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METHODS FOR DETERMINING THE
PHYSIOLOGICAL STATE OF A PLANT

RELATED APPLICATIONS

The present application claims benefit of priority from
U.S. Provisional Application No. 60/149,937, filed Aug. 19,
1999, under 35 U.S.C. §119.

GOVERNMENT RIGHTS

This invention was made with government support under
Grant No. DE-FGO3-98ER20299 awarded by the United
States Department of Energy. The government has certain
rights in the invention.

FIELD OF THE INVENTION

The present invention relates generally to methods for
measuring a photosynthetic parameter, and to methods for
determining the physiological 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
molecules, housed in complexes of proteins and cofactors,
called the ‘photochemical reaction centers’ in each cluster
ultimately convert the light energy into chemical energy.

10

15

20

25

30

35

40

45

50

55

60

65

2

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 AW). The sum of energies stored as ApH and AW 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 b f 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
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)










































