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More Bits and Pieces
Summary
An arsenic resistant nitrogen fixing photosynthetic bacterium found to live
inside Wolffia aarhiza plants has been cultured and identified as a
Rhodopseudomonad species, most likely a strain of Rhodobacter capsulatus.
It has BChl a as its primary photosynthetic pigment and has spectral
properties typical of a Rhodopseudomonad. Blue-diode-based PAM (Pulse
Amplitude Modulation) technology can be used to measure the photosynthetic
electron transport rate (ETR) of the organism. The absorptance of the
Rhodobacter films on glass fibre discs was measured and used to calculate
actual ETR as mol e- g-1 BChl a s-1. ETR vs. Irradiance (E) curves fitted the
waiting-in-line model (ETR = (ETRmax×E/Eopt) × exp (1-E/Eopt)). Yield (Y) was
only ≈ 0.3 to 0.4. Rhodobacter saturates at about 250 to 350 µmol photons m2 s-1 or ≈ 15% sunlight and shows photoinhibition at high irradiances (overall
Eopt was 298 ± 7.36 μmol quanta m-2 s-1; ETRmax = 642 ± 10.6 μmol e- g-1
BChl a s-1; Alpha (α) = 6.05 ± 0.200 e- photon-1 m2 g-1 BChl a).
Photosynthetic performance was much worse in Low-P medium (n = 108,
overall Eopt 158± 15.4 μmol quanta m-2 s-1; ETRmax = 194 ± 13.5 μmol e- g-1
BChl a s-1; α = 3.30 ± 0.400 e- photon-1 m2 g-1 BChl a). Rhodobacter is
resistant to As (V) toxicity up to at least 1 mol m-3 in high and low P medium.
The Ki for As(III) in High and Low-P are not significantly different: overall mean
was 497 ± 100 mmol m-3 but there is a threshold effect below about 200 mmol
m-3 As(III). Fe(II) and As(III) did not appear to act as electron sources but
thiosulphate did act as an electron source for photosynthesis. Al(OH)3 and
Hg2+ are common aquaporin channel blocking agents but neither acted as
protectants against As(III) toxicity.
Keywords:
Photosynthetic
bacteria,
Rhodobacter,
anoxygenic
photosynthesis, integrating sphere spectrophotometry, PAM fluorometry.
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Fig. 1 Wolffia is a genus of very simple flowering
plants (Angiosperms). They are the smallest known
flowering plants. The very simple anatomy of Wolffia
helps in the analysis and interpretation of arsenic uptake
studies. No roots, stems or leaves or xylem and phloem.
The very small size is also an advantage in the laboratory.
Wolffia is somewhat resistant to arsenic but is more
resistant to Arsenate (AsV) than to Arsenite (AsIII) (ref.
4). Wolffia cells are able to interconvert As(III) and
As(V) but cannot convert it into volatile methyl arsines.
Arsenic accumulation in Wolffia is important in Thailand
because it is used as a vegetable (“Khai-nam" ).
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Fig. 2 Like the water fern Azolla, Wolffia has
endosymbiotic bacteria capable of N-fixation. Wolffia
has
an
endosymbiotic
N-fixing
anoxygenic
photosynthetic bacterium , Rhodobacter capsulatus. It
is easily grown in culture in PM medium using acetate
as a carbon source using standard methods for
photosynthetic bacteria (refs 1,2,3) and its
photosynthesis can be easily measured using a Bluediode PAM on cells filtered onto glass fibre disks (ref
1,2,3). The maximum Yield (Y) of PS bacteria is
usually ≈ 0.4. Rapid light curves can be easily fitted to
a Waiting-in-Line curve. Photosynthetic electron
transport (ETR) curves were fitted to the Waiting-inLine Equation (ETRmax = 469 ± 30.1 µmol e- g-1 BChl a
s-1; Eopt = 263 ± 24.8 µmol quanta m-2 s-1; Alpha (α) =
4.843 ± 0.553 e- photon-1 m2 g-1 BChl a, n = 72, r =
7
0.8345, p << 0.001).
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Fig. 3 Photosynthetic electron transport rate of
Rhodobacter incubated in PM medium (control) and
supplied with 200 mmol m-3 Hg2+ as a potential
channel blocking agent compared to cells exposed to
arsenite (As(III). Hg2+ had no effect on ETR compared
to the control. 1.0 mol m-3 As (III) was inhibitory by
about 50% on ETRmax but did not appear to have much
effect on the optimum irradiance (Eopt) about 200 µmol
photon m-2 s-1. Hg2+ had no protective effect against
As(III) toxicity. Similar experiments using Al(OH)3 as
a potential channel blocker also showed no effective
channel blocking behaviour to prevent As(III) toxicity.8
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Fig. 4 The toxicity of As(III) and As(V) are quite
different after 3h exposure to arsenic. As(III) is
obviously toxic and shows approximately MichaelisMenten kinetics (Ki ≈ 0.5 mmol m-3) but with a
threshold effect and is unaffected by [Phosphate].
Rhodobacter is highly resistant to As(V) and shows
no toxicity in cells grown in PM medium which
contains very high Pi (≈ 10 mmol m-3 P); in low P
(0.1 mmol m-3) there is significant stimulation of
photosynthesis.
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Since we are going to put the legends 1,2,3 & 4 in a column
put them all in one box. This eliminates alignment problems.
Fig. 1 Wolffia is a genus of very simple flowering plants (Angiosperms). They are the smallest
known flowering plants. The very simple anatomy of Wolffia helps in the analysis and interpretation
of arsenic uptake studies. No roots, stems or leaves or xylem and phloem. The very small size is
also an advantage in the laboratory.
Wolffia is somewhat resistant to arsenic but is more resistant to Arsenate (AsV) than to Arsenite
(AsIII) (ref. 4). Wolffia cells are able to interconvert As(III) and As(V) but cannot convert it into
volatile methyl arsines.
Arsenic accumulation in Wolffia is important in Thailand because it is used as a vegetable (“Khainam" ).
Fig. 2 Like the water fern Azolla, Wolffia has endosymbiotic bacteria capable of N-fixation. Wolffia
has an endosymbiotic N-fixing anoxygenic photosynthetic bacterium , Rhodobacter capsulatus. It
is easily grown in culture in PM medium using acetate as a carbon source using standard methods
for photosynthetic bacteria (refs 1,2,3) and its photosynthesis can be easily measured using a Bluediode PAM on cells filtered onto glass fibre disks (ref 1,2,3). The maximum Yield (Y) of PS
bacteria is usually ≈ 0.4. Rapid light curves can be easily fitted to a Waiting-in-Line curve.
Photosynthetic electron transport (ETR) curves were fitted to the Waiting-in-Line Equation (ETRmax
= 469 ± 30.1 µmol e- g-1 BChl a s-1; Eopt = 263 ± 24.8 µmol quanta m-2 s-1; Alpha (α) = 4.843 ±
0.553 e- photon-1 m2 g-1 BChl a, n = 72, r = 0.8345, p << 0.001).
Fig. 3 Photosynthetic electron transport rate of Rhodobacter incubated in PM medium (control) and
supplied with 200 mmol m-3 Hg2+ as a potential channel blocking agent compared to cells exposed
to arsenite (As(III). Hg2+ had no effect on ETR compared to the control. 1.0 mol m-3 As (III) was
inhibitory by about 50% on ETRmax but did not appear to have much effect on the optimum
irradiance (Eopt) about 200 µmol photon m-2 s-1. Hg2+ had no protective effect against As(III)
toxicity. Similar experiments using Al(OH)3 as a potential channel blocker also showed no effective
channel blocking behaviour to prevent As(III) toxicity.
Fig. 4 The toxicity of As(III) and As(V) are quite different after 3h exposure to arsenic. As(III) is
obviously toxic and shows approximately Michaelis-Menten kinetics (Ki ≈ 0.5 mmol m-3) but with a
threshold effect and is unaffected by [Phosphate]. Rhodobacter is highly resistant to As(V) and
shows no toxicity in cells grown in PM medium which contains very high Pi (≈ 10 mmol m-3 P); in
low P (0.1 mmol m-3) there is significant stimulation of photosynthesis.
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Fig. 5 Photosynthetic electron transport rate of
Rhodobacter incubated in electron source-free PM
medium (control) and supplied with Na2S or thiosulphate
H2S marginally increased the
(300 mmol m-3).
photosynthetic ETR and so was being used as an electron
source for photosynthesis. Thiosulphate stimulated ETR
by more than 50% and so was being used as an electron
source. Similar experiments using Fe(II) as a potential esource showed that Rhodobacter could not use Fe(II) as
an electron source unlike most PS Bacteria (Refs 1,2,3)
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Fig. 6 Photosynthetic electron transport rate of
Rhodobacter incubated in electron source-free PM
medium (control) and supplied with 0.2 mol m-3 As(III)
and 1 mol m-3 As(III). As(III) did not increase the
photosynthetic ETR and so As(III) could not be used as
an electron source for photosynthesis (cf. Ref 5)
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Footnotes

Conclusions
• Arsenite (As(III)) is toxic but Arsenate (As(V))
has no short-term inhibitory effects. Response to
As(V) is different under high P compared to low-P
conditions.
• Al(OH)3 and Hg2+ are common aquaporin
channel blocking agents but neither acted as
protectants against As(III) toxicity.
• As(III) does not act as an electron source for
photosynthesis in Rhodobacter.
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An arsenic resistant nitrogen fixing photosynthetic bacterium found to live inside Wolffia aarhiza plants has been cultured and identified
as a Rhodopseudomonad species, most likely a strain of Rhodobacter capsulatus. It has BChl a as its primary photosynthetic pigment
and has spectral properties typical of a Rhodopseudomonad. Blue-diode-based PAM (Pulse Amplitude Modulation) technology can be
used to measure the photosynthetic electron transport rate (ETR) of the organism. The absorptance of the Rhodobacter films on glass
fibre discs was measured and used to calculate actual ETR as mol e- g-1 BChl a s-1. ETR vs. Irradiance (E) curves fitted the waiting-inline model (ETR = (ETRmax×E/Eopt) × exp (1-E/Eopt)). Yield (Y) was only ≈ 0.3 to 0.4. Rhodobacter saturates at about 250 to 350 µmol
photons m-2 s-1 or ≈ 15% sunlight and shows photoinhibition at high irradiances (overall Eopt was 298 ± 7.36 μmol quanta m-2 s-1; ETRmax
= 642 ± 10.6 μmol e- g-1 BChl a s-1; Alpha (α) = 6.05 ± 0.200 e- photon-1 m2 g-1 BChl a). Photosynthetic performance was much worse
in Low-P medium (n = 108, overall Eopt 158± 15.4 μmol quanta m-2 s-1; ETRmax = 194 ± 13.5 μmol e- g-1 BChl a s-1; α = 3.30 ± 0.400 ephoton-1 m2 g-1 BChl a). Rhodobacter is resistant to As (V) toxicity up to at least 1 mol m-3 in high and low P medium. The Ki for As(III) in
High and Low-P are not significantly different: overall mean was 497 ± 100 mmol m-3 but there is a threshold effect below about 200
mmol m-3 As(III). Fe(II) and As(III) did not appear to act as electron sources but thiosulphate did act as an electron source for
photosynthesis. Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III)
toxicity.
Keywords: Photosynthetic bacteria, Rhodobacter, anoxygenic photosynthesis, integrating sphere spectrophotometry, PAM fluorometry.
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Summary

An arsenic resistant nitrogen fixing photosynthetic bacterium found to live inside Wolffia aarhiza plants has been cultured and identified
as a Rhodopseudomonad species, most likely a strain of Rhodobacter capsulatus. It has BChl a as its primary photosynthetic pigment
and has spectral properties typical of a Rhodopseudomonad. Blue-diode-based PAM (Pulse Amplitude Modulation) technology can be
used to measure the photosynthetic electron transport rate (ETR) of the organism. The absorptance of the Rhodobacter films on glass
fibre discs was measured and used to calculate actual ETR as mol e- g-1 BChl a s-1. ETR vs. Irradiance (E) curves fitted the waiting-inline model (ETR = (ETRmax×E/Eopt) × exp (1-E/Eopt)). Yield (Y) was only ≈ 0.3 to 0.4. Rhodobacter saturates at about 250 to 350 µmol
photons m-2 s-1 or ≈ 15% sunlight and shows photoinhibition at high irradiances (overall Eopt was 298 ± 7.36 μmol quanta m-2 s-1; ETRmax
= 642 ± 10.6 μmol e- g-1 BChl a s-1; Alpha (α) = 6.05 ± 0.200 e- photon-1 m2 g-1 BChl a). Photosynthetic performance was much worse
in Low-P medium (n = 108, overall Eopt 158± 15.4 μmol quanta m-2 s-1; ETRmax = 194 ± 13.5 μmol e- g-1 BChl a s-1; α = 3.30 ± 0.400 ephoton-1 m2 g-1 BChl a). Rhodobacter is resistant to As (V) toxicity up to at least 1 mol m-3 in high and low P medium. The Ki for As(III) in
High and Low-P are not significantly different: overall mean was 497 ± 100 mmol m-3 but there is a threshold effect below about 200
mmol m-3 As(III). Fe(II) and As(III) did not appear to act as electron sources but thiosulphate did act as an electron source for
photosynthesis. Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III)
toxicity.
Keywords: Photosynthetic bacteria, Rhodobacter, anoxygenic photosynthesis, integrating sphere spectrophotometry, PAM fluorometry.
Wolffia arrhiza

This mm ruler gives you some idea of its size.

Put in first row.
They are difficult to align properly.
Use the left align tool.

You can do experiments on a real flowering plant on a
very small scale, even in a single Eppendorf Tube (1.4
ml).
Generation time ≈ 2-5 days.

Flower
Stamen
& Anthers

Daughter
frond
~ 1 mm

Frond

Bad news:
Despite what you would think
Wolffia is not easy to grow!

Adaxial
Surface
with
Stoma

Daughter
frond

Developing Seeds

Wettable Abaxial Surface

Photosynthesis in Rhodobacter

1

1000

Yield

0.9

900

Yield Fit

0.8

800

Yield (Y)

700

ETR Fit

0.6

600

0.5

500

0.4

400

0.3

300

0.2

200

0.1

100

0
0

100

200

300

400

500

600

700

800

900

ETR (μmol g-1 BChl a s-1)

ETR

0.7

0
1000

Irradiance (μmol quanta m -2 s-1)

1000

Rhodobacter - Arsenite
Mercury as Channel Blocker?

Control - no Arsenite

Control Fit
0.2 mM Mercury data
0.2 mM Mercury Fit

1 mM Arsenite data
1 mM Arsenite Fit
0.2 mM Hg + 1 mM Arsenite
Hg + Asenite Fit

600

400

200

0

0

100

200

300

400

500

600

PPFD Irradiance (µmol photon m -2 s-1)
400

1000

Rhodobacter - Low Phosphate Medium
Arsenate and Arsenite

Rhodobacter- Arsenite and Arsenate in PM medium

900

350

ETR (µmol e- g-1 BChl a s-1)

800

ETR (µmol e- g-1 BChl a s-1)

ETR (µmol g-1 BChla s-1)

800

700
Arsenite (AsIII)

600

MM Inhibition Curve Fit

500

Arsenate (AsV)

400
300

300
250

y = 0.389x + 583.5
R² = 0.896
r = 0.9466

200
150

Arsenite (AsIII)
100

Arsenate (AsV)

200

MM Curve + C Fit

50

100

0

0
0

200

400

600

Arsenic (mmol m-3)

800

1000

0

200

400

600

Arsenic (mmol m-3)

800

1000

Arsenic toxicity in a Photosynthetic Bacterial Symbiont of Wolffia
aarhiza.
Raymond J. RITCHIE1 and Siriporn NAKPHET1
1
Technology and Environment, Prince of Songkla University-Phuket, Kathu, 83120,
Thailand,
Corresponding author: Raymond J. RITCHIE, E-mail:
raymond.ritchie@uni.sydney.edu.au, raymond.r@phuket.psu.ac.th

Summary

An arsenic resistant nitrogen fixing photosynthetic bacterium found to live inside Wolffia aarhiza plants has been cultured and identified
as a Rhodopseudomonad species, most likely a strain of Rhodobacter capsulatus. It has BChl a as its primary photosynthetic pigment
and has spectral properties typical of a Rhodopseudomonad. Blue-diode-based PAM (Pulse Amplitude Modulation) technology can be
used to measure the photosynthetic electron transport rate (ETR) of the organism. The absorptance of the Rhodobacter films on glass
fibre discs was measured and used to calculate actual ETR as mol e- g-1 BChl a s-1. ETR vs. Irradiance (E) curves fitted the waiting-inline model (ETR = (ETRmax×E/Eopt) × exp (1-E/Eopt)). Yield (Y) was only ≈ 0.3 to 0.4. Rhodobacter saturates at about 250 to 350 µmol
photons m-2 s-1 or ≈ 15% sunlight and shows photoinhibition at high irradiances (overall Eopt was 298 ± 7.36 μmol quanta m-2 s-1; ETRmax
= 642 ± 10.6 μmol e- g-1 BChl a s-1; Alpha (α) = 6.05 ± 0.200 e- photon-1 m2 g-1 BChl a). Photosynthetic performance was much worse
in Low-P medium (n = 108, overall Eopt 158± 15.4 μmol quanta m-2 s-1; ETRmax = 194 ± 13.5 μmol e- g-1 BChl a s-1; α = 3.30 ± 0.400 ephoton-1 m2 g-1 BChl a). Rhodobacter is resistant to As (V) toxicity up to at least 1 mol m-3 in high and low P medium. The Ki for As(III) in
High and Low-P are not significantly different: overall mean was 497 ± 100 mmol m-3 but there is a threshold effect below about 200
mmol m-3 As(III). Fe(II) and As(III) did not appear to act as electron sources but thiosulphate did act as an electron source for
photosynthesis. Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III)
toxicity.
Keywords: Photosynthetic bacteria, Rhodobacter, anoxygenic photosynthesis, integrating sphere spectrophotometry, PAM fluorometry.
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Summary
An arsenic resistant nitrogen fixing photosynthetic bacterium found to live inside Wolffia aarhiza plants has been cultured and identified as a
Rhodopseudomonad species, most likely a strain of Rhodobacter capsulatus. It has BChl a as its primary photosynthetic pigment and has spectral
properties typical of a Rhodopseudomonad. Blue-diode-based PAM (Pulse Amplitude Modulation) technology can be used to measure the
photosynthetic electron transport rate (ETR) of the organism. The absorptance of the Rhodobacter films on glass fibre discs was measured and used
to calculate actual ETR as mol e- g-1 BChl a s-1. ETR vs. Irradiance (E) curves fitted the waiting-in-line model (ETR = (ETRmax×E/Eopt) × exp (1-E/Eopt)).
Yield (Y) was only ≈ 0.3 to 0.4. Rhodobacter saturates at about 250 to 350 µmol photons m-2 s-1 or ≈ 15% sunlight and shows photoinhibition at high
irradiances (overall Eopt was 298 ± 7.36 μmol quanta m-2 s-1; ETRmax = 642 ± 10.6 μmol e- g-1 BChl a s-1; Alpha (α) = 6.05 ± 0.200 e- photon-1 m2 g-1
BChl a). Photosynthetic performance was much worse in Low-P medium (n = 108, overall Eopt 158± 15.4 μmol quanta m-2 s-1; ETRmax = 194 ± 13.5
μmol e- g-1 BChl a s-1; α = 3.30 ± 0.400 e- photon-1 m2 g-1 BChl a). Rhodobacter is resistant to As (V) toxicity up to at least 1 mol m-3 in high and low P
medium. The Ki for As(III) in High and Low-P are not significantly different: overall mean was 497 ± 100 mmol m-3 but there is a threshold effect below
about 200 mmol m-3 As(III). Fe(II) and As(III) did not appear to act as electron sources but thiosulphate did act as an electron source for
photosynthesis. Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III) toxicity.
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Fig. 2 Like the water fern Azolla, Wolffia has endosymbiotic
bacteria capable of N-fixation. Wolffia has an endosymbiotic
N-fixing anoxygenic photosynthetic bacterium , Rhodobacter
capsulatus. It is easily grown in culture in PM medium using
acetate as a carbon source using standard methods for
photosynthetic bacteria (refs 1,2,3) and its photosynthesis can
be easily measured using a Blue-diode PAM on cells filtered
onto glass fibre disks (ref 1,2,3). The maximum Yield (Y) of
PS bacteria is usually ≈ 0.4. Rapid light curves can be easily
fitted to a Waiting-in-Line curve. Photosynthetic electron
transport (ETR) curves were fitted to the Waiting-in-Line
Equation (ETRmax = 469 ± 30.1 µmol e- g-1 BChl a s-1; Eopt =
263 ± 24.8 µmol quanta m-2 s-1; Alpha (α) = 4.843 ± 0.553
e- photon-1 m2 g-1 BChl a, n = 72, r = 0.8345, p << 0.001).
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Fig. 3 Photosynthetic electron transport rate of Rhodobacter
incubated in PM medium (control) and supplied with 200
mmol m-3 Hg2+ as a potential channel blocking agent
compared to cells exposed to arsenite (As(III). Hg2+ had no
effect on ETR compared to the control. 1.0 mol m-3 As (III)
was inhibitory by about 50% on ETRmax but did not appear to
have much effect on the optimum irradiance (Eopt) about 200
µmol photon m-2 s-1. Hg2+ had no protective effect against
As(III) toxicity. Similar experiments using Al(OH)3 as a
potential channel blocker also showed no effective channel
blocking behaviour to prevent As(III) toxicity.
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Fig. 4 The toxicity of As(III) and As(V) are quite different
after 3h exposure to arsenic. As(III) is obviously toxic and
shows approximately Michaelis-Menten kinetics (Ki ≈ 0.5
mmol m-3) but with a threshold effect and is unaffected by
[Phosphate]. Rhodobacter is highly resistant to As(V) and
shows no toxicity in cells grown in PM medium which
contains very high Pi (≈ 10 mmol m-3 P); in low P (0.1 mmol
m-3) there is significant stimulation of photosynthesis.
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Fig. 1 Wolffia is a genus of very simple flowering plants
(Angiosperms). They are the smallest known flowering
plants. The very simple anatomy of Wolffia helps in the
analysis and interpretation of arsenic uptake studies. No roots,
stems or leaves or xylem and phloem. The very small size is
also an advantage in the laboratory.
Wolffia is somewhat resistant to arsenic but is more resistant
to Arsenate (AsV) than to Arsenite (AsIII) (ref. 4). Wolffia
cells are able to interconvert As(III) and As(V) but cannot
convert it into volatile methyl arsines.
Arsenic accumulation in Wolffia is important in Thailand
because it is used as a vegetable (“Khai-nam" ).
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Summary
An arsenic resistant nitrogen fixing photosynthetic bacterium found to live inside Wolffia aarhiza plants has been cultured and identified as a
Rhodopseudomonad species, most likely a strain of Rhodobacter capsulatus. It has BChl a as its primary photosynthetic pigment and has spectral
properties typical of a Rhodopseudomonad. Blue-diode-based PAM (Pulse Amplitude Modulation) technology can be used to measure the
photosynthetic electron transport rate (ETR) of the organism. The absorptance of the Rhodobacter films on glass fibre discs was measured and used
to calculate actual ETR as mol e- g-1 BChl a s-1. ETR vs. Irradiance (E) curves fitted the waiting-in-line model (ETR = (ETRmax×E/Eopt) × exp (1-E/Eopt)).
Yield (Y) was only ≈ 0.3 to 0.4. Rhodobacter saturates at about 250 to 350 µmol photons m-2 s-1 or ≈ 15% sunlight and shows photoinhibition at high
irradiances (overall Eopt was 298 ± 7.36 μmol quanta m-2 s-1; ETRmax = 642 ± 10.6 μmol e- g-1 BChl a s-1; Alpha (α) = 6.05 ± 0.200 e- photon-1 m2 g-1
BChl a). Photosynthetic performance was much worse in Low-P medium (n = 108, overall Eopt 158± 15.4 μmol quanta m-2 s-1; ETRmax = 194 ± 13.5
μmol e- g-1 BChl a s-1; α = 3.30 ± 0.400 e- photon-1 m2 g-1 BChl a). Rhodobacter is resistant to As (V) toxicity up to at least 1 mol m-3 in high and low P
medium. The Ki for As(III) in High and Low-P are not significantly different: overall mean was 497 ± 100 mmol m-3 but there is a threshold effect below
about 200 mmol m-3 As(III). Fe(II) and As(III) did not appear to act as electron sources but thiosulphate did act as an electron source for
photosynthesis. Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III) toxicity.
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Fig. 1 Wolffia is a genus of very simple flowering plants
(Angiosperms). They are the smallest known flowering
plants. The very simple anatomy of Wolffia helps in the
analysis and interpretation of arsenic uptake studies. No roots,
stems or leaves or xylem and phloem. The very small size is
also an advantage in the laboratory.
Wolffia is somewhat resistant to arsenic but is more resistant
to Arsenate (AsV) than to Arsenite (AsIII) (ref. 4). Wolffia
cells are able to interconvert As(III) and As(V) but cannot
convert it into volatile methyl arsines.
Arsenic accumulation in Wolffia is important in Thailand
because it is used as a vegetable (“Khai-nam" ).
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Fig. 2 Like the water fern Azolla, Wolffia has endosymbiotic
bacteria capable of N-fixation. Wolffia has an endosymbiotic
N-fixing anoxygenic photosynthetic bacterium , Rhodobacter
capsulatus. It is easily grown in culture in PM medium using
acetate as a carbon source using standard methods for
photosynthetic bacteria (refs 1,2,3) and its photosynthesis can
be easily measured using a Blue-diode PAM on cells filtered
onto glass fibre disks (ref 1,2,3). The maximum Yield (Y) of
PS bacteria is usually ≈ 0.4. Rapid light curves can be easily
fitted to a Waiting-in-Line curve. Photosynthetic electron
transport (ETR) curves were fitted to the Waiting-in-Line
Equation (ETRmax = 469 ± 30.1 µmol e- g-1 BChl a s-1; Eopt =
263 ± 24.8 µmol quanta m-2 s-1; Alpha (α) = 4.843 ± 0.553
e- photon-1 m2 g-1 BChl a, n = 72, r = 0.8345, p << 0.001).
Fig. 3 Photosynthetic electron transport rate of Rhodobacter
incubated in PM medium (control) and supplied with 200
mmol m-3 Hg2+ as a potential channel blocking agent
compared to cells exposed to arsenite (As(III). Hg2+ had no
effect on ETR compared to the control. 1.0 mol m-3 As (III)
was inhibitory by about 50% on ETRmax but did not appear to
have much effect on the optimum irradiance (Eopt) about 200
µmol photon m-2 s-1. Hg2+ had no protective effect against
As(III) toxicity. Similar experiments using Al(OH)3 as a
potential channel blocker also showed no effective channel
blocking behaviour to prevent As(III) toxicity.
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Fig. 4 The toxicity of As(III) and As(V) are quite different
after 3h exposure to arsenic. As(III) is obviously toxic and
shows approximately Michaelis-Menten kinetics (Ki ≈ 0.5
mmol m-3) but with a threshold effect and is unaffected by
[Phosphate]. Rhodobacter is highly resistant to As(V) and
shows no toxicity in cells grown in PM medium which
contains very high Pi (≈ 10 mmol m-3 P); in low P (0.1 mmol
m-3) there is significant stimulation of photosynthesis.
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Summary
An arsenic resistant nitrogen fixing photosynthetic bacterium found to live inside Wolffia aarhiza plants has been cultured and identified as a
Rhodopseudomonad species, most likely a strain of Rhodobacter capsulatus. It has BChl a as its primary photosynthetic pigment and has spectral
properties typical of a Rhodopseudomonad. Blue-diode-based PAM (Pulse Amplitude Modulation) technology can be used to measure the
photosynthetic electron transport rate (ETR) of the organism. The absorptance of the Rhodobacter films on glass fibre discs was measured and used
to calculate actual ETR as mol e- g-1 BChl a s-1. ETR vs. Irradiance (E) curves fitted the waiting-in-line model (ETR = (ETRmax×E/Eopt) × exp (1-E/Eopt)).
Yield (Y) was only ≈ 0.3 to 0.4. Rhodobacter saturates at about 250 to 350 µmol photons m-2 s-1 or ≈ 15% sunlight and shows photoinhibition at high
irradiances (overall Eopt was 298 ± 7.36 μmol quanta m-2 s-1; ETRmax = 642 ± 10.6 μmol e- g-1 BChl a s-1; Alpha (α) = 6.05 ± 0.200 e- photon-1 m2 g-1
BChl a). Photosynthetic performance was much worse in Low-P medium (n = 108, overall Eopt 158± 15.4 μmol quanta m-2 s-1; ETRmax = 194 ± 13.5
μmol e- g-1 BChl a s-1; α = 3.30 ± 0.400 e- photon-1 m2 g-1 BChl a). Rhodobacter is resistant to As (V) toxicity up to at least 1 mol m-3 in high and low P
medium. The Ki for As(III) in High and Low-P are not significantly different: overall mean was 497 ± 100 mmol m-3 but there is a threshold effect below
about 200 mmol m-3 As(III). Fe(II) and As(III) did not appear to act as electron sources but thiosulphate did act as an electron source for
photosynthesis. Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III) toxicity.
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Fig. 1 Wolffia is a genus of very simple flowering plants

You can do experiments on a real flowering plant on a
very small scale, even in a single Eppendorf Tube (1.4
ml).
Generation time ≈ 2-5 days.
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(Angiosperms). They are the smallest known flowering
plants. The very simple anatomy of Wolffia helps in the
analysis and interpretation of arsenic uptake studies. No roots,
stems or leaves or xylem and phloem. The very small size is
also an advantage in the laboratory.
Wolffia is somewhat resistant to arsenic but is more resistant
to Arsenate (AsV) than to Arsenite (AsIII) (ref. 4). Wolffia
cells are able to interconvert As(III) and As(V) but cannot
convert it into volatile methyl arsines.
Arsenic accumulation in Wolffia is important in Thailand
because it is used as a vegetable (“Khai-nam" ).

Daughter
frond
~ 1 mm

Frond
Adaxial
Surface
with
Stoma

Daughter
frond

Bad news:
Despite what you would think
Wolffia is not easy to grow!

Developing Seeds

Wettable Abaxial Surface

Photosynthesis in Rhodobacter

1

Yield

0.9

900

Yield Fit

0.8

Fig. 2 Like the water fern Azolla, Wolffia has endosymbiotic
bacteria capable of N-fixation. Wolffia has an endosymbiotic
N-fixing anoxygenic photosynthetic bacterium , Rhodobacter
capsulatus. It is easily grown in culture in PM medium using
acetate as a carbon source using standard methods for
photosynthetic bacteria (refs 1,2,3) and its photosynthesis can
be easily measured using a Blue-diode PAM on cells filtered
onto glass fibre disks (ref 1,2,3). The maximum Yield (Y) of
PS bacteria is usually ≈ 0.4. Rapid light curves can be easily
fitted to a Waiting-in-Line curve. Photosynthetic electron
transport (ETR) curves were fitted to the Waiting-in-Line
Equation (ETRmax = 469 ± 30.1 µmol e- g-1 BChl a s-1; Eopt =
263 ± 24.8 µmol quanta m-2 s-1; Alpha (α) = 4.843 ± 0.553
e- photon-1 m2 g-1 BChl a, n = 72, r = 0.8345, p << 0.001).
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Fig. 3 Photosynthetic electron transport rate of Rhodobacter
incubated in PM medium (control) and supplied with 200
mmol m-3 Hg2+ as a potential channel blocking agent
compared to cells exposed to arsenite (As(III). Hg2+ had no
effect on ETR compared to the control. 1.0 mol m-3 As (III)
was inhibitory by about 50% on ETRmax but did not appear to
have much effect on the optimum irradiance (Eopt) about 200
µmol photon m-2 s-1. Hg2+ had no protective effect against
As(III) toxicity. Similar experiments using Al(OH)3 as a
potential channel blocker also showed no effective channel
blocking behaviour to prevent As(III) toxicity.
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Fig. 4 The toxicity of As(III) and As(V) are quite different
after 3h exposure to arsenic. As(III) is obviously toxic and
shows approximately Michaelis-Menten kinetics (Ki ≈ 0.5
mmol m-3) but with a threshold effect and is unaffected by
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m-3) there is significant stimulation of photosynthesis.
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Conclusions
• Arsenite (As(III)) is toxic but Arsenate (As(V)) has no short-term inhibitory effects. Response to As(V) is different under high P compared to low-P conditions.
• Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III) toxicity.
• As(III) does not act as an electron source for photosynthesis in Rhodobacter.
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Summary

An arsenic resistant nitrogen fixing photosynthetic bacterium found to live inside Wolffia aarhiza plants has been cultured and identified
as a Rhodopseudomonad species, most likely a strain of Rhodobacter capsulatus. It has BChl a as its primary photosynthetic pigment
and has spectral properties typical of a Rhodopseudomonad. Blue-diode-based PAM (Pulse Amplitude Modulation) technology can be
used to measure the photosynthetic electron transport rate (ETR) of the organism. The absorptance of the Rhodobacter films on glass
fibre discs was measured and used to calculate actual ETR as mol e- g-1 BChl a s-1. ETR vs. Irradiance (E) curves fitted the waiting-inline model (ETR = (ETRmax×E/Eopt) × exp (1-E/Eopt)). Yield (Y) was only ≈ 0.3 to 0.4. Rhodobacter saturates at about 250 to 350 µmol
photons m-2 s-1 or ≈ 15% sunlight and shows photoinhibition at high irradiances (overall Eopt was 298 ± 7.36 μmol quanta m-2 s-1; ETRmax
= 642 ± 10.6 μmol e- g-1 BChl a s-1; Alpha (α) = 6.05 ± 0.200 e- photon-1 m2 g-1 BChl a). Photosynthetic performance was much worse
in Low-P medium (n = 108, overall Eopt 158± 15.4 μmol quanta m-2 s-1; ETRmax = 194 ± 13.5 μmol e- g-1 BChl a s-1; α = 3.30 ± 0.400 ephoton-1 m2 g-1 BChl a). Rhodobacter is resistant to As (V) toxicity up to at least 1 mol m-3 in high and low P medium. The Ki for As(III) in
High and Low-P are not significantly different: overall mean was 497 ± 100 mmol m-3 but there is a threshold effect below about 200
mmol m-3 As(III). Fe(II) and As(III) did not appear to act as electron sources but thiosulphate did act as an electron source for
photosynthesis. Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III)
toxicity.
Keywords: Photosynthetic bacteria, Rhodobacter, anoxygenic photosynthesis, integrating sphere spectrophotometry, PAM fluorometry.
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(Angiosperms). They are the smallest known flowering
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also an advantage in the laboratory.
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to Arsenate (AsV) than to Arsenite (AsIII) (ref. 4). Wolffia
cells are able to interconvert As(III) and As(V) but cannot
convert it into volatile methyl arsines.
Arsenic accumulation in Wolffia is important in Thailand
because it is used as a vegetable (“Khai-nam" ).

You can do experiments on a real flowering plant on a
very small scale, even in a single Eppendorf Tube (1.4
ml).
Generation time ≈ 2-5 days.

Flower
Stamen
& Anthers

Daughter
frond
~ 1 mm

Frond

Bad news:
Despite what you would think
Wolffia is not easy to grow!

Adaxial
Surface
with
Stoma

Daughter
frond

Wettable Abaxial Surface

Photosynthesis in Rhodobacter

900

Yield Fit

0.8

Fig. 2 Like the water fern Azolla, Wolffia has endosymbiotic
bacteria capable of N-fixation. Wolffia has an endosymbiotic
N-fixing anoxygenic photosynthetic bacterium , Rhodobacter
capsulatus. It is easily grown in culture in PM medium using
acetate as a carbon source using standard methods for
photosynthetic bacteria (refs 1,2,3) and its photosynthesis can
be easily measured using a Blue-diode PAM on cells filtered
onto glass fibre disks (ref 1,2,3). The maximum Yield (Y) of
PS bacteria is usually ≈ 0.4. Rapid light curves can be easily
fitted to a Waiting-in-Line curve. Photosynthetic electron
transport (ETR) curves were fitted to the Waiting-in-Line
Equation (ETRmax = 469 ± 30.1 µmol e- g-1 BChl a s-1; Eopt =
263 ± 24.8 µmol quanta m-2 s-1; Alpha (α) = 4.843 ± 0.553
e- photon-1 m2 g-1 BChl a, n = 72, r = 0.8345, p << 0.001).

1000

Yield

0.9

800

Yield (Y)

700

ETR Fit

0.6

600

0.5

500

0.4

400

0.3

300

0.2

200

0.1

100

0
0

100

200

300

400

500

600

700

800

900

ETR (μmol g-1 BChl a s-1)

ETR

0.7

0
1000

Irradiance (μmol quanta m -2 s-1)

1000

Rhodobacter - Arsenite
Mercury as Channel Blocker?

Control - no Arsenite

Fig. 3 Photosynthetic electron transport rate of Rhodobacter
incubated in PM medium (control) and supplied with 200
mmol m-3 Hg2+ as a potential channel blocking agent
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effect on ETR compared to the control. 1.0 mol m-3 As (III)
was inhibitory by about 50% on ETRmax but did not appear to
have much effect on the optimum irradiance (Eopt) about 200
µmol photon m-2 s-1. Hg2+ had no protective effect against
As(III) toxicity. Similar experiments using Al(OH)3 as a
potential channel blocker also showed no effective channel
blocking behaviour to prevent As(III) toxicity.
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Conclusions
• Arsenite (As(III)) is toxic but Arsenate (As(V)) has no short-term inhibitory effects. Response to As(V) is different under high P compared to low-P conditions.
• Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III) toxicity.
• As(III) does not act as an electron source for photosynthesis in Rhodobacter.
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Summary

An arsenic resistant nitrogen fixing photosynthetic bacterium found to live inside Wolffia aarhiza plants has been cultured and identified
as a Rhodopseudomonad species, most likely a strain of Rhodobacter capsulatus. It has BChl a as its primary photosynthetic pigment
and has spectral properties typical of a Rhodopseudomonad. Blue-diode-based PAM (Pulse Amplitude Modulation) technology can be
used to measure the photosynthetic electron transport rate (ETR) of the organism. The absorptance of the Rhodobacter films on glass
fibre discs was measured and used to calculate actual ETR as mol e- g-1 BChl a s-1. ETR vs. Irradiance (E) curves fitted the waiting-inline model (ETR = (ETRmax×E/Eopt) × exp (1-E/Eopt)). Yield (Y) was only ≈ 0.3 to 0.4. Rhodobacter saturates at about 250 to 350 µmol
photons m-2 s-1 or ≈ 15% sunlight and shows photoinhibition at high irradiances (overall Eopt was 298 ± 7.36 μmol quanta m-2 s-1; ETRmax
= 642 ± 10.6 μmol e- g-1 BChl a s-1; Alpha (α) = 6.05 ± 0.200 e- photon-1 m2 g-1 BChl a). Photosynthetic performance was much worse
in Low-P medium (n = 108, overall Eopt 158± 15.4 μmol quanta m-2 s-1; ETRmax = 194 ± 13.5 μmol e- g-1 BChl a s-1; α = 3.30 ± 0.400 ephoton-1 m2 g-1 BChl a). Rhodobacter is resistant to As (V) toxicity up to at least 1 mol m-3 in high and low P medium. The Ki for As(III) in
High and Low-P are not significantly different: overall mean was 497 ± 100 mmol m-3 but there is a threshold effect below about 200
mmol m-3 As(III). Fe(II) and As(III) did not appear to act as electron sources but thiosulphate did act as an electron source for
photosynthesis. Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III)
toxicity.
Keywords: Photosynthetic bacteria, Rhodobacter, anoxygenic photosynthesis, integrating sphere spectrophotometry, PAM fluorometry.
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Fig. 1 Wolffia is a genus of very simple flowering plants
(Angiosperms). They are the smallest known flowering
plants. The very simple anatomy of Wolffia helps in the
analysis and interpretation of arsenic uptake studies. No roots,
stems or leaves or xylem and phloem. The very small size is
also an advantage in the laboratory.
Wolffia is somewhat resistant to arsenic but is more resistant
to Arsenate (AsV) than to Arsenite (AsIII) (ref. 4). Wolffia
cells are able to interconvert As(III) and As(V) but cannot
convert it into volatile methyl arsines.
Arsenic accumulation in Wolffia is important in Thailand
because it is used as a vegetable (“Khai-nam" ).
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Fig. 2 Like the water fern Azolla, Wolffia has endosymbiotic
bacteria capable of N-fixation. Wolffia has an endosymbiotic
N-fixing anoxygenic photosynthetic bacterium , Rhodobacter
capsulatus. It is easily grown in culture in PM medium using
acetate as a carbon source using standard methods for
photosynthetic bacteria (refs 1,2,3) and its photosynthesis can
be easily measured using a Blue-diode PAM on cells filtered
onto glass fibre disks (ref 1,2,3). The maximum Yield (Y) of
PS bacteria is usually ≈ 0.4. Rapid light curves can be easily
fitted to a Waiting-in-Line curve. Photosynthetic electron
transport (ETR) curves were fitted to the Waiting-in-Line
Equation (ETRmax = 469 ± 30.1 µmol e- g-1 BChl a s-1; Eopt =
263 ± 24.8 µmol quanta m-2 s-1; Alpha (α) = 4.843 ± 0.553
e- photon-1 m2 g-1 BChl a, n = 72, r = 0.8345, p << 0.001).
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Fig. 3 Photosynthetic electron transport rate of Rhodobacter
incubated in PM medium (control) and supplied with 200
mmol m-3 Hg2+ as a potential channel blocking agent
compared to cells exposed to arsenite (As(III). Hg2+ had no
effect on ETR compared to the control. 1.0 mol m-3 As (III)
was inhibitory by about 50% on ETRmax but did not appear to
have much effect on the optimum irradiance (Eopt) about 200
µmol photon m-2 s-1. Hg2+ had no protective effect against
As(III) toxicity. Similar experiments using Al(OH)3 as a
potential channel blocker also showed no effective channel
blocking behaviour to prevent As(III) toxicity.
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Fig. 4 The toxicity of As(III) and As(V) are quite different
after 3h exposure to arsenic. As(III) is obviously toxic and
shows approximately Michaelis-Menten kinetics (Ki ≈ 0.5
mmol m-3) but with a threshold effect and is unaffected by
[Phosphate]. Rhodobacter is highly resistant to As(V) and
shows no toxicity in cells grown in PM medium which
contains very high Pi (≈ 10 mmol m-3 P); in low P (0.1 mmol
m-3) there is significant stimulation of photosynthesis.
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thiosulphate (300 mmol m-3). H2S marginally increased
the photosynthetic ETR and so was being used as an
electron source for photosynthesis.
Thiosulphate
stimulated ETR by more than 50% and so was being
used as an electron source. Similar experiments using
Fe(II) as a potential e- source showed that Rhodobacter
could not use Fe(II) as an electron source unlike most
PS Bacteria (Refs 1,2,3)
500

Control - no Arsenite

Rhodobacter - Arsenite e- source?

Control Fit
0.2 mM Arsenite data

ETR (µmol g-1 BChl a s-1)

Wolffia arrhiza

0.2 mM Arsenite Fit

400

1.0 mM Arsenite data
1.0 mM Arsenite Fit

300

200

100

0

0

100

200

300

400

PPFD Irradiance (µmol photon m-2 s-1)
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medium (control) and supplied with 0.2 mol m-3
As(III) and 1 mol m-3 As(III). As(III) did not
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Conclusions
• Arsenite (As(III)) is toxic but Arsenate (As(V)) has no short-term inhibitory effects. Response to As(V) is different under high P compared to low-P conditions.
• Al(OH)3 and Hg2+ are common aquaporin channel blocking agents but neither acted as protectants against As(III) toxicity.
• As(III) does not act as an electron source for photosynthesis in Rhodobacter.
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