PHOTOSYNTHESIS and PAM

Algae adjust both how effectively they absorb photons and how efficiently they turn absorbed light energy into chemical energy via photosynthesis. Specifically, algae regulate the quantity of their light-capturing pigments and the efficiency of both the light and dark reactions of photosynthesis. Insights into these physiological changes can be evaluated by comparing antenna pigments and photosynthetic light response curves in sun- and shade-adapted algae.


Light Response Curves: Photosynthesis-irradiance (PI) curves are a means of quantifying the rate of oxygen evolution or carbon fixation, normalized to biomass (dry weight for algae), at different light irradiances (Kirk, 1994). At low light intensities, some photosynthesis occurs; however, respiration processes of O2 consumption and CO2 liberation exceeds quantities produced by photosynthesis. The irradiance at which photosynthesis equals respiration is the light compensation irradiance (Ic). At light intensities greater than Ic plants exhibit net photosynthetic production. Maximum photosynthetic production (Pmax) is achieved when increases in light intensity no longer result in an increase in oxygen evolution. The irradiance at which photosynthesis is saturated (Ik) can be estimated from the intersection of the initial slope with Pmax, or more accurately calculated as Pmax/a. Alpha (a) is defined as the slope of the light-limited region of the PI curve and is a measure of the efficiency with which a plant harvests light (Kirk 1994). In photosynthetic terms, a represents an estimate of the amount of photosynthesis per incident photon. Light-saturated photosynthesis (Pmax) reflects the dark reactions of photosynthesis and is regulated by the rate of CO2-fixation via RUBISCO. Therefore, Pmax represents the maximum rate at which the dark reactions can proceed.

PAM Fluorescence : Traditionally photosynthesis has been studied directly by measuring either oxygen evolution or carbon fixation. More recently, greater understanding of the biophysics of photosynthesis, particularly electron transport around photosystem II (PSII), has lead to a rapid, non-invasive measurement of photosynthesis—Pulse Amplitude Modulated (PAM) fluorescence. Chlorophyll reaction centers (RC) become chemically excited (electrons are moved to a higher energy state) by absorption of light quanta (see Figure 1). An excited chlorophyll molecule is not stable, and thus energy quickly dissipates via several alternate pathways. Absorbed energy may be: 1) transferred to a neighboring acceptor molecule QA, resulting in photosynthetic electron transport (i.e., photosynthesis), 2) released as heat, or 3) emitted as a photon of lower energy (i.e., greater wavelength). The latter phenomenon is termed fluorescence. Fluorescence in photosystems emanates primarily from PSII and is a measure of absorbed quanta that are not used in photosynthesis (certain assumptions are made about heat).

The PAM fluorometer uses the saturated pulse method to assess photochemistry in a plant. The instrument produces two different light measuring signals (a measuring beam and a saturation pulse) through the fiber optic probe. First, the red-light measuring beam is rapidly switch on and off (3 µs duration at 20,000 Hz). This modulated beam is not strong enough to stimulate photosynthesis but does promote a fluorescence signal. The fluorescence signal follows the on/off pattern (i.e., modulated) of the measuring beam and is measured with suitable light filters and electronics in the instrument. The fluorescence value obtained by the measuring beam is termed Fo in dark-adapted tissue and Ft (or just F) when the tissue is illuminated by actinic or background light (i.e., the tissue is not in the dark). Simply speaking, the fluorescence signal from the measuring beam is representative of the reaction centers that are open. Open reaction centers are oxidized and available to do photosynthesis. Second, when the START button is pressed on the PAM, a very intense pulse of white light, about 1 s duration, saturates all reaction centers such that all reaction centers become closed. Closed reaction centers are reduced and unavailable, temporarily, to do photochemistry. At this point, fluorescence becomes maximal, and the value is noted as either Fm in dark-adapted plants or as Fm' in plants under actinic light. For our purposes, the ratio of fluorescence under the measuring beam and under the saturation pulse, (F – Fm')/Fm' = DF/Fm', is a relative measure of the number of reaction centers actively involved in photosynthesis (see Figure 1 for calculation of DF/Fm'). DF/Fm' is termed the effective quantum yield of photochemistry.

Stated differently, DF/Fm' describes the probability which an absorbed light quanta are utilized to push electrons through photosystem II. With each photon absorbed by the reaction center one electron is released into the electron transport chain. Therefore, the relative rate of electron transport (ETR) can be calculated from the product of DF/Fm' and the amount of light actually absorbed by the plant or alga. In mathematical terms, ETR = DF/Fm' * PAR * AF * 0.5, with ETR units of µmol electrons m-2 s-1. Light that stimulates photosynthesis is know as photosynthetically active radiation (PAR) and is equivalent to the visible wavelengths of the solar spectrum (400 – 700 nm). Units of PAR are typically µmol photon m-2 s-1. AF represents an absorption factor that accounts for the fraction of incident PAR actually absorbed (not transmitted through or reflected) by the tissue. The 0.5 terms in the ETR equation accounts for 50% of absorbed photons used by PSII (other 50% go to PSI).

The relationship between ETR and PAR can be evaluated similarly to PI curves, that is DF/Fm' is measured at sequentially increasing light intensities. With increasing PAR the potential ETR increases provided that all PSII reaction centers are open (QA oxidized). When the rate of quanta absorption exceeds the capacity of carbon fixing dark reactions, electrons will accumulate and back-up at the acceptor side of PSII. Therefore, the QA pool will remain partially reduced. This results in a decrease in DF/Fm' , and eventually ETR will saturate (Pmax). At extremely high PAR, or during prolonged high light illumination, ETR may decrease below Pmax—a phenomenon known as photoinhibition.

PLEASE NOTE:  ETR  is a relative measure of photosynthesis only as it is not in units of O2 evolution or CO2 fixation and as it is not normalized to units of biomass.


Derivation of quantum yield of PSII (P) 
Variables: 
E = light energy (h((); P = quantum yield of photochemical energy conversion; D = dissipation of energy as heat; F = dissipation of energy as fluorescence 
(1) Law of conservation of energy—the idea that in a closed system energy is neither lost nor gained. 


E = F + P + D = 1 
(2) A pulse of saturating light from a fluorometer will completely reduce the primary electron acceptor QA, and photochemistry will no longer proceed (at that instant). 


P = 0; F = Fm (maximum); D = Dm, ( Dm = 1 – Fm 
(3) If it is assumed that the ratio of D/F does not change during a short saturation pulse, then: 


D/F = Dm/Fm, and considering (2), D = F(1 – Fm)/Fm 
(4) Thus, quantum yield, P, of PSII can be expressed by fluorescence parameters: 


P = 1 – F – D = 1 – F – F(1–Fm)/Fm = (Fm-F)/Fm = DF/Fm 

Therefore, when F is lowest at F0 in dark adapted samples, DF = Fv, and the largest values of quantum yield are obtained, i.e., a large variable fluorescence, Fv, reflects high PSII yield (note that Fv = Fm – F0). In illuminated samples, DF/Fm' is a measure of effective quantum yield of PSII photochemistry, and an electron transport rate (ETR) can be calculated from DF/Fm' and PAR.

