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a b s t r a c t

Circular polarization spectroscopy has proven to be an indispensable tool in photosynthesis research and
(bio)molecular research in general. Oxygenic photosystems typically display an asymmetric Cotton effect
around the chlorophyll absorbance maximum with a signal ≤1%. In vegetation, these signals are the
direct result of the chirality of the supramolecular aggregates. The circular polarization is thus directly
influenced by the composition and architecture of the photosynthetic macrodomains, and is thereby
linked to photosynthetic functioning. Although ordinarily measured only on a molecular level, we have
developed a new spectropolarimetric instrument, TreePol, that allows for both laboratory and in-the-
field measurements. Through spectral multiplexing, TreePol is capable of fast measurements with a
sensitivity of ∼ * −1 10 4 and is therefore suitable of non-destructively probing the molecular architecture of
whole plant leaves. We have measured the chiroptical evolution of Hedera helix leaves for a period of 22
days. Spectrally resolved circular polarization measurements (450-900 nm) on whole leaves in trans-
mission exhibit a strong decrease in the polarization signal over time after plucking, which we accredit to
the deterioration of chiral macro-aggregates. Chlorophyll a levels measured over the same period by
means of UV–vis absorption and fluorescence spectroscopy showed a much smaller decrease. With these
results we are able to distinguish healthy from deteriorating leaves. Hereby we indicate the potency of
circular polarization spectroscopy on whole and intact leaves as a nondestructive tool for structural and
plant stress assessment. Additionally, we underline the establishment of circular polarization signals as
remotely accessible means of detecting the presence of extraterrestrial life.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Terrestrial biochemistry is based upon chiral molecules, which
largely determine the functioning and structure of biological sys-
tems. Amino acids primarily occur in the L-configuration while
sugars occur predominantly in the D-configuration. Biological
macromolecules are often also chiral. The α-helix, a common
secondary structure of proteins, for example is almost exclusively
right-hand-coiled. Homochirality is a prerequisite for self-re-
plication and thus terrestrial life [1–3]. It is highly likely that
homochirality is a universal feature of life. Analysis of various
chondrite samples has shown that they contain slight en-
antiomeric excesses [4,5] and recently chiral molecules were dis-
covered in interstellar molecular clouds [6]. Furthermore, it has
been proposed that circular polarization as a result of UV scat-
tering can generate slight enantiomeric excesses in protosolar
systems [7], which can seed the chiral evolution of life.

The phenomenon of chirality causes molecules to interact with
polarized light in a number of different ways. Circular dichroism,
for example, is a measure of the differential absorbance of left and
right handed circularly polarized light (Δ )A .

For noncoupled chromophores (for instance pigments in a so-
lution that does not allow interaction between them), the shape of
the circular dichroism spectra and the absorption bands are si-
milar. By contrast, multiple chirally oriented chromophores, even
when achiral themselves, will exhibit an exciton circular dichroism
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Fig. 1. The structure of chlorophyll a. (For interpretation of the references to color in this figure the reader is referred to the web version of this article.)
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spectrum. The exciton spectrum is characterized by two bands of
opposite sign around the wavelength of maximum absorbance,
which exhibits no circular polarization preference [8–10]. While
circular dichroism spectroscopy offers a quick insight into the ar-
chitecture of these molecular systems, it is often difficult to un-
ravel the exact structures based on the spectrum alone. Therefore,
careful comparison with models and results from controlled ex-
periments are required to take full advantage of the measurements
[8,10].

Chirality is also observed in chlorophylls and bacterio-
chlorophylls. Oxygenic photosynthesis, such as occurs in plants,
algae and cyanobacteria, is a process during which light energy is
converted into chemical energy, which in turn is used for the as-
similation of CO2 into organic matter. During that process, O2 is
also produced. Photosynthesis is the major driving force of life on
Earth and evolved soon after the emergence of life on Earth [11–
13]. Likely, given that life has access to light, the development of
photosynthesis is a universal phenomenon [14,15]. Chlorophylls
are the most important cofactors in photosynthesis and are cyclic
tetrapyrroles with a central Mg, a characteristic isocyclic five-
membered ring and a long-chain esterifying alcohol at C-17 [16].
Chlorophylls thus are inherently chiral (albeit with a very weak
intrinsic circular polarization signal). One of the most common
chlorophylls in vegetation, chlorophyll a, is shown in Fig. 1. In
vegetation, the chlorophylls are furthermore organized in chiral
protein-pigment aggregates. Similar to other chiral aggregates, it is
the supramolecular structure, the large-scale handedness, that
dominates the polarization spectrum rather than the chirality of
the constituent molecules themselves (although these signals are
to some degree superimposed, the total spectrum is not the sum of
the spectra of the constituents alone) [17,18]. Such chiral ag-
gregates can cause very intense polarization signals that may be
two orders of magnitude larger than the molecular signal with
non-conservative anomalously shaped bands that range beyond
the wavelengths of molecular absorbance (Qy at 680 nm for
chlorophyll a in water) [19]. In the case of large-scale aggregates,
such as found in photosynthesis, the resultant signal is not only
influenced by differential absorption but also by differential scat-
tering [20]. As the circular polarization signal is dependent on the
interactions on a molecular scale, circular polarization measure-
ments are a unique way of probing the molecular organization
remotely.

Recently, it was shown that the circular polarization by pho-
totrophic organisms can be successfully measured in vivo [21–23].
Sparks et al. [21,22] successfully measured the circular polariza-
tion of fresh leaves and phototrophic bacteria, both in reflectance
and transmittance, using diffuse unpolarized incident light. Tóth
et al. [23] measured the in vivo circular dichroism of water-in-
filtrated leaves of various plant species and Arabidopsis thaliana
mutants using a commercially available circular dichroism spec-
trometer. Although in vivo measurements are still quite rare and
mainly used as benchmark observations for astrobiology, circular
polarization has the potential to provide a clear and unambiguous
biosignature. Remotely detectable spectral characteristics have
mainly focused on detecting particular atmospheric constituents.
Such constituents include H O2 , which indicates possible planetary
habitability, but also gases that could result directly or indirectly
from biological activity such as O2 and CH4 [24,25]. Detection of
neither of these gases is, however, free of false-positive scenarios
[26–29]. Other suggested remotely detectable biosignatures in-
clude the vegetation red edge [30,31] or pigment signatures by
non-phototrophs [32], but there is a potential risk of possible
false-positives by mineral reflectance.

It has been suggested that linear polarization signatures may
also be good potential biosignatures [33]. Berdyugina et al. mea-
sured the linear polarization signal of various leaves at near
Brewster's angle and found that the combination of reflectance
and linear polarimetric signals allows to distinguish between
abiotic and biotic materials. Both biotic and abiotic matter, how-
ever, can create linear polarization [34,35].

Circular polarization is more exclusive and signatures of larger
amplitudes require larger order dissymmetry, something particu-
larly found in nature. Laboratory measurements on various mi-
nerals consistently showed a much weaker signal and different in
shape [22,36] and the circular polarization imaging of the surface
of Mars did not find any significant signals, attesting to a general
lack of false positives [37]. Furthermore, while minerals can be
chiral, an enantiomeric excess on a planetary scale would be
required.

Additionally, circular polarization could be utilized in the re-
mote sensing of vegetation on Earth. From the viewpoint of re-
mote sensing, it has been suggested that the scalar regular re-
flectance spectra contain more and better features than polariza-
tion spectra [38]. The structural and organizational information on
the photosystems provided by circular polarization, however, is
unique and could prove to be a valuable tool in assessing vegeta-
tion physiology on Earth.

In the present study we show for the first time, through
spectral multiplexing, how the circular polarization signal of a leaf
in transmission decays over a period of 22 days after detachment.
These results allow us to distinguish between healthy and dete-
riorating matter, which would potentially allow to monitor vege-
tation stress in greater detail. With these results we also want to
emphasize the potency of circular polarization as an unambiguous
biosignature.

While in this paper we only show measurements in transmis-
sion, we designed and built the TreePol instrument in order to also
carry out circular spectropolarimetric reflectance measurements



C.H.L. Patty et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 189 (2017) 303–311 305
both in the laboratory and in the field. We have already started
employing our instrument for extensive spectropolarimetric re-
flectance studies. The polarization signal in transmission is, how-
ever, an order of magnitude larger than in reflectance, which al-
lows us to assess the signal decrease in greater detail. The re-
flectance results will be presented in a subsequent paper, geared
towards the use of circular polarization in remote sensing.
2. Materials and methods

2.1. Sample collection and storage

Fresh leaves of Hedera helix (common ivy; juvenile phenotype),
petiole removed, were collected in June from a private backyard
garden near the city centre of Amsterdam, rinsed with distilled
water and padded dry. We have stored the leaves at room tem-
perature under two conditions: one set of leaves (number of
leaves; n¼6) was stored in the dark and one set of leaves (number
of leaves; n¼6) was stored at a 12 h/day light regime (at
80 μmoles photons/m2/s photosynthetically active radiation (400-
700 nm)) to simulate daylight. The spectral properties of the
leaves were measured at 0, 2, 4, 7, 10, 14 and 22 days and we
weighed the leaves before every measurement. The leaves used for
the circular dichroism measurements were collected from the
same plant in December.

2.2. Circular polarization and circular dichroism

Circular dichroism is traditionally often expressed in degrees of
ellipticity θ( ), where the ratio of the minor to the major axis of the
resultant polarization ellipse defines the tangent of the ellipticity
[39]. In fields other than biology and biochemistry, circular po-
larization and polarization in general is often described in terms of
the four parameters of the Stokes vector S. With the electric field
vectors Ex in the x direction ( °0 ) and Ey in the y direction ( °90 ), the
Stokes vector is given by:
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The Stokes parameters I, Q, U and V thus refer to electric field
intensities, which thereby relate to measurable quantities. I is the
absolute intensity, Q and U denote linear polarization, with Q the
difference between horizontal and vertical polarization. Similarly,
U denotes linear polarization but with þ ° − °45 / 45 . Finally, V
gives the difference between left-handed circularly polarized light
and right-handed circularly polarized light. If we thus know the
absolute intensity I, the polarization state can be completely de-
scribed by Q I/ , U I/ and V I/ . In the ideal case of a completely cir-
cularly polarizing sample V I/ will be -1 for left-handed circularly
polarized light and 1 for right-handed circularly polarized light.

° ° °I I I, ,0 90 45 and − °I 45 are the intensities oriented in the planes per-
pendicular to the propagation axis and ILHC and IRHC are, respec-
tively, the intensities of left- and right-handed circularly polarized
light. Additionally, it is required that the incoming light, i.e., the
light interacting with the sample, is unpolarized itself. While V I/ , θ
and ΔA are measured in a different way, the three are comparable,
however, by θ π= Δ * ( ) *( )A ln 10 /4 180/ , = Δ * ( )V I A ln/ 10 /2 and
θ π= ( ) *( )V I/ /2 180/ . This relation results from:
θ ( ) = ( − ) ( + )rad I I I I/r l r l and = ( − ) ( + )V I I I I I/ /r l r l . ΔA can
then be obtained by substituting Lambert-Beer for I.
2.3. TreePol

TreePol is a spectropolarimetric instrument developed by the
Astronomical Instrumentation Group of the Leiden Observatory
(Leiden University). In contrast to existing commercial circular
dichrographs which modulate light before interaction with the
sample (and thus measure the response of a sample to circularly
polarized light), Treepol measures the fractional circular polar-
ization of light after interaction of the sample with unpolarized
light. Furthermore, in contrast to existing commercial circular di-
chrographs [40] (which are all based on a photoelastic modulator
and a main scanning monochromator, and are thus very slow) or
other sensitive circular spectropolarimetric equipment [22,21],
TreePol applies spectral multiplexing with the implementation of
a dual fiber-fed spectrometer. The polarimetric sensitivity is ob-
tained by using ferro-liquid-crystal (FLC) modulation synchronized
with fast read-out of the one-dimensional detector in each spec-
trograph, in combination with a dual-beam approach in which a
polarizing beam splitter feeds the two spectrographs with ortho-
gonally polarized light. This combination of temporal polarization
modulation (i.e. the combination of a fast FLC, which can flip its
fast axis by speeds up to multiple kHz, and a high-speed spec-
trograph) with spatial modulation (i.e. simultaneous recording of
orthogonal polarization states using two synchronized spectro-
graphs) in a so-called ’beam-exchange’ ensures that systematic
differential effects are canceled out (to first order) and do not in-
duce spurious polarization signals down to the ∼ −10 5 level [41].
The measurement efficiency and insensitivity to temporal effects
(like swaying trees) would render TreePol a highly suitable in-
strument for remote-sensing observations in the field, which is
one of the ultimate goals of this research line.

TreePol was specifically developed to measure the fractional
circular polarization as a function of wavelength (400-900 nm)
with an accuracy of < * −1 10 3, a sensitivity of * −1 10 5, a maximal
efficiency of 95% and a maximal frame rate of 952 Hz. TreePol is
capable of measuring the circular polarization of a sample in both
transmittance and reflectance, depending on the angle of the light
source (KL1500, Schott AG, Germany). After interaction with the
sample, the Fresnel rhomb (FR600QM, Thorlabs, USA) converts
(with an efficiency of >99%) the measurable circular polarization
into linear polarization states at745 ° that can be modulated by
the FLC, which is a half-wave retarder at 590 nm (LV1300-OEM
liquid crystal polarization rotator, Micron Technology, USA). By
controlling the voltage upon the FLC (using the associated elec-
tronics box and custom-built synchronization electronics)
to7∼5 V (with a duty cycle such that the average voltage is zero),
the half wave plate's fast axis flips between722.5°. In this way,
the relevant polarization states are converted to the (horizontal/
vertical) polarization states that are split by the polarizing beam
splitter (BV-100-VIS, Meadowlark Optics, USA). The FLC modula-
tion continuously swaps the polarization content of the two
beams, which is converted to intensity signals in the spectro-
graphs (AvaSpec 1650F-2-USB2, Avantes, The Netherlands) that
scale with λ[ ± ]( )I V for one beam, and λ[ ∓ ]( )I V for the other. By
combining the four redundant sets of intensity spectra, the circular
polarization spectrum V I/ is obtained after a double-difference
scheme [41]. A diagram of the instrument is shown in Fig. 2.

Calibration of TreePol is fast and straightforward. With the
Fresnel rhomb placed parallel to the s direction of the polarized
beam splitter, the fast axis is positioned at +U . A linear polarizer
(GT-10, Thorlabs, USA) is then positioned between the Fresnel
rhomb and the FLC at7U. The FLC can be positioned accurately
at7Q, using real-time spectrometer data streaming (while cor-
recting for measurement data without the linear polarizer and FLC
in place). With the FLC aligned a measurement is taken without
the linear polarizer. Thereafter a measurement is taken with the



Fig. 2. Schematic presentation of TreePol.

Fig. 3. Comparison of TreePol (Red, n¼12) and Chirascan (Black, n¼4) spectra for
two representative sets of fresh H.helix leaves. Error bars denote the SE. The Chir-
ascan readout was converted to V I/ units as described in the text, θ is displayed for
clarity. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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linear polarizer in place positioned at7Q. Using these two mea-
surements the FLC efficiency is calculated, which consequently is
corrected for the Fresnel rhomb retardance and the extinction of
the polarizing beam splitter to retrieve the total efficiency for V .

FLCs have proven to be a valid alternative for photoelastic
modulators [42], and have been employed in other sensitve
spectropolarimetric instruments [43]. FLCs, however, are known to
generate wavelength dependent polarized fringes which are in-
fluenced by temperature [44]. From 525 to 750 nm these fringes
have a maximum value of * −1 10 2 but can be calibrated out. Var-
iations in ambient conditions during measurements, however, can
shift the wavelength dependency of the fringes. In this study,
leftover fringes may have a maximum amplitude of * −5 10 4 from
525 to 750 nm, but reduce in amplitude with increasing wave-
length. From 650 to 750 nm the maximum amplitude is < * −2 10 4.
Errors due to fringes are separately displayed in the results.

Due to imperfections, mostly of the FLC properties (retardance
offset from half-wave away from the central wavelength, polarized
spectral fringing, misalignment), and cross-talk by the Fresnel
rhomb, the instantaneous V I/ measurement is susceptible to linear
polarization of the incident light, which is often much stronger
than the circular polarization signals. By rotating the entire in-
strument (which is positioned in a rotating inner cage assembly
and can therefore be easily rotated by hand) by 90°, the sign
changes on any linear polarization signal, whereas the circular
polarization is invariant for rotation. A second set of measure-
ments can therefore be used to obtain through a ‘triple-difference’
yield a measure of V I/ that is virtually free of linear polarization
cross-talk, as long as the rotation is exactly 90°, and the sample/
target and/or observing conditions are unchanged.

All leaves were measured with illumination of the adaxial side.
No corrections for leaf geometry were carried out and an area with
radius ≈r 1 cm was measured. All measurements were performed
with an integration time of 18 ms and a 180 seconds total mea-
surement duration for each full spectral scan.

2.4. Circular dichroism spectropolarimetry

In vivo circular dichroism (i.e. in transmission) was additionally
measured using a commercially available CD dichrograph (Chir-
ascan Plus, Applied Photophysics, UK). Small strips of leaf (n¼6)
were placed in a quartz cuvette (10 mm x 10 mm) with a small
metal placeholder. The adaxial side was illuminated. Spectra were
recorded from 400 to 800 nm, using a 5 nm band pass and a 5 nm
step size. All measurements were repeated 3 times with a 5 s time-
per-point and were carried out at room temperature.

2.5. Extraction and absorbance/fluorescence spectroscopy

119 mm2 of leaf surface was frozen in liquid nitrogen and dis-
rupted mechanically into a fine powder using quartz beads (using
three different leaves, n¼3). We extracted the chlorophylls by
adding 1 ml cold neutralized methanol and incubated the mixture
for 90 minutes. Hereupon we centrifuged the solution at 20,000 g
for 5 minutes and discarded the pellet. Absorbance measurements,
where = − ( )A I Ilog / 0 , were performed using a Cary 50 (Varian,
USA) UV–vis spectrophotometer in 10 mm �10 mm quartz cuv-
ettes from 300 to 800 nm. For absorbance measurements we di-
luted the chlorophyll extract 5 times with methanol. Fluorescence
measurements were performed using a Cary Eclipse (Varian, USA)
fluorescence spectrometer. Excitation and emission mono-
chromator slit widths were set at 10 nm and 5 nm, respectively,
and 10 mm�10 mm quartz cuvettes were used. The samples were
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excited at 434 nm and emission was measured from 600 to
800 nm. For fluorescence measurements we diluted the chlor-
ophyll extract 500 times with methanol in order to minimize self-
absorption. Measurements were carried out at room temperature.
In order to quantify the amount of chlorophyll a we compared the
sample data with a calibration series of essentially pure chlor-
ophyll a (Sigma Aldrich, USA) in methanol under identical condi-
tions. We have exclusively quantified the concentrations of
chlorophyll a, which is the main pigment in vegetation. Spectro-
scopic analysis showed that chlorophyll b was present in much
lower quantities and was very stable over time.
3. Results

3.1. Dark/Daylight differences and weight loss

We determined the weight loss of the leaves before every
measurement and observed a gradual decrease over time, mainly
due to water loss (confirmed by IR spectroscopy, results not
shown). Importantly, the mean difference in relative weight loss
between the leaves stored permanently in the dark and those
stored at simulated daylight was always smaller than 0.93%.

3.2. Circular polarization

As shown in Fig. 3 A, the results from both TreePol and the
commercial circular dichrograph show a signal of similar shape
and amplitude. It is important to realize that the two instruments
employ two quite different approaches to measure the circular
polarization spectrum. Circular dichroism spectroscopy is based on
the modulation of light (in either left- or right-handed circularly
polarized light) before it interacts with a sample and the difference
in absolute intensity is measured. TreePol, on the other hand, is
based on the interaction of a sample with unpolarized light and
measures the polarization after interaction. After conversion as
described in Section 2.2, both methods give the same quantitative
results and show that in fresh leaves the fractional amount of
differentially absorbed circularly polarized light is essentially the
same as the amount of fractionally circular polarization by the
chiral photosystems (i.e., in transmission).

Fig. 4 A & B show that the in vivo circular polarization spectra
for freshly plucked leaves are very similar to the typical spectra of
isolated intact thylakoid membranes, similar to what was shown
recently using CD [23]. For freshly plucked leaves we observe a
large positive circular dichroism band around 690 nm and a ne-
gative circular dichroism band around 660 nm. Both bands de-
crease in magnitude over time, but the positive band shows a
faster decrease in magnitude for both the leaves stored in daylight
A and in the dark B than the negative band; with a relatively large
decrease after 7 days. After 10 days of storage, a significant dif-
ference in the magnitude of the 690 nm band was observed be-
tween the spectra of the leaves stored in daylight and those stored
in the dark ( ±49 8.1% vs. ±69 7.7% of the original magnitude). The
difference in magnitude, albeit smaller, was also observed at 14
days ( ±15 2.2% vs. ±26 2.6% of the original magnitude) and 22
days ( ±9.6 2.1% vs. ±18 1.4% of the original magnitude). After 10
days, the negative band also showed a significant decrease in
magnitude, but there was no significant difference between the
storage conditions. The change in magnitude of the positive V I/
peak over time, averaged over 685-692 nm, is shown in Fig. 5 A.
The sum of the absolute V I/ signal over 525-750 nm is shown in
Fig. 5 C.
3.3. Transmittance

The transmittance spectra over time corresponding to the V/I
measurements for the daylight and in the dark stored leaves are
shown in Fig. 4 C and D. The transmittance decreases over time,
mainly as a result of cell water loss. No significant differences in
transmittance were observed between both storage conditions
with the exception of the measurements at 7 days.

3.4. Absorbance and fluorescence of chlorophyll extracts

Figs. 4 E and F show the absorbance spectra over time of the
leaf chlorophyll extracts. Comparison of the extracts with the
chlorophyll a standard (data not shown) confirms that indeed
chlorophyll a is the major pigment extracted. Figs. 4 G and H show
the fluorescence spectra of the same extract, excited at 434 nm
(Soret peak). Both fluorescence and absorbance measurements
showed the same trend. In order to minimize the possible effects
of solid constituents and other pigments, fluorescence data were
used to calculate the chlorophyll a concentrations, which are
shown in Fig. 5 B. For both the daylight and the dark stored leaves
the absorbance/fluorescence properties and hence the chlorophyll
a concentrations decrease over time. This decrease, however, is
much more pronounced in the daylight stored leaves.

3.5. Chlorophyll a concentrations vs V/I over time

A plot of the changes in magnitude of the V I/ peak as a function
of the chlorophyll concentrations is shown in Fig. 6. Even though
both V I/ and chlorophyll concentrations decrease over time, the
decrease in V I/ is much larger and faster. This faster decrease
becomes particularly apparent when one compares the data with
the diagonal line, associated with a hypothetical linear 1:1 relation
between chlorophyll a and V I/ . The V I/ signal decreases faster in
both daylight and dark stored leaves. For example, while the
chlorophyll a concentration per cm2 of the 22 days old dark stored
leaves is similar to that of fresh leaves, the signal of V I/ is less than
18% of the original after 22 days.
4. Discussion

Detached leaves show a reduction in circular dichroism and
polarization signal within days after storage. We have successfully
demonstrated that circular polarization spectroscopy can be used
in-vivo and post-mortem on leaves to measure the signal pro-
duced by the photosynthetic apparatus and we have shown that
using circular polarization spectroscopy, healthy leaves can suc-
cessfully be differentiated from senescing leaves. The similar re-
sults in both circular dichroism spectroscopy and circular polar-
ization spectroscopy indicates isotropy in the fractional circular
polarizing/absorbing component. As such there appear to be no
systematic circular polarization differences between the adaxial
and abaxial side of the leaf.

H. helix, is known for remaining green over prolonged periods
of time under stress [45,46], which allowed us to carefully mea-
sure temporal changes. It is expected that the same phenomena
can be observed for different species, but depending on the spe-
cies, the effects are likely to occur within a shorter amount of time.

Leaf senescence in general is a complex process with different
underlying mechanisms. The effects of drought often includes the
loss of chlorophylls, but this is not always the case [47,48]. Here
we observed that although the chlorophyll a content decreases
over time, the decrease in V I/ is much larger. While chlorophyll a
is at the basis of the V I/ signal, most of the signal results from the
supramolecular chirality of the photosystems, which can be two



Fig. 4. (A) and B show TreePol V/I over time of the daylight and dark stored leaves.(C) and (D) show TreePol transmittance over time of the daylight and dark stored leaves.
Error bars for A, B, C and D denote the SE, n¼6. (E) and (F) show the absorbance over time of the chlorophyll extracts of the daylight and dark stored leaves. (G) and (H) show
the fluorescence over time of the chlorophyll extracts of the daylight and dark stored leaves. Error bars for E, F, G and H denote the SD, n¼3.
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orders of magnitude larger than the molecular signal [19]. The
absorbance maximum of the pigment coincides with the sign
change in V I/ , with a negative band at shorter wavelengths and a
positive band at longer wavelengths. Both the negative and the
positive band decreased in magnitude, and while the positive band
decreased faster in magnitude over time and showed a significant
difference between the storage conditions, these storage condi-
tions did not lead to significant differences in the decrease of the
negative band.

While the chlorophyll a concentration per leaf area decreases in
the daylight stored leaves (but only slightly for the dark stored
leaves), a much larger decrease is observed in the measured V I/ .



Fig. 5. (A) Average of the V I/ peak at 685-692 nm over time for the daylight and
dark stored leaves. (B) Chlorophyll a concentrations per cm2 over time for the
daylight and dark stored leaves. (C) Sum of absolute V I/ over 525-750 nm. Error
bars denote the SE (n¼6) for (A) and C and SD (n¼3) for (B).

Fig. 6. Average of the V I/ peak at 685-692 nm versus the Chlorophyll a con-
centration over time for the daylight and dark stored leaves; the dashed line por-
trays a linear relationship. The dotted lines show the linear fit through the actual
data for the daylight ( =r 0.942 ) and dark ( =r 0.672 ) stored leaves. The larger de-
crease in V I/ is primarily caused by the breakdown of the supramolecular structure;
the chlorophyll a levels show a much smaller decrease. Vertical error bars denote
the SE (n¼6), horizontal error bars denote the SD (n¼3).
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We hypothesize that the observed decrease is a direct result of the
deterioration of the supramolecular chirality, and thus organiza-
tion, which ultimately is the source of the observed signals. The
dark stored leaves, with an end chlorophyll a concentration similar
to that of the fresh leaves, underline that the observed decrease
cannot be explained by only the chlorophyll concentrations. As the
supramolecular organization plays an important role in the reg-
ulation of photosynthetic activity, we propose the use of circular
dichroism spectropolarimetry as a new tool for assessing vegeta-
tion stress.

It has been shown that the two bands of the V I/ spectrum
discussed above result from the superposition of two relatively
independent signals [49]. The negative band is preferentially as-
sociated with the stacking of the thylakoid membranes, whereas
the positive band is mainly associated with the lateral organization
of the chiral macrodomains [50–53]. It has furthermore been
shown that external factors can influence the chiral order of these
systems individually; whereas the membrane stacking is mainly
influenced by the charge screening of divalent cations on the
membrane interface, the lateral organization is predominantly
influenced by the osmotic potential (i.e. it is absent in hypotonic
solutions) [53]. Indeed, leaf senescing is evidently coupled with a
change in cell osmosis, but it is unclear how the drought-induced
hypertonic environment will influence the lateral organization.
Our results strongly suggest that the lateral organization decreases
before unstacking.

Figs. 4 and 5 show a significant difference in the decrease of the
positive band between the leaves stored in the dark or in daylight
(while no differences are observed in relative weight over time).
While light-induced stress often leads to the loss of chlorophyll
and the disruption of the photosystems, these effects only occur at
very high light intensities well beyond the values used in our
study [54]. At low light levels senescing is often delayed compared
to dark stored leaves [54]. It should be noted, however, that the
dark stored leaves were illuminated upon measurement and dur-
ing weighing, which might be enough to delay senescing. It may
well be that the combination of light and drought stress results in
radicals influencing both the chlorophyll a content and the su-
pramolecular organization.

Interestingly, it can be observed that the chlorophyll a con-
centration per surface area does not decrease directly after de-
tachment. In Fig. 4 E, F, G and H it can be observed that both
fluorescence and absorbance follow this trend. It is likely that
these observations do not indicate an increase in chlorophyll a per
cell, but rather indicate cell contractions caused by the decrease in
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water content. These contractions might have influenced the ob-
served V I/ spectra in the first few days after detachment, but this
is less likely due to the normalization over I (i.e., the measured
intensity of V is divided by the measured absolute intensity I).

Leaf transmittance in the near infrared does also decrease over
time, but does not relate to the decrease of the V I/ bands. Fur-
thermore, at the wavelengths around the V I/ positive maximum
(685-692 nm) this effect is less pronounced and after 22 days the
decrease was only significant for the daylight-stored leaves
( ±60 12% of the original). The transmittance of the dark stored
leaves around the V I/ maximum was never significantly different
from the fresh leaves and was ±100 21% of the original after 22
days. Leaf transmittance at longer wavelengths does decrease over
time, but does not relate to the decrease of the V I/ bands.

Large amounts of internal scattering could in principle lead to
(de-)polarization effects, but with the large absorbance and low
transmittance around the wavelengths of interest in our experi-
ment we expect that this effect is minimal (multiple scattering
events would be required to redirect the light towards the de-
tector). Further support for this conclusion is provided by mea-
surements on the commercial dichrograph, which showed a si-
milar decrease in circular dichroism. In the case of the latter, the
differential response to left- and right-handed circularly polarized
light is measured. As such, multiple internal scattering events
would be required before the light would react with the photo-
systems, which is highly implausible.

Finally, we want to emphasize the significance of circular po-
larization as both a valuable remotely applicable tool for vegeta-
tion monitoring on Earth and as remotely accessible means of
detecting the presence of extraterrestrial life. We have successfully
demonstrated that healthy leaves can be distinguished from un-
healthy/dying leaves by the strong signal in the V I/ spectra. This
signal, unique to vegetation, rapidly decreases over time if the
chiral macrostructures are not actively maintained.

Although this study was performed in transmittance mode,
preliminary results show that the observations in reflectance
mode give similar results. Future work will include measurements
both in the laboratory as well as in the field.
Acknowledgments

Dr Wilfred Röling, associate professor at the department of
Molecular Cell Biology and initiator of this project, unexpectedly
passed away on Friday the 25th of September 2015 at the age of 48
years. Our thoughts wander to the many moments of inspiration,
joy and discovery we shared. Wilfred was passionate about science
and sought to connect different fields together in order to ap-
proach it. We will continue to travel the avenues that he has
outlined and we will miss him deeply.

This work was supported by the Planetary and Exoplanetary
Science Programme (PEPSci), grant 648.001.004, of the Nether-
lands Organisation for Scientific Research (NWO).

We acknowledge Roberta Croce for the use of the CD
spectrometer.
References

[1] Popa R. Between necessity and probability: searching for the definition and
origin of life. Berlin, Heidelberg: Springer Science & Business Media; 2004.

[2] Bonner WA. Chirality and life. Orig Life Evol Biosph 1995;25(1–3):175–190.
http://dx.doi.org/10.1007/bf01581581.

[3] Jafarpour F, Biancalani T, Goldenfeld N. Noise-induced mechanism for biological
homochirality of early life self-replicators. Phys Rev Lett 2015;115(15):158101.
http://dx.doi.org/10.1103/physrevlett.115.158101.

[4] Cronin JR, Pizzarello S. Enantiomeric excesses in meteoritic amino acids.
Science 1997;275(5302):951–955. http://dx.doi.org/10.1126/
science.275.5302.951.

[5] Pizzarello S, Cronin J. Non-racemic amino acids in the Murray and Murchison
meteorites. Geochim Et Cosmochim Acta 2000;64(2):329–338. http://dx.doi.
org/10.1016/s0016-7037(99)00280-x.

[6] McGuire BA, Carroll PB, Loomis RA, Finneran IA, Jewell PR, Remijan AJ, et al.
Discovery of the interstellar chiral molecule propylene oxide (CH CHCH O3 2 ).
Science 2016;352(6292):1449–1452. http://dx.doi.org/10.1126/science.aae0328.

[7] Bailey J, Chrysostomou A, Hough J, Gledhill T, McCall A, Clark S, et al. Circular
polarization in star-formation regions implications for biomolecular homo-
chirality. Science 1998;281(5377):672–674. http://dx.doi.org/10.1126/
science.281.5377.672.

[8] Hembury GA, Borovkov VV, Inoue Y. Chirality-sensing supramolecular systems.
Chem Rev 2008;108(1):1–73. http://dx.doi.org/10.1021/cr050005k.

[9] Gottarelli G, Lena S, Masiero S, Pieraccini S, Spada GP. The use of circular di-
chroism spectroscopy for studying the chiral molecular self-assembly an
overview. Chirality 2008;20(3–4):471–485. http://dx.doi.org/10.1002/
chir.20459.

[10] Berova N, Nakanishi K. Circular dichroism: principles and applications. New
York: John Wiley & Sons; http://dx.doi.org/10.1021/ja015338n.

[11] Hohmann-Marriott MF, Blankenship RE. Evolution of photosynthesis. Annu
Rev Plant Biol 2011;62(1):515–548. http://dx.doi.org/10.1146/
annurev-arplant-042110-103811.

[12] Blankenship RE. Early evolution of photosynthesis. Plant Physiol 2010;154
(2):434–438. http://dx.doi.org/10.1104/pp.110.161687.

[13] Xiong J, Bauer CE. Complex evolution of photosynthesis. Annu Rev Plant Biol
2002;53(1):503–521. http://dx.doi.org/10.1146/annurev.
arplant.53.100301.135212.

[14] Wolstencroft R, Raven J. Photosynthesis likelihood of occurrence and possi-
bility of detection on Earth-like planets. Icarus 2002;157(2):535–548. http:
//dx.doi.org/10.1006/icar.2002.6854.

[15] Rothschild LJ. The evolution of photosynthesis Again? Philos Trans R Soc Lond
B: Biol Sci 2008;363(1504):2787–2801. http://dx.doi.org/10.1098/
rstb.2008.0056.

[16] Scheer H. An overview of chlorophylls and bacteriochlorophylls: biochemistry,
biophysics, functions and applications. in: Chlorophylls and bacterio-
chlorophylls, Springer, 2006, pp. 1–26. http://dx.doi.org/10.1007/14020451661.

[17] Keller D, Bustamante C. Theory of the interaction of light with large in-
homogeneous molecular aggregates. ii. psi-type circular dichroism. J Chem
Phys 1986;84(6):2972–2980. http://dx.doi.org/10.1063/1.450278.

[18] Barzda V, Mustardy L, Garab G. Size dependency of circular dichroism in
macroaggregates of photosynthetic pigment-protein complexes. Biochemistry
1994;33(35):10837–10841. http://dx.doi.org/10.1021/bi00201a034.

[19] Garab G, van Amerongen H. Linear dichroism and circular dichroism in pho-
tosynthesis research. Photosynth Res 2009;101(2–3):135–146. http://dx.doi.
org/10.1007/s11120-009-9424-4.

[20] Bustamante C, Tinoco I, Maestre MF. Circular differential scattering can be an
important part of the circular dichroism of macromolecules. Proc Natl Acad Sci
1983;80(12):3568–3572. http://dx.doi.org/10.1073/pnas.80.12.3568.

[21] Sparks W, Hough J, Kolokolova L, Germer T, Chen F, DasSarma S, et al. Circular
polarization in scattered light as a possible biomarker. J Quant Spectrosc Ra-
diat Transf 2009;110(14):1771–1779. http://dx.doi.org/10.1016/j.
jqsrt.2009.02.028.

[22] Sparks WB, Hough J, Germer TA, Chen F, DasSarma S, DasSarma P, et al.
Detection of circular polarization in light scattered from photosynthetic mi-
crobes. Proc Natl Acad Sci 2009;106(19):7816–7821. http://dx.doi.org/10.1073/
pnas.0810215106.

[23] Tóth TN, Rai N, Solymosi K, Zsiros O, Schröder WP, Garab G, et al. Finger-
printing the macro-organisation of pigment-protein complexes in plant thy-
lakoid membranes in vivo by circular-dichroism spectroscopy, Biochimica et
Biophysica Acta (BBA)-Bioenergetics http://dx.doi.org/10.1016/j.bbabio.2016.
04.287.

[24] Kaltenegger L, Traub WA, Jucks KW. Spectral evolution of an Earth-like planet.
Astrophys J 2007;658(1):598. http://dx.doi.org/10.1086/510996.

[25] Des Marais DJ, Harwit MO, Jucks KW, Kasting JF, Lin DN, Lunine JI, et al. Re-
mote sensing of planetary properties and biosignatures on extrasolar terres-
trial planets. Astrobiology 2002;2(2):153–181. http://dx.doi.org/10.1089/
15311070260192246.

[26] Domagal-Goldman SD, Segura A, Claire MW, Robinson TD, Meadows VS.
Abiotic ozone and oxygen in atmospheres similar to prebiotic Earth. Astrophys
J 2014;792(2):90. http://dx.doi.org/10.1088/0004-637x/792/2/90.

[27] Schwieterman EW, Meadows VS, Domagal-Goldman SD, Deming D, Arney GN,
Luger R, et al. Identifying planetary biosignature impostors spectral features
of CO and resulting from abiotic production. Astrophys J Lett 2016;819(1):L13.
http://dx.doi.org/10.2041-8205/819/1/L13.

[28] Harman CE, Schwieterman EW, Schottelkotte JC, Kasting JF. Abiotic O2 levels
on planets around F, G, K, and M stars possible false positives for life? As-
trophys J 2015;812(2):137. http://dx.doi.org/10.1088/0004-637x/812/2/137.

[29] Wordsworth R, Pierrehumbert R. Abiotic oxygen-dominated atmospheres on
terrestrial habitable zone planets. Astrophys J Lett 2014;785(2):L20. http://dx.
doi.org/10.1088/2041-8205/785/2/l20.

[30] Seager S, Turner EL, Schafer J, Ford EB. Vegetation's red edge a possible
spectroscopic biosignature of extraterrestrial plants. Astrobiology 2005;5
(3):372–390. http://dx.doi.org/10.1089/ast.2005.5.372.

[31] Kiang NY, Siefert J, Blankenship RE. Spectral signatures of photosynthesis. I
Rev Earth Org Astrobiol 2007;7(1):222–251. http://dx.doi.org/10.1089/

http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref1
http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref1
http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref1
http://dx.doi.org/10.1007/bf01581581
http://dx.doi.org/10.1007/bf01581581
http://dx.doi.org/10.1007/bf01581581
http://dx.doi.org/10.1103/physrevlett.115.158101
http://dx.doi.org/10.1103/physrevlett.115.158101
http://dx.doi.org/10.1103/physrevlett.115.158101
http://dx.doi.org/10.1126/science.275.5302.951
http://dx.doi.org/10.1126/science.275.5302.951
http://dx.doi.org/10.1126/science.275.5302.951
http://dx.doi.org/10.1126/science.275.5302.951
http://dx.doi.org/10.1016/s0016-7037(99)00280-x
http://dx.doi.org/10.1016/s0016-7037(99)00280-x
http://dx.doi.org/10.1016/s0016-7037(99)00280-x
http://dx.doi.org/10.1016/s0016-7037(99)00280-x
http://dx.doi.org/10.1126/science.aae0328
http://dx.doi.org/10.1126/science.aae0328
http://dx.doi.org/10.1126/science.aae0328
http://dx.doi.org/10.1126/science.281.5377.672
http://dx.doi.org/10.1126/science.281.5377.672
http://dx.doi.org/10.1126/science.281.5377.672
http://dx.doi.org/10.1126/science.281.5377.672
http://dx.doi.org/10.1021/cr050005k
http://dx.doi.org/10.1021/cr050005k
http://dx.doi.org/10.1021/cr050005k
http://dx.doi.org/10.1002/chir.20459
http://dx.doi.org/10.1002/chir.20459
http://dx.doi.org/10.1002/chir.20459
http://dx.doi.org/10.1002/chir.20459
http://dx.doi.org/10.1021/ja015338n
http://dx.doi.org/10.1021/ja015338n
http://dx.doi.org/10.1021/ja015338n
http://dx.doi.org/10.1146/annurev-arplant-042110-103811
http://dx.doi.org/10.1146/annurev-arplant-042110-103811
http://dx.doi.org/10.1146/annurev-arplant-042110-103811
http://dx.doi.org/10.1146/annurev-arplant-042110-103811
http://dx.doi.org/10.1104/pp.110.161687
http://dx.doi.org/10.1104/pp.110.161687
http://dx.doi.org/10.1104/pp.110.161687
http://dx.doi.org/10.1146/annurev.arplant.53.100301.135212
http://dx.doi.org/10.1146/annurev.arplant.53.100301.135212
http://dx.doi.org/10.1146/annurev.arplant.53.100301.135212
http://dx.doi.org/10.1146/annurev.arplant.53.100301.135212
http://dx.doi.org/10.1006/icar.2002.6854
http://dx.doi.org/10.1006/icar.2002.6854
http://dx.doi.org/10.1006/icar.2002.6854
http://dx.doi.org/10.1006/icar.2002.6854
http://dx.doi.org/10.1098/rstb.2008.0056
http://dx.doi.org/10.1098/rstb.2008.0056
http://dx.doi.org/10.1098/rstb.2008.0056
http://dx.doi.org/10.1098/rstb.2008.0056
http://dx.doi.org/10.1007/14020451661
http://dx.doi.org/10.1063/1.45027<MAC_opt_COMMENT optid=
http://dx.doi.org/10.1063/1.45027<MAC_opt_COMMENT optid=
http://dx.doi.org/10.1063/1.45027<MAC_opt_COMMENT optid=
http://dx.doi.org/10.1021/bi00201a034
http://dx.doi.org/10.1021/bi00201a034
http://dx.doi.org/10.1021/bi00201a034
http://dx.doi.org/10.1007/s11120-009-9424-4
http://dx.doi.org/10.1007/s11120-009-9424-4
http://dx.doi.org/10.1007/s11120-009-9424-4
http://dx.doi.org/10.1007/s11120-009-9424-4
http://dx.doi.org/10.1073/pnas.80.12.3568
http://dx.doi.org/10.1073/pnas.80.12.3568
http://dx.doi.org/10.1073/pnas.80.12.3568
http://dx.doi.org/10.1016/j.jqsrt.2009.02.028
http://dx.doi.org/10.1016/j.jqsrt.2009.02.028
http://dx.doi.org/10.1016/j.jqsrt.2009.02.028
http://dx.doi.org/10.1016/j.jqsrt.2009.02.028
http://dx.doi.org/10.1073/pnas.0810215106
http://dx.doi.org/10.1073/pnas.0810215106
http://dx.doi.org/10.1073/pnas.0810215106
http://dx.doi.org/10.1073/pnas.0810215106
dx.doi.org/10.1016/j.bbabio.2016.04.287
dx.doi.org/10.1016/j.bbabio.2016.04.287
http://dx.doi.org/10.1086/510996
http://dx.doi.org/10.1086/510996
http://dx.doi.org/10.1086/510996
http://dx.doi.org/10.1089/15311070260192246
http://dx.doi.org/10.1089/15311070260192246
http://dx.doi.org/10.1089/15311070260192246
http://dx.doi.org/10.1089/15311070260192246
http://dx.doi.org/10.1088/0004-637x/792/2/90
http://dx.doi.org/10.1088/0004-637x/792/2/90
http://dx.doi.org/10.1088/0004-637x/792/2/90
http://dx.doi.org/10.2041-8205/819/1/L13
http://dx.doi.org/10.2041-8205/819/1/L13
http://dx.doi.org/10.2041-8205/819/1/L13
http://dx.doi.org/10.1088/0004-637x/812/2/137
http://dx.doi.org/10.1088/0004-637x/812/2/137
http://dx.doi.org/10.1088/0004-637x/812/2/137
http://dx.doi.org/10.1088/2041-8205/785/2/l20
http://dx.doi.org/10.1088/2041-8205/785/2/l20
http://dx.doi.org/10.1088/2041-8205/785/2/l20
http://dx.doi.org/10.1088/2041-8205/785/2/l20
http://dx.doi.org/10.1089/ast.2005.5.372
http://dx.doi.org/10.1089/ast.2005.5.372
http://dx.doi.org/10.1089/ast.2005.5.372
http://dx.doi.org/10.1089/ast.2006.0105
http://dx.doi.org/10.1089/ast.2006.0105
http://dx.doi.org/10.1089/ast.2006.0105


C.H.L. Patty et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 189 (2017) 303–311 311
ast.2006.0105.
[32] Schwieterman EW, Cockell CS, Meadows VS. Nonphotosynthetic pigments as

potential biosignatures. Astrobiology 2015;15(5):341–361. http://dx.doi.org/
10.1089/ast.2014.1178.

[33] Berdyugina SV, Kuhn JR, Harrington DM, Šantl-Temkiv T, Messersmith EJ.
Remote sensing of life polarimetric signatures of photosynthetic pigments as
sensitive biomarkers. Int J Astrobiol 2016;15(01):45–56. http://dx.doi.org/
10.1017/s1473550415000129.

[34] Shkuratov Y, Bondarenko S, Ovcharenko A, Pieters C, Hiroi T, Volten H, et al.
Comparative studies of the reflectance and degree of linear polarization of
particulate surfaces and independently scattering particles. J Quant Spectrosc
Radiat Transf 2006;100(1):340–358. http://dx.doi.org/10.1016/j.
jqsrt.2005.11.050.

[35] West RA, Doose LR, Eibl AM, Tomasko MG, Mishchenko MI. Laboratory mea-
surements of mineral dust scattering phase function and linear polarization. J
Geophys Res: Atmos 1997;102(D14):16871–16881. http://dx.doi.org/10.1029/
96jd02584.

[36] Pospergelis M. Spectroscopic measurements of the four Stokes parameters for
light scattered by natural objects. Sov Astron 1969;12:973.

[37] Sparks WB, Hough JH, Bergeron LE. A search for chiral signatures on Mars.
Astrobiology 2005;5(6):737–748. http://dx.doi.org/10.1089/ast.2005.5.737.

[38] Peltoniemi JI, Gritsevich M, Puttonen E. Reflectance and polarization char-
acteristics of various vegetation types. in: Light Scattering Reviews 9, Springer
Nature, 2015, pp. 257–294. http://dx.doi.org/10.1007/978-3-642-37985-7_7.

[39] Fasman GD. Circular dichroism and the conformational analysis of biomole-
cules. Springer Science & Business Media; http://dx.doi.org/10.1007/
978-1-4757-2508-7.

[40] Greenfield NJ. Using circular dichroism spectra to estimate protein secondary
structure. Nat Protoc 2006;1(6):2876–2890. http://dx.doi.org/10.1038/
nprot.2006.202.

[41] Snik F, Keller CU. Astronomical polarimetry: Polarized views of stars and
planets. in: Planets, Stars and Stellar Systems, Springer, 2013, pp. 175–221.
http://dx.doi.org/10.1007/978-94-007-5618-2_4.

[42] Gandorfer AM. Ferroelectric retarders as an alternative to piezoelastic mod-
ulators for use in solar Stokes vector polarimetry. Opt Eng 1999;38(8):1402–
1408. http://dx.doi.org/10.1117/1.602183.

[43] Bailey J, Kedziora-Chudczer L, Cotton DV, Bott K, Hough J, Lucas P. A high-
sensitivity polarimeter using a ferro-electric liquid crystal modulator. Mon
Not R Astron Soc 2015;449(3):3064–3073. http://dx.doi.org/10.1093/mnras/
stv519.

[44] de Juan Ovelar M, Diamantopoulou S, Roelfsema R, van Werkhoven T, Snik F,
Pragt J, et al., Modeling the instrumental polarization of the VLT and e-ELT
telescopes with the m & M’s code. in: G. Z. Angeli, P. Dierickx (Eds.), Modeling,
Systems Engineering, and Project Management for Astronomy V, International
Society for Optics and Photonics, SPIE-International Soc Optical Eng, 2012, pp.
844912–844912. http://dx.doi.org/10.1117/12.926588.

[45] Warman TW, Solomos T. Ethylene production and action during foliage se-
nescence in hedera helix l. J Exp Bot 1988;39(6):685–694. http://dx.doi.org/
10.1093/jxb/39.6.685.

[46] Horton R, Bourguoin N. Leaf senescence in juvenile ivy. Plant Physiol Biochem
1992;30(1):119–122.

[47] Jaleel CA, Manivannan P, Wahid A, Farooq M, Al-Juburi HJ, Somasundaram R,
et al. Drought stress in plants a review on morphological characteristics and
pigments composition. Int J Agric Biol 2009;11(1):100–105. http://dx.doi.org/
10.08305/IGC-DYT/2009/111100105.

[48] Griffiths CA, Gaff DF, Neale AD. Drying without senescence in resurrection
plants, Frontiers in Plant Science 5 http://dx.doi.org/10.3389/fpls.2014.00036.

[49] Finzi L, Bustamante C, Garab G, Juang C-B. Direct observation of large chiral
domains in chloroplast thylakoid membranes by differential polarization mi-
croscopy. Proc Natl Acad Sci 1989;86(22):8748–8752. http://dx.doi.org/
10.1073/pnas.86.22.8748.

[50] Cseh Z, Rajagopal S, Tsonev T, Busheva M, Papp E, Garab G. Thermooptic effect
in chloroplast thylakoid membranes. thermal and light stability of pigment
arrays with different levels of structural complexity. Biochemistry 2000;39
(49):15250–15257. http://dx.doi.org/10.1021/bi001600d.

[51] Dobrikova AG, Várkonyi Z, Krumova SB, Kovács L, Kostov GK, Todinova SJ, et al.
Structural rearrangements in chloroplast thylakoid membranes revealed by
differential scanning calorimetry and circular dichroism spectroscopy. ther-
mo-optic effect. Biochemistry 2003;42(38):11272–11280. http://dx.doi.org/
10.1021/bi034899j.

[52] Jajoo A, Szabó M, Zsiros O, Garab G. Low pH induced structural reorganization
in thylakoid membranes. Biochim Et Biophys Acta (BBA) - Bioenerg 2012;1817
(8):1388–1391. http://dx.doi.org/10.1016/j.bbabio.2012.01.002.

[53] Garab G, Kieleczawa J, Sutherland JC, Bustamante C, Hind G. Organization of
pigment-protein complexes into macrodomains in the thylakoid membranes
of wild-type and chlorophyll b less mutant of barley as revealed by circular
dichroism. Photochem Photobiol 1991;54(2):273–281. http://dx.doi.org/
10.1111/j.1751-1097.1991.tb02016.x.

[54] Okada K, Inoue Y, Satoh K, Katoh S. Effects of light on degradation of chlor-
ophyll and proteins during senescence of detached rice leaves. Plant Cell
Physiol 1992;33(8):1183–1191.

http://dx.doi.org/10.1089/ast.2006.0105
http://dx.doi.org/10.1089/ast.2014.1178
http://dx.doi.org/10.1089/ast.2014.1178
http://dx.doi.org/10.1089/ast.2014.1178
http://dx.doi.org/10.1089/ast.2014.1178
http://dx.doi.org/10.1017/s1473550415000129
http://dx.doi.org/10.1017/s1473550415000129
http://dx.doi.org/10.1017/s1473550415000129
http://dx.doi.org/10.1017/s1473550415000129
http://dx.doi.org/10.1016/j.jqsrt.2005.11.050
http://dx.doi.org/10.1016/j.jqsrt.2005.11.050
http://dx.doi.org/10.1016/j.jqsrt.2005.11.050
http://dx.doi.org/10.1016/j.jqsrt.2005.11.050
http://dx.doi.org/10.1029/96jd02584
http://dx.doi.org/10.1029/96jd02584
http://dx.doi.org/10.1029/96jd02584
http://dx.doi.org/10.1029/96jd02584
http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref34
http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref34
http://dx.doi.org/10.1089/ast.2005.5.737
http://dx.doi.org/10.1089/ast.2005.5.737
http://dx.doi.org/10.1089/ast.2005.5.737
dx.doi.org/10.1007/978-3-642-37985-7_7
http://dx.doi.org/10.1007/978-1-4757-2508-7
http://dx.doi.org/10.1007/978-1-4757-2508-7
http://dx.doi.org/10.1007/978-1-4757-2508-7
http://dx.doi.org/10.1007/978-1-4757-2508-7
http://dx.doi.org/10.1038/nprot.2006.202
http://dx.doi.org/10.1038/nprot.2006.202
http://dx.doi.org/10.1038/nprot.2006.202
http://dx.doi.org/10.1038/nprot.2006.202
dx.doi.org/10.1007/978-94-007-5618-2_4
http://dx.doi.org/10.1117/1.602183
http://dx.doi.org/10.1117/1.602183
http://dx.doi.org/10.1117/1.602183
http://dx.doi.org/10.1093/mnras/stv519
http://dx.doi.org/10.1093/mnras/stv519
http://dx.doi.org/10.1093/mnras/stv519
http://dx.doi.org/10.1093/mnras/stv519
http://dx.doi.org/10.1117/12.926588
http://dx.doi.org/10.1093/jxb/39.6.685
http://dx.doi.org/10.1093/jxb/39.6.685
http://dx.doi.org/10.1093/jxb/39.6.685
http://dx.doi.org/10.1093/jxb/39.6.685
http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref41
http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref41
http://dx.doi.org/10.08305/IGC-DYT/2009/111100105
http://dx.doi.org/10.08305/IGC-DYT/2009/111100105
http://dx.doi.org/10.08305/IGC-DYT/2009/111100105
http://dx.doi.org/10.08305/IGC-DYT/2009/111100105
http://dx.doi.org/10.3389/fpls.2014.00036
http://dx.doi.org/10.1073/pnas.86.22.8748
http://dx.doi.org/10.1073/pnas.86.22.8748
http://dx.doi.org/10.1073/pnas.86.22.8748
http://dx.doi.org/10.1073/pnas.86.22.8748
http://dx.doi.org/10.1021/bi001600d
http://dx.doi.org/10.1021/bi001600d
http://dx.doi.org/10.1021/bi001600d
http://dx.doi.org/10.1021/bi034899j
http://dx.doi.org/10.1021/bi034899j
http://dx.doi.org/10.1021/bi034899j
http://dx.doi.org/10.1021/bi034899j
http://dx.doi.org/10.1016/j.bbabio.2012.01.002
http://dx.doi.org/10.1016/j.bbabio.2012.01.002
http://dx.doi.org/10.1016/j.bbabio.2012.01.002
http://dx.doi.org/10.1111/j.1751-1097.1991.tb02016.x
http://dx.doi.org/10.1111/j.1751-1097.1991.tb02016.x
http://dx.doi.org/10.1111/j.1751-1097.1991.tb02016.x
http://dx.doi.org/10.1111/j.1751-1097.1991.tb02016.x
http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref48
http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref48
http://refhub.elsevier.com/S0022-4073(16)30727-0/sbref48

	Circular spectropolarimetric sensing of chiral photosystems �in decaying leaves
	Introduction
	Materials and methods
	Sample collection and storage
	Circular polarization and circular dichroism
	TreePol
	Circular dichroism spectropolarimetry
	Extraction and absorbance/fluorescence spectroscopy

	Results
	Dark/Daylight differences and weight loss
	Circular polarization
	Transmittance
	Absorbance and fluorescence of chlorophyll extracts
	Chlorophyll a concentrations vs V/I over time

	Discussion
	Acknowledgments
	References




