a2 United States Patent

US006813024B2

10y Patent No.: US 6,813,024 B2

Kramer et al. 5) Date of Patent: Nov. 2, 2004
(54) NON-FOCUSING OPTICS 5854063 A 12/1998 Li et al.
SPECTROPHOTOMETER, AND METHODS 5,081,958 A 1171999 Li et al.

OF USE 6,005,722 A * 12/1999 Butterworth et al. ....... 359/712

6,043,803 A * 3/2000 Treiman et al. ............. 356/402

(75) Inventors: David M. Kramer, Pullman, WA (US);
Colette A. Sacksteder, St. Paul, MN
(US)

(73) Assignee: Washington State University Research
Foundation, Pullman, WA (US)

(*) Notice:  Subject to any disclaimer, the term of this

patent is extended or adjusted under 35
U.S.C. 154(b) by 246 days.
(21) Appl. No.: 09/785,041
(22) Filed: Feb. 13, 2001
(65) Prior Publication Data
US 2001/0030742 A1l Oct. 18, 2001

Related U.S. Application Data

(63) Continuation-in-part of application No. PCT/US00/22754,
filed on Aug. 18, 2000.
(60) Provisional application No. 60/149,937, filed on Aug. 19,

6,121,053 A 9/2000 Kolber et al.

FOREIGN PATENT DOCUMENTS

DE 248 433 Al
DE 300 049 A7

8/1987
5/1992

OTHER PUBLICATIONS

Tanaka, K. et al., “Compound parabolic concentrator probe
for efficient light collection in spectroscopy of biological
tissue,” Applied Optics, 35(4):758—636 (1996).

(List continued on next page.)

Primary Examiner—¥. L. Evans
(74) Antorney, Agent, or Firm—Christensen O’Connor
Johnson Kindness PLLC

(7) ABSTRACT

1999. In one aspect, the present invention provides kinetic spec-
(51) Int. CL7 oo, GO1]J 3/44; GOIN 21/64 trophotometers that each comprise: (a) 4 light source; a.nd
(52) US.CL oo 356/416; 356/417; 356/72; ) @ compound parabolic concentrator disposed 1o receive
250/458.1 light from the light source and configured to (1) intensify
. . and diffuse the light received from the light source, and (2)
(58)  Field OfSSS?;ﬁlé 417419250/4581 35569/310046311?’ direct the intensified and diffused light onto a sample. In
? ? ? " " 461'2’ other aspects, the present invention provides methods for
’ measuring a photosynthetic parameter, the methods com-
(56) References Cited prising the steps of: (a) illuminating a plant leaf until
steady-state photosynthesis is achieved; (b) subjecting the
U.S. PATENT DOCUMENTS illuminated plant leaf to a period of darkness; (c) using a
3,473,022 A 10/1969 Walz et al. kinetic spectrophotometer of the invention to collect spectral
4,533,252 A 8/1985 Cahen et al. data from the plant leaf treated in accordance with steps (a)
4,650,336 A 3/1987 Moll and (b); and (d) determining a value for a photosynthetic
;‘ﬂggggig 2 . 2; }gg? Eaker et ai' . 356/328 parameter from the spectral data.
,029, eranen et al. ............
5,426,306 A 6/1995 Kolber et al.
5,519,219 A * 5/1996 Alexay et al. ......... 250/339.07 17 Claims, 7 Drawing Sheets
/%I\"\m

sl

556

™ ) — ELECTRICAL SIGNAL



US 6,813,024 B2
Page 2

OTHER PUBLICATIONS

Kramer D.M. et al,, “A diffused—optics flash kinetic spec-
trophotometer (DOFS) for measurements of absorbance
changes in intact plants in the stead—state,” Phorosynthesis
Research, 56:103-112 (1998).

Sacksteder, C.A. et al., “H+/E— Ratios for Photosynthetic
Electron Transfer in Intact Leaves in the Steady State,”
Photosynthesis: Mechanisms and Effects, 3:1621-1624
(1998).

Genty, B., et al., “The Relationship Between Non—Photo-
chemical Quenching of Chlorophyll Fluorescence and the
Rate of Photosystem 2 Photochemistry in Leaves,” Photo-
synth. Res. 25:249-257, 1990.

Joliot, P., and A. Joliot, “Electronic Transfer Between the
Two Photosystems: 1. Flash Excitation Under Oxidizing
Condition,” Biochim. Biophys. Acta765:210-218, 1984.
Kramer, D.M., and A.R. Crofts, “Activation of the Chloro-
plast ATPase Measured by the Electrochromic Change in
Leaves of Intact Plants,” Biochim. Biophys. Acta.
976:28-41, 1989.

Kramer, D.M., and A.R. Crofts, “Control and Measurement
of Photosynthestic Electron Transport In Vivo,” in N.R.
Baker (ed.), Photosynthesis and the Environment, Kluwer
Academic Publishers, Dordrecht, The Netherlands, 1996,
pp. 25-66.

Kramer, D.M., et al., “A Portable Multi—-Flash Kinetic
Fluorimeter for Measurement of Donor and Acceptor Reac-

tions of Photosystem 2 in Leaves of Intact Plants Under
Field Conditions,” Photosynth. Res. 26:181-193, 1990.

Nishio, J.N., and J. Whitmark, “Dissipation of the Proton
Electrochemical Potential in Intact and Lysed Chloroplasts,”
Plant Physiol. 95:522-528, 1991.

Sacksteder, C.A., et al., “The Proton to Electron Stoichiom-
etry of Steady—State Photosynthesis in Living Plants: A
Proton—Pumping Q Cycle is Continuously Engaged,” PNAS
97926):14283-14288, 2000.

* cited by examiner



U.S. Patent

STANDARD ELECTRODE POTENTIAL, V

[}
S o
Lo [~ N

= & &£ & & &
D % SN A N D N

Nov. 2, 2004 Sheet 1 of 7 US 6,813,024 B2
FERREDOXIN
REDUCTASE
~ P43t
NADPH 2 SHUNT PATHWAY OF
[~ go ¢~ CYCLIC ELECTRON FLOW
¢ W
= NPt ? P.+ PLASTOQUINONE
- ]
B AD, Z
ATP \
- )
“
B P700 C¥Tbggg T i
i crTf ¢
PHOTOSYSTEM) PLASTOCYANIN 1 )
o I i 2% o
- P680
2HY

7 PHOTOSYSTEM
V2 VA s




U.S. Patent Nov. 2, 2004 Sheet 2 of 7 US 6,813,024 B2

318

310
wa

416

414



U.S. Patent

Nov. 2, 2004 Sheet 3 of 7

520

514 i 536
P 532 530
510
528
534
533J 514
1 f— 554
546
~—542
544
352 548
556 _

Fig. 5.

US 6,813,024 B2

| — ELECTRICAL SIGNAL



U.S. Patent Nov. 2, 2004 Sheet 4 of 7 US 6,813,024 B2

N
- -

L)< P
e FLOW /Q\ S
POH, —— Py ——p Fi &
1 2
@ SHUTTER CLOSURE TIME

POH; T——> Prp Fd

1

[_ Py |
(\C:

TIME

Fiz 6.

-al, X 1000 (525 nm)




U.S. Patent Nov. 2, 2004 Sheet 5 of 7 US 6,813,024 B2

(]
N
1

-Al/ lo x 1000
O/

N
AN

<
AN

500 620 540 560 580
Wavelength (nm)

Fie.&

@é’

0 150 300
broad band slope

Fre.9

O = H
2828
narrow band slope

i S S B Y

N N P

-
-t



U.S. Patent Nov. 2, 2004 Sheet 6 of 7 US 6,813,024 B2

s T T
'.‘m -
& 300- -
(=) < L
= o
=
X ] Z
= 200+ N
< 1 1
2 ] I
2 100- ]
(] 1 4
| %
of

0 100 200 300 400 500 600
"¢, (a.u.)

Fie. 10



U.S. Patent Nov. 2, 2004 Sheet 7 of 7 US 6,813,024 B2

6 -
5_
8 y
w4
S
b —=-
X o
o O
~ M~
aQ
-0~ 1 T
0.10 0.15 0.20 0.25 0.30
Lre 77, time (s)
%)
Q
W
o
o e B
X o
o O
< I~
Q
-0

-1 v v 1 v 1T ' 1
0.10 0.1 0.20 0.25 0.30
1. /2 time (s)



US 6,813,024 B2

1

NON-FOCUSING OPTICS
SPECTROPHOTOMETER, AND METHODS
OF USE

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application is a continuation-in-part of PCT/US00/
22754, filed Aug. 18, 2000, which claims the benefit of
Provisional Application No. 60/149,937, filed Aug. 19,
1999.

GOVERNMENT RIGHTS

This invention was funded in part by the Department of
Energy, Grant No. DE FG03 98ER20299. The United States
Government has certain rights in the invention.

FIELD OF THE INVENTION

The present invention relates generally to
spectrophotometers, to methods for measuring a photosyn-
thetic parameter, and to methods for determining the physi-
ological state of a plant.

BACKGROUND OF THE INVENTION

Photosynthesis in green plants takes place in two stages,
the light reactions, which occur only when plants are
illuminated, and the dark reactions, which can occur in the
absence or presence of light. In the light reactions chloro-
phyll and other pigments of the photosynthetic cells absorb
light energy and conserve it in chemical form as the two
energy-rich products adenosine triphosphate (ATP) and
nicotinamide adenine dinucleotide phosphate (NADPH);
simultaneously, oxygen is evolved. In the dark reactions, the
ATP and NADPH generated in the light reactions are used
to reduce carbon dioxide to form glucose and other organic
products.

In eukaryotic, photosynthetic cells, both the light and dark
reactions take place in the chloroplast. Chloroplasts are
surrounded by a continuous outer membrane. An inner
membrane system encloses the internal compartment. Inside
the latter, and often connected to the inner membrane, are
many flattened, membrane-surrounded vesicles or sacs,
called thylakoids, which are either single, or arranged in
stacks called grana. The thylakoid membranes contain all the
photosynthetic pigments of the chloroplast and most of the
enzymes required for the primary light-dependent reactions.
The fluid in the compartment surrounding the thylakoid
vesicles, the stroma, contains most of the enzymes required
for the dark reactions (i.e. CO, fixation).

Light energy is absorbed by photosynthetic pigments
located within the thylakoid membranes. The primary light-
absorbing pigment is chlorophyll. Photosynthetic cells of
higher plants always contain two types of chlorophyll. One
is always chlorophyll a, and the second in many species is
chlorophyll b. In addition to chlorophylls, the thylakoid
membranes contain secondary light-absorbing pigments,
together called the accessory pigments, which include vari-
ous carotenoids. The carotenoid pigments absorb light at
wavelengths other than those absorbed by the chlorophylls
and thus are supplementary light receptors.

The light-absorbing pigments of thylakoid membranes are
arranged in functional sets or clusters called photosystems.
The clusters can absorb light over the entire visible spectrum
but especially well between 400 to 500 and 600 to 700
nanometers (nm). All the pigment molecules in a photosys-
tem can absorb photons, but a special subset of the
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molecules, housed in complexes of proteins and cofactors,
called the ‘photochemical reaction centers’ in each cluster
ultimately convert the light energy into chemical energy.
Other pigment molecules, that function to funnel light into
the reaction centers, are housed in light-harvesting com-
plexes. They function to absorb light energy, which they
transmit at a very high rate to the reaction center.

There are two different kinds of photosystems: photosys-
tem I (PS I), which is maximally excited by light at longer
wavelengths, and has a high ratio of chlorophyll a to
chlorophyll b; and photosystem II (PS II), which is maxi-
mally activated by light below 680 nm, and contains rela-
tively more chlorophyll b and may also contain chlorophyll
c. Photosystem I and Photosystem II are functionally linked
by a chain of electron carriers, as shown in FIG. 1.

When light quanta are absorbed by photosystem I, energy-
rich electrons are expelled from the reaction center and flow
down a chain of electron carriers to NADP™ to reduce it to
NADPH. This process leaves a deficit of electrons (an
electron hole) in photosystem I. This hole is, in turn, filled
by an electron expelled by illumination of photosystem II,
which arrives via a connecting chain of electron carriers,
including a pool of about 6 plastoquinone molecules per
reaction center, the cytochrome bt complex and plastocya-
nin. The resulting electron hole in photosystem Il is filled by
electrons extracted from water. This pattern of electron flow
is usually referred to as the “Z-scheme”. Additionally,
absorbed light can be reemitted in the form of fluorescence.

The thylakoid membrane has an asymmetric molecular
organization. The electron-transferring molecules in the
connecting chain between photosystem II and photosystem
I are oriented in the thylakoid membrane in such a way that
electron flow results in the net movement of H* ions across
the membrane, from the outside of the thylakoid membrane
to the inner compartment. Thus photoinduced electron flow
generates an electrochemical gradient of H* ions across the
thylakoid membrane, so that: 1) the inside of the thylakoid
vesicles becomes more acid than the outside, storing energy
as a difference in pH (known as ApH); and 2) the inside of
the thylakoid membrane becomes more positively charged
than the outside, storing energy as an electrical field (known
as Ay). The sum of energies stored as ApH and Ay drives
the synthesis of ATP from ADP and inorganic phosphase, for
later use in plant biochemical processes.

Lumen acidification also initiates processes that down-
regulate the entire photosynthetic apparatus. The down-
regulatory processes reduce the amount of light transferred
from the light harvesting pigments to the photosystem II
reaction centers, thus protecting the reaction centers from
over-exposure to light.

Another type of light-induced electron flow that can take
place in chloroplasts is called cyclic electron flow, to dif-
ferentiate it from the normally unidirectional or noncyclic
electron flow of the “Z-scheme™ that proceeds from H,O to
NADP*. As shown in FIG. 2, cyclic electron flow involves
only photosystem I. It is called cyclic because the electron
boosted to the first electron acceptor in photosystem I (an
iron-sulfur cluster) by illumination of photosystem I, instead
of passing to NADP*, flows back into the electron hole of
photosystem I by a shunt or bypass pathway. As shown in
FIG. 2, this shunt involves some of the electron carriers of
the chain between photosystems I and II, including the pool
of plastoquinone molecules, the cytochrome bf complex
and plastocyanin. Thus, illumination of photosystem I can
cause electrons to cycle continuously out of the reaction
center of photosystem I and back into it. During cyclic
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electron flow there is no net formation of NADPH, nor is
there any oxygen evolution. However, cyclic electron flow
is accompanied by proton pumping into the lumen (inside)
of the thylakoid vesicle. Thus cyclic electron flow can
generate ATP, and this process is referred to as cyclic
photophosphorylation. Cyclic electron flow is thought to
have two functions: to supply ATP when amply supplied
with reducing power in the form of NADPH, and to initiate
down-regulation by acification of the thylakoid lumen.

The methods of the invention allow one or more photo-
synthetic parameters of a plant to be determined by mea-
suring the steady-state turnover rates and resistances to
turnover of photosynthetic reactions and protein complexes
just after a rapid light-to-dark transition. The relaxation
processes that occur just after switching off the light (i.c., the
Dark Interval Relaxation Kinetics, abbreviated as DIRK)
reflect the processes that occurred in the light, and thus the
measurements provide information of the steady-state of
photosynthesis. The physiological state of a plant (such as
whether the plant is subject to an environmental stress)
affects photosynthesis. Thus, the methods of the invention
can be used to measure one or more photosynthetic param-
eters which, in turn, can be used to indicate the presence of
one or more plant stresses before they become apparent as
lowered crop yields or other visible symptoms.

The present invention also provides kinetic spectropho-
tometers that can be used, for example, in the methods of the
invention to collect spectral data from a plant leaf, and the
spectral data can be used to determine a value for a photo-
synthetic parameter. The kinetic spectrophotometers of the
present invention utilize a compound parabolic concentrator
(CPC) to direct light generated by a light source onto a
sample. The CPC intensifies and diffuses the light from the
light source before directing the light onto the sample. The
ability of the CPC to intensify light permits the generation
of high intensity, short-duration pulses of light, which yield
high sensitivity signals. Further, when the kinetic spectro-
photometers of the invention are utilized to measure a
photosynthetic parameter in a plant leaf, the diffused light
emerging from the CPC reduces the effects of light-
scattering changes within the leaf.

Kramer and Sacksteder (Kramer D. M. and Sacksteder C.
A., Photosynthesis Research 56: 103112 (1998)) disclose a
kinetic spectrophotometer that scatters collimated light from
a xenon flashlamp before directing the scattered light onto a
sample, such as a plant leaf. The light scattering is mainly
achieved by passing the light through a hollow scattering
chamber made from a material that efficiently scatters light.
A substantial amount of the light entering the scattering
chamber is lost, for example by escaping through the entry
port leading into the light scattering chamber. Typically, less
than fifty percent of the light entering the scattering chamber
emerges therefrom and is available to be directed onto the
sample. In contrast, in the kinetic spectrophotometers of the
present invention, typically more than ninety five percent of
light entering the CPC, disposed between the light source
and the sample, emerges from the CPC and is available to be
directed onto the sample.

SUMMARY OF THE INVENTION

In one aspect, the present invention provides kinetic
spectrophotometers that each comprise: (a) a light source;
and (b) a compound parabolic concentrator disposed to
receive light from the light source and configured to (1)
intensify and diffuse the light received from the light source,
and (2) direct the intensified and diffused light onto a
sample.
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One embodiment of the kinetic spectrophotometers of the
invention comprises: (a) a light source; (b) a compound
parabolic concentrator comprising an entry aperture, defin-
ing an entry aperture area, and an exit aperture, defining an
exit aperture area, wherein the compound parabolic concen-
trator is (1) disposed to receive light from the light source
through the entry aperture; and (2) is configured to intensify
and diffuse the light received from the light source, and to
direct the intensified and diffused light, through the exit
aperture, onto a sample, wherein the entry aperture area is
larger than the exit aperture area; (¢) a second compound
parabolic concentrator comprising an entry aperture, defin-
ing an entry aperture area, and an exit aperture, defining an
exit aperture area, wherein the second compound parabolic
concentrator is (1) disposed to receive, through the entry
aperture, light that is transmitted through the sample, or that
is emitted by the sample; and (2) that is configured to
collimate the received light, and to emit the collimated light
through the exit aperture onto a filter, wherein the second
compound parabolic concentrator entry aperture area is
smaller than the second compound parabolic concentrator
exit aperture area; (d) a filter disposed to receive light that
is emitted from the second compound parabolic concentrator
exit aperture, and that is adapted to block a portion of the
light emitted from the second compound parabolic concen-
trator; and (e¢) a third compound parabolic concentrator
comprising an entry aperture, defining an entry aperture
area, and an exit aperture, defining an exit aperture area,
wherein the third compound parabolic concentrator is (1)
disposed to receive, through the entry aperture, light that
passes through the filter; and (2) that is configured to
intensify and diffuse the light received from the filter, and to
direct the intensified and diffused light onto a light detector,
wherein the third compound parabolic concentrator entry
aperture area is larger than the third compound parabolic
concentrator exit aperture area.

In other aspects, the present invention provides methods
for measuring a photosynthetic parameter, the methods
comprising the steps of: (a) illuminating a plant leaf until
steady-state photosynthesis is achieved; (b) subjecting the
illuminated plant leaf to a period of darkness; (c) using a
kinetic spectrophotometer of the invention to collect spectral
data from the plant leaf treated in accordance with steps (a)
and (b); and (d) determining a value for a photosynthetic
parameter from the spectral data.

The determined photosynthetic parameter(s) can be used
to provide information about the type and amount of pho-
tosynthetic activity in a plant leaf, or in a whole plant, or
population of plants. Additionally, the determined photosyn-
thetic parameter(s) can be used to ascertain whether the
subject plant is experiencing one or more of a variety of
environmental and/or physiological stresses, such as tem-
perature stress, drought stress and nutrient stress (including
nitrogen stress). Thus, in one aspect, the present invention
provides methods for determining the physiological state of
a plant comprising: (a) illuminating a plant leaf until steady-
state photosynthesis is achieved; (b) subjecting the illumi-
nated plant leaf to a period of darkness; (c) using a Kinetic
spectrophotometer of the invention to collect spectral data
from the plant leaf treated in accordance with steps (a) and
(b); (d) determining a value for a photosynthetic parameter
from the spectral data; and (e) using the determined value for
the photosynthetic parameter to determine the physiological
state of the plant.

The kinetic spectrophotometers of the invention are
useful, for example, in the practice of the methods of the
invention. Additionally, the kinetic spectrophotometers of

































