Klassen 
and Bugbee, 2004) a concentration 40,000× 
lower than the human SMAC value. The lack 
of ethylene removal capabilities onboard some 
spacecraft has resulted in the accumulation 
of ethylene to >1 ppm and was implicated as 
primary cause of lack of seed development of 
wheat grown onboard the Russian Space Station 
MIR (Salisbury et al., 1997). 

The bioactivity of spacecraft VOCs other 
than ethylene has also been examined. Stutte 
et al. (2004a, 2004b) reported that chronic ex-
posure of three radish cultivars (‘Sora’, ‘Cherry 
Belle’, and ‘Cherry Bomb’ Hybrid II) to ethanol 
concentrations at 500 ppm (one-half the levels 
established NASA SMAC, OSHA PEL, and AC-
GIH TLV) resulted in severe stunting, reduced 
leaf area, and inhibition of hypocotyl expansion 
for all cultivars. At 100 ppm (10% of crew and 
worker exposure guidelines) the harvest index, 
leaf area index and absolute growth rate of the 
three cultivars was reduced. 

A seedling bioassay system was designed 
in order to rapidly screen VOCs for bioactiv-
ity to prioritize compounds for further whole 
plant testing (Stutte et al., 2005). These experi-
ments utilized the radish seedling bioassay to 
establish preliminary threshold, sensitivity, 
and lethal concentrations for the bioactivity of 
light alcohols in order to establish reasonable 
exposure guidelines for plant systems to sup-
port long duration space systems (Stutte, 1999; 
Stutte et al., 2005).

Materials and Methods

Plant material and growth. Raphanus 
sativus L. ‘Cherry Bomb’ (Burpee Seed, 
Warminster, Pa.) was used in these experi-
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ments. This radish cultivar was selected due 
to its high germination rate short production 
cycle, high-temperature tolerance, sensitivity 
to atmospheric contaminants, and uniformity 
(Eraso et al., 2001; Stryjewski et al., 2001; 
Stutte, 2004; Yorio et al., 2002).

Four dry radish seeds were placed on a 
double layer of germination paper that had been 
pre-positioned in a 55 × 11-mm polystyrene 
petri dish (Fisher Scientifi c, Pittsburgh, Pa.) and 
moistened with 1 mL of deionized (DI) H

2
O. 

The seeds were then misted with about 1 mL 
DI H

2
0 then covered with another double layer 

of germination paper and 1 mL of DI H
2
0 was 

added. The top of the petri dish was not placed 
on the seeds to allow maximum exposure to 
the VOC to be achieved.

The imbibed seeds were placed into 750-mL 
glass exposure vessel, the lid sealed, and the 
VOC exposure treatment started. The chamber 
lid had an inlet port from the gas chromatograph 
(GC), outlet port to the GC, and a sample col-
lection port (Fig. 1A). An additional 1 mL of 
DI H

2
O was added to the petri dish through 

the sampling port every 2 d to prevent desic-
cation of the seeds. After 5 d exposure to the 
VOC treatment, the seedlings were removed 
from the chamber and photographed, and total 
seedling length and root length was measured 
and recorded (Fig. 1B). A subjective assessment 
of seedling developmental morphology was 
also made at this time to identify symptoms 
of phytoxicity such as tip burn, root swelling, 
or chlorosis. 

The mean and standard deviation for each 
treatment were determined, and regression 
analysis performed using GraphPad Prism 4.03 
(Graphpad Software, Inc., San Diego, Calif.) 
to determine the dose-response curve to each 
compound. The critical threshold levels for T

10
, 

T
50

, and T
90

 were determined from the best-fi t 
cubic polynomial for each compound. Each 
treatment was repeated at least three times.

VOC treatments. The sensitivity of radish 
seeds to volatile alcohol concentrations was 
identifi ed in preliminary experiments per-
formed at 100 and 500 ppm. These preliminary 
experiments were the initial screen for bioactiv-
ity and provided guidelines for selecting VOC 
concentrations to test. Based on the initial 
VOC screening, a series of tests were designed 
to identify the threshold responses of a light 
alcohol series consisting of methanol (CAS 
67-56-1), ethanol (CAS 64-17-4), 2-propanol 
(CAS 77-63-0), and t-butanol (CAS 71-36-3). 
These alcohols were selected because they 
represent increasing molecular mass of the 
alcohols and all have been previously detected 
in spacecraft atmospheres (Table 1). In the 
seedling bioassays, developing radish seeds 
were exposed to volatile alcohol concentrations 
between 0 and 500 ppm. The concentrations 
tested were 0, 50, 100, 175, 250, and 500 ppm 
for methanol and ethanol; 0, 50, 100, 200, 300, 
400, and 500 ppm for 2-propanol and 0, 20, 40, 
80, 160, 320, and 500 ppm for t-butanol. 

VOC monitoring and control. An environ-
mental GC (SRI 8610-C; SRI Instruments, 
Torrance, Calif.), equipped with a fl ame 
ionization detector (FID) and a photo-ioniza-
tion detector (PID), using a 60 M AT-WAX 

Fig. 1. Volatile organic compound (VOC) radish bioassay system. (A) Samples are maintained in 750 ml 
exposure chambers fi tted with gas-tight lids with three access ports for VOC additions, and GC inlet 
and outlet lines. The Labview program activates the pump which pumps air through the impinger 
prior to addition to the exposure chamber. The fl ow rate of VOC to the chamber is regulated by micro-
metering valve. (B) After 5 d, the radish seedlings are removed from the exposure chambers and the 
seedling length determined. (C) Monitoring and control of VOC is provided through use of customized 
LabView software program that controls VOC through Valvo multiport sampler into a SCRI 8610-C 
gas chromatograph with FID and PID detectors. A H

2
 generation provides H

2
 to the GC FID detector. 

The Labview program controls fl ow of VOC to the exposure chambers shown in A.

Table 1. The structural and chemical characteristics of four alcohols found as atmospheric 
contaminants in spacecraft.
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capillary column (Alltec, Deerfi eld, Ill.) with 
helium as the carrier gas was used to detect 
VOC concentrations for each sample. A H

2
 

gas generator (Chromatogas 9090; Parker 
Hannifi n Corp, Tewksbury, Mass.) supplied H

2
 

to the FID detector. The software-controlled 
(LabView 6.1, National Instruments, Austin, 
Texas) 32-port multiposition valve activator 
(Valco Instrument Co., Houston, Texas) was 
used to sequentially sample each of the treat-
ment chambers. Each chamber was sampled 
approximately every 40 min. PeakSimple 
(SRI Instruments) was used to monitor and 
record the concentration of the VOC in each 
air sample (Fig. 1C).

Each treatment chamber was connected 
via 12-mm Tefl on tubing to a glass impinger 
containing the liquid alcohol. The impinger 
was connected by 12-mm Tefl on tubing to 
a small air pump (Elite 801; Rolf C. Hagen, 
Mansfi eld, Mass.) that forces air through a 
micro-metering valve (model A98450-08; 
Cole-Palmer Instrument Co., Vernon Hills, 
Ill.) into the impinger (Kontes Glass Co., 
Vineland, N.J.), causing the alcohol to volatize 
and the alcohol vapor to pass into the exposure 
chamber (Fig. 1C). The concentration in the 
chamber is a function of the length of time the 
pump stays on and the rate of fl ow through the 
micrometering valve.

This system was controlled by a modifi ca-
tion of a LabView program described by Stutte 
et al. (2005). VOC concentrations, from each 
chamber, are detected by the GC and recorded 
in a text fi le by PeakSimple. The LabView 6.1 
programs read this text fi le and it interprets 
the results based on the target concentrations 
that were established for the experiment. If 
the concentration of the VOC is less than the 
target concentration for a particular treatment, 
the specifi c pump is activated for a period of 
time based on the ratio of the actual and target 
concentration to the programmed bandwidth. 
If the concentration of the VOC is higher than 
the target concentration, the period of time the 
pump is on is decreased based on the actual 
and target concentrations. This system al-
lowed independent control of the target VOC 
concentration of up to 16 chambers ±10% of 
setpoint. 

Results and Discussion

While all the alcohols were bioactive, there 
were differences in both radish sensitivity and 
tolerance to chronic exposure (Fig. 2). There 
was no effect of either type of alcohol or con-
centration on partitioning between shoot and 
root, so only the total seedling length will be 
discussed here. Radish seedlings were most 
sensitive to ethanol and t-butanol and showed 
greater tolerance for 2-propanol and methanol 
concentrations. Developing radish seedlings 
exhibited few symptoms of phytotoxicity when 
exposed to methanol and 2-propanol concentra-
tions up to 120 ppm, but exposures to ethanol 
and t-butanol resulted in signifi cant reductions 
in seedling length at those concentrations, sug-
gesting that higher molecular mass alcohols 
have a greater effect on seedling growth than 
the smaller molecules. Concentrations of 500 

ppm of ethanol, 2-propanol and t-butanol 
completely inhibited seed germination. Seed 
germination occurred at 500 ppm methanol 
exposure, but growth of the emerging root and 
hypocotyls were inhibited and severe stunting 
was observed. Chlorosis of the cotyledons was 
observed at ethanol and t-butanol concentra-
tions >150 ppm and >250 ppm for methanol 
and 2-propanol. 

To compare the different treatments, the 
seedling length data were transformed and 
presented as a fraction of the control (labora-
tory air) treatment and shoot length presented 
as relative growth [treatments length (mm)/ 
control length (mm)]. The data transforma-
tion normalizes for variations associated with 

sampling time or variations in laboratory 
environment (Fig. 3). The normalized data in 
Fig. 3 were used to establish a dose-response 
curve for each compound. A cubic polynomial 
function (relative length = A + (B × ppm) +(C 
× ppm2) + (D × ppm3)) provided a good fi t 
for each of the compounds tested: methanol 
(r2 = 0.91), ethanol (r2 = 0.90), 2-propanol 
(r2 = 0.88), t-butanol (r2 = 0.79). The critical 
threshold values (T

10
, T

50
, and T

90
) for each 

alcohol were derived from the dose-response 
curves (Table 2).

The germinating radish seedlings appeared 
tolerant to methanol and 2-propanol concen-
trations up to 120 ppm, but were sensitive to 
ethanol and t-butanol at <50 ppm. Germinat-

Fig. 2. Effects of volatile alcohols on the length of 5-d-old ‘Cherry Bomb’ radish, Hybrid II. Data represent 
means shoot length at each exposure level and error bars are standard deviation (SD) of the mean.

Fig. 3. Effects of volatile alcohols on the relative length of 5-d-old ‘Cherry Bomb’ radish, Hybrid II. Data 
represent means at each exposure level and error bars are standard deviation (SD) of the mean. Dashed 
lines indicate the T

10
, T

50
, and T

90
 values for each compound. A cubic polynomial was fi t to determine 

the dose-response curve. 
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ing radish seedlings were much less tolerant 
of increasing concentrations of ethanol and 
t-butanol, with concentrations of 250 ppm 
resulting in severe chlorosis of cotyledons, 
stunting of shoot and root growth, and delayed 
shoot emergence. 

The dose-response curves allowed a 
means for quantifying the sensitivity of the 
radish seedlings to volatile exposure. The T

10
 

value (concentration with a 10% reduction in 
seedling length) was used as an indicator of 
the bioactivity threshold of the compound. 
The radish seedling was most sensitive to 
ethanol, with a T

10
 of 25 ppm. This result was 

consistent with 21-d exposure studies of whole 
plants indicating the threshold was <100 ppm 
(Stutte et al., 2004a, 2004b). The T

10
 of 40 ppm 

also suggest a high sensitivity to t-butanol. 
In contrast, methanol and 2-propanol had T

10
 

values 3 to 5× higher (110 to 120 ppm) than 
either ethanol or t-butanol.

The T
50

 value (concentration with a 50% 
reduction in seedling length) was used as an 
indicator of sensitivity of radish to the VOC 
once phytotoxicity symptoms are induced. 
Both ethanol and t-butanol had similar T

50
 

values (155 to 160 ppm), which were 4 to 6× 
higher than their respective T

10
. The T

50
 for 

methanol of 285 ppm and 2-propanol of 260 
ppm are higher than ethanol or t-butanol, but 
is only 2× greater than their respective T

10
 

values, suggesting a greater sensitivity to the 
VOC once the phytotoxicity threshold was 
surpassed. 

The T
90

 value (90% reduction in seedling 
length) represents the lethal concentration 
of the compound. The absolute concentra-
tions indicate that t-butanol is the most toxic 
alcohol with a T

90
 of 330 ppm. Ethanol and 

2-propanol have similar T
90 

values (395 and 
400 ppm respectively) and the T

90
 value for 

methanol is 465 ppm.
Although there is a tendency towards 

increasing phytotoxicity with increasing 
molecular mass, there were differences in the 
response profi les to the four alcohols tested. 
With the exception of ethanol, the T

50
 and T

90
 

decreased with increasing molecular mass, with 
methanol > 2-propanol > t-butanol. 

The treatments consisted of continuous 
exposure to a VOC concentration in the atmo-
sphere, but since these compounds are fully 
miscible in water, it is expected that some 
concentration will accumulate in the moist 

fi lter paper. The alcohol concentration in solu-
tion should be proportional to concentration in 
the atmosphere and follow Henry’s Law. The 
Henry’s Law constant (k·h–1/[M/atm]) for the 
compounds are similar, but not identical: 2.2 
× 102 for ethanol and methanol; 1.3 × 102 for 
2-propanol; and 0.7 × 102 for t-butanol. This 
would suggest that ethanol and methanol would 
have identical concentrations in solutions when 
the atmospheric concentrations are the same 
(e.g., 50 mM at 250 ppm). The large differ-
ences in the T

10
, T

50
, and T

90
 values between 

methanol and ethanol (Table 2) suggest that the 
response is not due to alcohol concentration in 
the solution, but to differences in sensitivity to 
the vapor phase of these compounds. 

Priestly and Leopold (1980) reported that 
the short alcohols were most damaging to soya 
bean seeds [Glycine max (L.) Merr. ‘Wayne’] 
when applied for 2 h as pure solvents, but 
that the sensitivity was when applications 
were in a 50/50 mixture of alcohol and water 
with the short alcohols being the least dam-
aging. They suggested that the damage was 
due to membrane disruption associated with 
phospholipid extraction from the seed. Those 
experiments were performed by applying the 
solvent mixtures directly to seeds that had the 
testa removed. In contrast, the radish seeds in 
this experiment had the testa intact at time of 
exposure and VOC was application was con-
tinuous throughout the experiment. However, it 
is possible that disruption of membrane integ-
rity, either through lipid extraction or protein 
denaturization in the developing meristem is 
the mechanism for the bioactive response. 
This will require additional investigation to 
confi rm. 

The identifi cation of the threshold responses 
is important to the ultimate design, integration 
and management of plant growth facilities for 
long duration space missions and to separate 
the concentrations necessary to maintain crew 
health from those needed to sustain crop per-
formance. The development of crop specifi c 
exposure limits has application not only for 
atmospherically closed plant growth facilities, 
but also for controlled environment agriculture 
conditions where VOC accumulation occurs 
(EPA, 1978).

The human exposure limits recommended 
by NASA, OSHA, and ACGIH presented in 
Table 2 to allow comparison with the actual 
plant responses. There are large differences 

in the recommended human exposure levels 
and the plant sensitivity levels observed in this 
study. For example, there is over a 100× (6.7 
vs. 1000 ppm) difference in the NASA SMAC 
values for ethanol and methanol. Similarly, 
there is a 16× difference in the NASA SMAC 
levels for 2-propanol and ethanol even though 
both compounds have nearly identical plant 
sensitivity (T

50
) values for radish. The lack 

of correlation of plant bioactivity with crew 
or worker health persists in all the offi cial 
recommendations, and indicates that using 
these VOC exposure guidelines in the design 
and integration of plant growth chambers is 
not warranted. The inappropriate application 
of these standards has the potential to increase 
the cost of trace contaminant control systems 
to maintain concentrations well below the T

10
 

(e.g., methanol SMAC level of 6.7 ppm vs. 
T

10
 of 110 ppm), without removing phytotoxic 

compounds (e.g., ethanol SMAC level of 1000 
ppm vs. T

90
 value of 295 ppm). 

With the exception of ethanol, there are 
also signifi cant differences between the NASA 
SMAC recommendations and the OSHA 
and ACGIH guidelines, with the industrial 
guidelines tending to be much higher. This 
refl ects the high margin of safety for the crew 
that NASA factors into the exposure limits 
to the contaminant (NRC, 1992). Although 
less rigorous than the NASA SMAC values, 
the strict application of OSHA or ACGIH 
guidelines in plant growth facilities has the 
potential to inadvertently induce phytotoxity 
(e.g., 2-propanol OSHA PEL of 400 ppm vs. 
T

10
 of 120 ppm) in radish.
Designing plant growth chambers for long 

duration space missions with an atmospheric 
control system independent of the crew habitat 
may provide greater fl exibility in the facility 
design and operation without a negative impact 
on the crew. By limiting the crew exposure 
time in a stand alone plant chamber, the allow-
able VOC concentration may be designed to 
OSHA or ACGIH guidelines for most VOCs 
and to plant SMACs for the most phytotoxic 
volatiles. This approach would have the ad-
vantage of reducing the demands of the trace 
contaminant control system and presumably 
reduce the power cost and the resupply cost 
to the system. However, any guidelines must 
insure that VOCs are maintained at concentra-
tions that below the threshold response for a 
plant system must account for differences in 
species and cultivar sensitivity while insur-
ing no impact to the health and well-being of 
workers or crew.

Conclusion

A radish seedling bioassay was used to de-
velop preliminary bioactivity response curves 
for VOCs that are contaminants in closed plant 
growth chambers. A sequential measurement 
through a multi-port sampling valve allows the 
continuous monitoring of up to 16 individual 
treatments for each experiment. A Labview 
software program has been developed which 
provided continuous control of the VOC to 
within 10% of the target concentration. 

The bioassay system was used to identify 

Table 2. Threshold values of methanol, ethanol, 2-propanol and t-butanol on length of radish seedlings and 
regulatory exposure limits recommended by NASA, OSHA, and ACGIH.

      Regulatory limitsy

   Bioassay sensitivityz   (ppm)

   
(ppm)

  
NASA OSHA ACGIH

Compound Formula T
10 

T
50 

T
90

 SMAC PEL TLV
Methanol CH

3
OH 110 285 465 6.7 200 200

Ethanol C
2
H

5
OH 25 155 395 1000 1000 1000

2-Propanol C
3
H

7
OH 120 260 400 61 400 200

t-Butanol C
4
H

9
OH 40 160 330 40 100 100

zT
10 

= 10% reduction in seedling length; T
50

 = 50% reduction in seedling length; T
90

 = 90% reduction in 
seedling length. T

10
, T

50
, and T

90
 values derived from cubic dose-response curves for each compound in 

the radish bioassay.
yNASA SMAC = 180-d spacecraft maximum allowable concentrations (Perry, NASA JSC 20584, 1999); 
OSHA PEL = OSHA personal exposure limits (OSHA standards 29CFR 1910.1000 Table Z-1, 1988); 
ACGIH TLVs = American Conference of Governmental Industrial Hygienists threshold limit values 
(ACGIH, 2005).
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the dose-response curves of four light alcohols, 
and to derive the T

10
, T

50
, and T

90
 values for 

each compound. The bioactivity of the alcohols 
in the radish bioassay does not refl ect toxicity 
and hazard to humans established by NASA, 
OSHA, or ACGIH and highlight the need for 
specifi c plant phytotoxicity studies. The radish 
T

90
 for ethanol was less than ½ the allowable 

concentration for NASA, OSHA, and the 
ACGIH. The NASA SMAC level was less 
than or equal to the radish T

10
 for methanol, 

2-propanol, and t-butanol, but the OSHA and 
ACGIH recommendations were much higher 
than the phytotoxicity threshold for these com-
pounds. The impact of growth environment, 
cultural conditions, and VOC mixtures on the 
threshold responses is needed before defi nitive 
recommendations can be made.

There were significant differences in 
projected performance of plants in different 
environments, dependent upon the regulatory 
guidelines used. The use of exposure guidelines 
for humans is not applicable to plant systems. 
The designers of future closed plant growth 
systems will have to be aware of the possible 
accumulation of VOCs in the chamber, and 
incorporate appropriate VOC control systems 
that do not result in the accumulation of bioac-
tive compounds.
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