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P < .01. Higher order coefficients.

Relative Humidity: Important Modifier of

Pollutant Uptake by Plants

Abstract. Laboratory measurements of foliar uptake of sulfur dioxide and ozone
by red kidney beans demonstrated a strong effect of relative humidity on internal
pollutant dose. Foliar uptake was enhanced two- to threefold for sulfur dioxide and
three- to fourfold for ozone by an increase in relative humidity from 35 to 75 percent.
For the same exposure concentration, vegetation growing in humid areas (such as
the eastern United States) may experience a significantly greater internal flux of

pollutants than that in more arid regions.

Plant susceptibility to air pollution
stress is strongly influenced by environ-
mental variables including air temper-
ature, wind speed, light intensity, soil
fertility, and soil and atmospheric mois-
ture levels (/ 4). The supply of moisture
to vegetation both before and during ex-
posure has been recognized for many
years as one of the the most important of
these variables (5-11). Conditions that
minimize plant moisture stress, such as
high soil moisture and high atmospheric
humidity, generally increase plant sus-
ceptibility to foliar injury by air pollu-
tants. Subtle pollutant effects on physio-
logical processes, such as photosynthe-
sis and transpiration, may also be en-
hanced by high humidity (12).

Although regional differences in aver-
age annual humidity have been impli-
cated in the greater sensitivity of vegeta-
tion to air pollution in the humid eastern
United States (9, 13), the physiological
mode by which this environmental vari-
able controls pollutant-plant interactions
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Fig. 1. Foliar uptake of O; (a) and SO, (b) as
influenced by relative humidity and pollutant
concentration. Results shown represent two
exposures (ten plants each) at each humidity
and pollutant combination.
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is not well understood. Mechanistically,
vegetation may react to increased hu-
midity by (i) enhanced uptake of pollu-
tants, (ii) greater physiological sensitivi-
ty to the same level of pollutant uptake,
or (iii) a combination of (i) and (ii).

Laboratory experiments were per-
formed to determine the basis for humid-
ity-induced variations in plant sensitivity
to SO, and O;. Eight groups of ten green-
house-grown bush beans, Phaseolus vul-
garis (Bush Blue Lake variety 274), were
exposed in open gas-exchange chambers
(14) to three concentrations of SO,
(range, 350 to 1550 ug m~3) or O; (range,
100 to 375 ug m~3). Pollutant concentra-
tions were maintained for 1 hour before
measurement of uptake and progression
to the next higher concentration. Rela-
tive humidity was held at 35 + 2 or 75
+ 5 percent in two replicate chambers
for each of the two pollutant series. Con-
current measures of both total pollutant
flux and CO, assimilation (photosynthe-
sis) were determined from mass balance
calculations based on concentrations of
gas entering and leaving the chambers.
To determine physiological uptake, total
flux calculations were corrected for ad-
sorptive loss to both chamber walls and
external leaf surfaces (/4).

The effects of a 40 percent increase in
humidity on uptake of both SO, and O,
were pronounced at all gas concentra-
tions (Fig. 1). Average SO, uptake was
enhanced approximately 250 percent,
and O; uptake was increased 400 per-
cent. Maximum O; uptake (0.28 ug cm™?
hour—*) occurred at a concentration of 150
ug m~ (0.079 ppm); the corresponding
maximum for SO, (0.80 ug cm~2 hour™?)
occurred at 800 ug m~2 (0.31 ppm). Up-
take of both SO, and O; increased with
the initial increase in exposure concen-
tration in all treatments except O; at low
relative humidity. With the latter treat-
ment O uptake decreased as the O; con-
centration increased. As pollutant con-
centrations increased further, uptake did
not increase proportionally, but actually
declined in all treatments except O; at
high relative humidity.

Nonproportional uptake with increas-
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Table 1. Effects ot humidity and pollutant concentration on ratios of leaf conductance of O, and
SO; to CO,. Data are means = 1 standard deviation of values determined from a linear least-
squares fit to each of the replicate concentration series at each humidity. Humidity is the aver-
age value of replicate series and Ps represents percentage of prefumigation photosynthetic lev-

els.
Pollutant Uptake Uptake
concen- Hu- P Hu- P
tration midity Ratio Ps midity Ratio Ps
(ug m~2) (%) to CO, (%) (%) to CO, (%)
Ozone
150 16.3 = 2.1 111 = 31 10.5 = 3.9 92 + 16
200 72 14.5 22 111 = 38 35 6.9 = 3.0 89 + 27
280 11.7 £ 2.4 111 = 24 0.9+ 1.6 84 + 44
Sulfur dioxide
600 12.7 £ 3.0 93 =20 4.3 07 103 = 21
900 78 10.6 = 1.1 86 * 17 35 3.9+ 0.3 94 + 11
1200 8.5+0.8 79 = 14 3.5+0.1 84 = 1

ing concentration indicated that either
stomatal resistance had increased due to
stomatal closure, or resistance to move-
ment through the mesophyll cells in the
substomatal cavity had increased. Sto-
matal closure can be induced by exposure
to SO, (/5) or O; (I6, 17) and has been
hypothesized to be a protective mecha-
nism for plants under pollutant stress
(17). It is most frequently induced when
plants are exposed at low humidity (/8),
but may be a much less significant factor
than changes in mesophyll resistance
(12) in limiting entry of CQO, into photo-
synthesizing leaf cells exposed to SO,.
Mesophyll resistances to SO, and O, are
generally considered to be quite low (19);
however, little is known about how these
resistances change under pollution
stress.

To test the extent to which stomatal

closure may have limited pollutant up- -

take, SO, and O; leaf conductances [up-
take (ug cm~2 hour~!)/concentration (ug
cm~%) = cm hour!] were compared with
leaf conductances for CO, in photosyn-
thesis (Table 1). Four main points may
be made from the data shown in Table 1:
(i) pathway conductances for Oy and SO,
were greater than those for CO,; (ii) av-
erage conductance ratios of both SO,
and O; were increased at high humidity,
indicating that pollutant uptake was en-
hanced more than CO, uptake; (iii) pollu-
tant/CO, conductance ratios decreased
with increasing gas concentration, in-
dicating preferential reduction in pollu-
tant versus CO, uptake as a function of
pollutant dose (a function of both instan-
taneous pollutant concentration and pre-
vious exposure in this experiment); and
(iv) this reduction was much more appar-
ent with Oz than SO, and occurred over a
concentration range (200 to 280 ug m™3)
within which photosynthesis was only
slightly reduced.

Greater relative effects of humidity on
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conductance ratios than on photosynthe-
sis indicate that changes in internal leaf
resistance were primarily responsible for
reduced O; uptake at higher O; concen-
trations. Calculations of leaf resistance
changes based on the Ohm’s law analogy
[flux = (air-to-leaf concentration gradi-
ent)/(leaf resistance)] indicated that total
leaf resistance [both stomatal and meso-
phyll 20)] to O; increased approximately
46 percent (2.7 to 4.0 sec cm~Y) at high
humidity and 833 percent (10.8 to 101 sec
cm™!) at low humidity as the O, concen-
tration was increased from 150 to 280 ug
m~2, Photosynthetic rate dropped very
little over the same concentration range.
Our data indicate that altered rates of
pollutant uptake by foliage may be the
primary cause of humidity-induced vari-
ations in plant sensitivity to air pollu-
tants. Furthermore, under our experi-
mental conditions, the mechanism for
these differences was altered internal
leaf resistance to uptake, rather than
stomatal regulation. These alterations
may be a function of the influence of hu-
midity on water flux through the leaf, as
suggested by Barton er al. (I2). De-
creased uptake may also be a function of
increased nonstomatal components of
leaf resistance after periods of low soil
moisture. Both increased resistance of
plants to SO, (/1) and decreased foliar
uptake of sulfur (§) were reported in
plants stressed by low soil moisture.
Thus, vegetation in regions of the
country with dissimilar atmospheric and
soil moisture regimes may receive very
different internal pollutant doses at the
same level of air pollution. Vegetation
growing in arid areas may be protected
from uptake of water-soluble pollutants
by several physiological mechanisms.
When soil moisture is low, leaf resist-
ance to gaseous uptake is high. Stomatal
closure may also be induced under these
conditions when pollutants, particularly

O;, are present. Our data and those of
Barton et al. (12) suggest that high rates
of evapotranspiration, which would oc-
cur during periods when soil moisture is
available and humidity is (typically) low,
would protect plants from pollutant up-
take. The eastern United States, where
lemperature, humidity, soil moisture,
pollutant emissions, and the frequency
of air stagnation events are high, has a
greatly enhanced potential for air pollu-
tion damage to vegetation (27).

The influence of environmental vari-
ables on plant sensitivity to air pollutants
suggests that air quality standards de-
signed to protect vegetation might be tai-
lored to consider variations in regional
environmental conditions. The strong in-
fluence of relative humidity on foliar
uptake of pollutant gases suggests that
this variable could eventually provide a
realistic basis for establishing such vari-
ances.

S. B. McLAUGHLIN, G. E. TAYLOR
Environmental Sciences Division,
Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37830
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Phosphorus Distribution in the Nucleosome

Abstract. The spatial distribution of phosphorus within active fraction nucle-
osomes reveals that the path of the DNA is consistent with one and three-fourths
turns of DNA supercoiled around the outside of the protein core. This phosphorus
distribution, obtained with an imaging electron spectrometer in a conventional trans-
mission electron microscope, simultaneously establishes new limits of sensitivity for

elemental microanalysis.

We have adapted a high-resolution
electron microscope with an imaging
electron energy spectrometer capable of
resolving structural information of bio-
logical specimens to at least the 0.5-nm
level while supplying chemical informa-
tion with the same spatial resolution (/).
The electron spectrometer allows an
electron micrograph to be formed by us-
ing electrons that have lost a discrete
amount of energy as a result of inter-
actions with a particular chemical ele-
ment or chromophore in the specimen.
We have used this instrument to study
the DNA distribution in the subunits of
eukaryotic chromatin known as nucle-
osomes. We are able to locate the path of
the DNA within the nucleosome and be-
tween nucleosomes by electron spectro-
scopic imaging that makes use of an en-
ergy loss due to phosphorus. Since phos-
phorus is primarily found in the DNA
and not in the proteins constituting the
particle, an image of the phosphorus dis-
tribution is predominantly an image of
the DNA within the nucleosome.

The chromatin was prepared from calf
thymus and enriched for active fraction
chromatin by deoxyribonuclease II di-
gestion and Mg?* solubility (2). The buff-
er containing the chromatin was adjust-
ed to 0.35M NaCl to remove the high-
mobility group (HMG) proteins. The
oligomers of nucleosomes were then sep-
arated from the free proteins by chroma-
tography (Sepharose 4B, Pharmacia).
Microscope grids of unstained chromatin
were prepared as described (3), and mi-
crographs were obtained with axial illu-
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mination at the desired energy loss, a
dose of about 1.4 coulombs per square
centimeter being used to form each
image.

Electrons interacting with phosphorus
have characteristic energy losses corre-
sponding to K-shell and L-shell ex-
citations of the phosphorus atoms. We
have used the relatively strong L., ex-
citations at 132 eV. In the electron ener-
gy loss spectrum, this specific phos-
phorus L-edge absorption is superim-
posed on a rapidly declining general back-
ground of localized and delocalized elec-
tron-scattering events. The effect of this
background signal was eliminated by form-
ing two consecutive images of the same
region, one on the phosphorus L edge and
one with an energy just below the edge.

The latter image, normalized in intensity,
must then be subtracted from the former
to obtain a net phosphorus signal.

Figure 1 shows two images of the same
strand of nucleosomes. One image (Fig.
1a) was formed at an energy loss of 155
eV, just above the L edge at 132 eV, re-
ferred to as the phosphorus spectroscop-
ic image, and the other (reference) image
(Fig. 1b) at an energy loss of 105 eV. The
two images are nearly identical. How-
ever, close examination shows fine
structural detail in one image that is not
always duplicated in the other. The two
images were digitized with a microden-
sitometer (Perkin-Elmer model 1010A)
over regions containing the nucleosomes
to give matrices of 4096 picture ele-
ments (64 X 64), each corresponding to
0.7 by 0.7 nm? Although the poten-
tial resolution of electron spectroscopic
images is at least 0.7 nm (/), digitiza-
tion with this pixel size limits the effec-
tive resolution of the images to 1.4 nm
at worst. However, this is still sufficient
for a DNA strand that is approximately 2
nm in thickness to be visualized. Before
the subtraction was performed, one im-
age was normalized to the other over the
background to compensate for slightly
different exposures. In addition, corre-
sponding pairs of images were trans-
lationally cross-correlated in the com-
puter to obtain the best overlap. Rota-
tional cross-correlation was not neces-
sary since consecutive images were
sufficiently parallel.

We have studied 30 nucleosomes from
one chromatin strand in detail, the first
13 of which are shown in Fig. 1 and the
last 7 in Fig. 2a. In Fig. 2b, the comput-
er-processed net phosphorus images
have been superposed over the corre-
sponding nucleosomes in the original
phosphorus spectroscopic image. Al-

Fig. 1. (a) Phosphorus spectroscopic image of a strand of nucleosomes taken at an energy loss of
155 eV, just above the L, 5 absorption edge of phosphorus. (b) Reference image of the same
region shown in (a), taken at an energy loss of 105 eV. Scale bar, 30 nm.

0036-8075/81/0109-0169$00.50/0 Copyright © 1980 AAAS 169





