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Introduction

The natural production of carbohydrates from inarg& G, with the
contribution of chlorophyll and sunlight is callptiotosynthesis. It can be done by
every living organism that contain chlorophyll dmelong to the autotrophic
organisms meaning those that produce their own im@dntrast to the heterotrophic
organisms that actually live on the carbohydrateslppced by the autotrophic
organisms.

Photosynthesis is the most primary way of absorbirgunlight energy in the
plants in the form of carbohydrates. These carbitgd are being used by the plants
to grow, to survive under stressful conditions, gaderally for their daily energy
needs until achieving the possibility to reprodwekich constitutes the core of their
survival as a species.

The mechanism of photosynthesis
In the process of photosynthesis the energy isexbed from sunlight energy
into chemical energy that is used for the formatboarbohydrates, as known by the
reaction:
6CO,+6H,0+light 260, + CgH 12,06

It is obvious that the synthesis of carbohydratesifCQ, and HO is basically an
redox reaction involving the reduction of @®or this sequence energy and a
provider of H and electrons are needed. The energy comes f@sutilight. H and
electrons are derived fromy@. Water in the presence of light and chloroplg/héen
split into H" and OH in Photosystem II. @and C that also are part of the synthesis
come from CQ. In the end the green pigment of chlorophyll igquely capable of
converting the active energy of light into a latartm that can be stored (sugar) and
used when needed. In Figure 1 we can see an exaiple proccess step by step .
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Figure 1. Photosynthesis is taken place on a leaf wherehloeaplasts trap the light energy from the lightileh
the absorbed water from the roots is carried tdehees by the xylem. The same time carbon diosiddbtained
from air that enters the leaves through the stomiatbdiffuses to the cells containing chlorophijihally CG;is
been used for the creation of sugars
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Photosynthesis as a sequence is done in the peesthght but it seems that
there are other reactions also taking place that deally need light. Those reactions,
which we are going to talk about below, are cafied-light reactions or “dark
reactions” and they don’t need light necessarytdinue. Before we analyse the dark
and light reactions lets first recall some shoirigh about light.

Thelight

It is known that the visible light, the light thae see, is just a small part of the
light that sun sends to earth. Light can be thoogim two different forms. The one is
the form of discrete “packages” that are calledtphs or quanta. In the other form
light is a wave with a given velocity and waveldnddunlight is mixture of (sun)rays
with different wavelengths, which for the visiblght, that matters in photosynthesis,
is between 390 to 760 nm. In Figure 2 we can sedlifferent wavelengths of light.
When light comes in contact with an object a péarit i3 been absorbed and part is
reflected. The wavelength of light that is reflectgves the impression of colour to
that object. Therefore, as an example, thingsrafbect the green sunrays appear as
green to us. If they absorb all sunrays, they apipleak or if they reflect all light they
appear as white and if they do not reflect or dbsioen they appear as transparent
(e.g. water).

blue-violet green red NS N
N
B 3
Electrons
Ultra - Violet Infra - Red
Figure 2 Wavelengths of light. Figure 3.The Atom

The ability of an object to absorb light dependshmnstructure of its
molecules and atoms. When a photon comes in contdctin atom of an object then
an electron of that atom is been charged by theggriaken from the photon and
reaches a higher energy stage. Afterwards, thedrelereturns to its normal stage. At
that moment it releases the energy taken from tloéom. This is either in the form of
either i) heat or, ii) light of longer wavelengftuprescence) or iii) a photochemical
reaction. In the photochemical reaction of phottisgsis of plants the pigment
chlorophyll is responsible for absorbtion of thghli.

The photochemical reaction (light energy turnsinto chemical)
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The light reactions occur in the thylakoid membrah#he chloroplasts. The
light reactions take place in two clusters of pigthgrotein complexes, known as
photosystems | and Il. Each photosystem possebf@®phyll and several accessory
pigments. These pigments help to make photosyrstinesie efficient by absorbing
different wavelengths of light.

CHLOROPLAST
- Thylakoid
-~ Stroma

Thyiakold W, T D

compartment . H,0

(high HY)
Thylakoid
membrane

Antenna

molecules S +
Stroma W =
(low H*) ELECTRON TRANSPORT ADP +(P). ATP

CHAIN f;w
PHOTOSYSTEM II| | PHOTOSYSTEM | ATP SYNTHASE

B o 'Weilay Longrman, Ine

Figure 4. The light dependent reaction. The transportatioeleftrons where ATP and NADPH is been created.

When a photon gets in contact with a molecule tdraiphyll then an electron
of chlorophyll is excited. The energy is transfdrfiem the antenna molecules to
special chlorophyll molecules where the photochaimeaction creates a chlorophyll
cation and free electron. The electron transpairchhakes it possible to use this
electron for the reduction of NADP to NADPH wittethelp of H taken from
splitting of HO.

When light hits photosystem II, electrons gain memergy and are carried via
a chain of electron-carrying proteins to photosysteWhen the light hits second
photosystem, the electrons are moved again to aaulel of energy-rich NADP. The
electrons needed to replace those removed fronogystem are provided by
photosystem Il. The Hproduced by the splitting of water, supplementéti w
additional ions from the surrounding stroma, creapeoton gradient which provides
enough energy to create several molecules of enagked ATP. Along with the
NADPH produced by the electron transport, the ATiPhe used immediately in the
biochemical reaction leading to the reduction of,@ carbohydrate (dark
reactions).
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The biochemical reaction (CO; into carbohydrate)

This light independent reaction occurs in the saahthe chloroplast. The
stroma is a thick, syrupy fluid surrounding thel#tkpid membranes. In this reaction
CO; is bound to a compound known as ribulose 1, ShaisphateWhenCO, enters
the cycle, as we can see in Figure 5, a serieep$ €atalyzed by enzymes takes
place. ATP provides the energy for these reactiwhde NADH is the reducing
agent, attaching hydrogen to form the final prodsistceraldehyde-3P. In this
process ADP and NADRare been formed. After 3 turns of this circle witdp from
18 ATP and 12 NADH the 3 molecules of £&e transformed into a 3 carbon
molecule Glyceraldehyde-3P. Two molecules of Gigltkehyde-3P can be converted
into glucose, a 6 carbon sugar and a moleculegvéht importance for life.

three molecules

COy 1C
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ribulose 1,
5-bisphosphate 5C 3-phosphoglycerate ac
3[aoe] C ATP|
K1 ATP
- three melecules ]
ribulose .
B yiicaphiste AL six molecules
1 1,3-diphosphoglycerate | 3C
®— Jioe
6[NADP |
\ five molaculas six molecules 6
glyceraldehyde ac lveeraldehyde
3-phosphate g:ﬂhmph;g G

thres molecules of

CO; fixed give a net
one molecule

yield of one molecule H—C=0
of glyceraldehyde | [
3-phosphate at a net ga_p"“hjm’ ‘L.,m' = |3¢| H—c—oH
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I
of ATP and six 'LJH;(.J@
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SUGARS, FATTY ACIDS, AMING ACIDS

Figure 5.Calvin’s Circle. Two of these “turns” as descritsabve are needed to create a molecule of sugar.
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The plant produces sugars and organic acids foaggoof energy. As
mentioned above first sun energy is turned intarabal energy (ATP and NADPH))
through the photochemical reactions and then the Aild NADPH are used to
reduce CQ@into sugars and other carbohydrates.

Root exudates

Carbohydrates are stored in several parts of &t picluding the root system
[8]. Up to 60% of the fixed carbon through photassis can be transferred from the
leaves to the roots. The root system can produdeedease different types of organic
compounds into the soil which include: exudategdss, organic acids, phenols, and
carboxylic acids), gases (ethylene and,};€ecretions (polymeric carbohydrates and
enzymes), and lysates (dead cell materials) [10].

Exudates in the form of sugars are connections &f @nd O. They are
categorized as monosaccharides, disaccharidesodyghpcharides depending on the
number of their monosaccharide on their moleculdzigjure 6 we can see common
monosaccharides like those roots are releasinggisubstrate.

CHO CH,OF
H—C—OH C=0 CHO CHO
HO—C—H HO—C—H H—C—OH H—G—OH
H—¢—OH H—#—OH HO—C—H H—¢—OH
H—C—OH H—C—OH H—C—OH H=C—CH
CH,OH CH,OH CH,OH CH,OH
Glucose Fructose Xylose Ribose

Figure 6.Chemical structure (fisher) of glucose, fructogdoge and ribose

Exudates as organic acids contain a carboxylicgr8ome contain two or
contain a ketonic group, the so called ketonicsadid principal all contain 2-6
molecules of carbon. It can be found at the cywmpland the vacuoles of the cells
and they have a great role in the metabolism d¢$ belcause they are precursors in
the creation of carbohydrates, fatty acids or anaicids. Organic acids are involved
in many processes operating in the rhizosphere [7].

OH
HO OH How\ﬂ/ OH

OH

Citric Acid alic acl Succinic acid

Figure 7.Chemical structure (chain) of some relevant organids.

The total of these release processes of the atd s called plant
rhizodeposition and its products are called rhipodds. But how are these
rhizodeposits used after release from the plant?
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Bacterial symbiosis with plants

Bacteria are microorganisms ubiquitous at everytabn earth, growing in
soil, wastes, seawater and deep in the Earth’s.cdrbsy are vitally needed in
recycling of nutrients and, in general, many imaottsteps in nutrient cycles depend
on bacteria. There are three types of Bacteriadbasehe kind of energy and the
source of carbon they use for growth: the Photdiiothat use sunlight as source of
energy, the Lithotrophic that use inorganic compisuand the Organotrophic that use
organic compounds, like carbohydrates. Organothcdmdicteria are capable of
feeding from glucose (the main type of sugar foumthe environment), fructose
(found in fruit), sucrose (found in sugar cane) aylose (found in wood and straw).
In other words with the same carbohydrates thattplexcrete from their root system
previously described as rhizodeposits. This ndiulads into mutually beneficial
interactions between plants and micro-organisme.dcteria can positively interact
with plant roots as example forming protective tia$ or by producing antibiotics as
biocontrols against potential plant pathogens. &the largest fractions of
rhizodeposits are small molecules they are effttyesynthesized by the plant and
efficiently metabolized by bacteria [10]. If bagteuse the rhizodeposits for energy
then what are the possibilities for us to use thetdria for the same reason?

The plant-MFC

In a previous study the plant-MFC, a system capabpgoducing green
electricity by nondestructive harvesting of thezdudeposits (mainly carbohydrates) of
the plant has been presented [10]. The systensexban the principle that the plant
rhizodeposits can be utilized as substrates bpdloteria to generate electricity in a
microbial fuel cell.

With the microbial fuel cell biodegradable substsatrom wastewater or
(energy) crops into electricity [2]. The electrootieally active microbes (bacteria) in
the MFC act as a kind of biocatalysts using a pfitte chemical energy of the
substrate for their own metabolism and simultankodelivering electrons to the
anode of the electrochemical fuel cell. The micrgamisms (bacteria) use the anode
electrode as the preferred final electrode accdyoause the difference in free
energy is larger than other available acceptork ascsulphate [3]. Figure 8 it is
presented a model of the plant-MFC.



Wageningen UR Greenhouse Horticulture 6/2/2009

L
2
o
X
=
<L
o

Figure 8. Model of a plant microbial fuel cell producing efiécity and driving a light source. Carbon dioxiide
fixed and released as rhizodeposits (e.g. rootars)l by the plants and are utilized by micro-oigas that
return the carbon dioxide into the atmosphere. Mloeo-organisms use the anode as electron accigtgaining
metabolic energy. These electrons flow due to titergial difference from the anode through an eleitcircuit
with a load or a resistor to the cathode. Hen@stetity is generated which can be used, for exangsiving a
light source. To remain electroneutrality, protans transported through the membrane into the dativere
oxygen is reduced with the protons and electrorisrta water.

The principals and aim of study

The Plant-MFC is based on two principle ideast the energy provided by
sun can be stored into the root system of the pldmbugh photosynthesis and second
that bacteria can convert the rhizodeposits fraamtgl into usable electrical energy
via the microbial fuel cell. To make the Plant-MB®@iable technique, the efficiency
of the processes needs to be optimised. In othdrest it has been found that
rhizodeposition can be stimulated by nutrient latidn, notably iron and phosphate.

The aim of this study is to investigate if limitati of iron and phosphate can
improve exudation and the maintain photosyntheiie of tomato and reed
mannagrass plants that are grown under anaeratticoaditions.
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Materials and Methods

Plant growth conditions and treatments

Eight plants of reed mannagrass (Glyceria maxamnal)four plants of
tomato (Lycopersicum esculentum) were allowed twgin a controlled environment
in specially constructed closed boxes made of plojjene.

The experiment started 1 month after the plantaftodeficiency on
phosphorus started 3 weeks after the start ofxperament in order to increase the
exudation rate as mentioned on literature [1, 4ABJtomato plants were had their
flowers removed to prevent fruit development togkdeeir energy for growth and
storage instead. The root system was grown anaailbbin the box; therefore special
seal material was placed on the surface of theti®srcurely separate the root system
from the atmospheric air.

Stonewool was used as substrate with rich givénemi solution that was
allowed to pass to the box through another contdfige9). The maximum volume of
the nutrient solution was 5 litres. The temperatuas between 18 and Z3during
day and 15 to °C during night. The pH was 6 to 6.5 and the retatiumidity 70-
75%.

Reed mannagrass was chosen because it is onefefitthecal species that
can efficiently grow in anaerobic riverbank seditsefhese anaerobic conditions are
necessary for a well-functioning anode compartnoéain MFC [10]. Tomato was
chosen because it is considered a plant that eesidagars and organic acids in high
amounts.

Root exudates collection

For the collection of the liquid sample were usgahgies of 10 ml attached to
needles of 12cm that could reach the lowest ledfelise box. The syringes were
attached to filters to make the samples ready taskd for subsequent HPLC
measurements. After collection the samples weredtat -18C in fridge. The frozen
conditions were applied to prevent bacterial agtifrom metabolizing the exudates
inside the vials. To determine possible effectbafterial metabolism (contamination
from root zone) on the amount of sugars and orgaciats after restoring the samples
from -18C, we investigated the effects of mixing our saraplith standard solutions
of glucose and citric acid of known concentrati¢gee APPENDIX).

As mentioned before, the root system of plantsiwasaerobic condition
therefore the sample was taken through speciadlygal sealing membranes on the
boxes as we can see in Figure 9.
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Figure 9.lllustration of exudates sample collectiothrough membrane.

Every week for the total of six weeks a collectadrexudates samples was
scheduled to be taken on the rhizosphere of theglahe three first collections were
before the phosphorus limitation and the otherelaféer the limitation.

Photosynthesis measurements

The photosynthesis measurements were carried matADC LCpro+
portable photosynthesis system. In the LCPro+ @gu is passing the leaf chamber
with a constant flow rate. The leaf alters the cosifon of the air by photosynthesis,
respiration and transpiration. An infrared gas yared measures the G@nd HO
concentration of the incoming air and in the outgagir. The photosynthesis and
transpiration are calculated and expressed in

For the measurements the attached chamber wasndedpre-set
illumination sequence was selected in the softwattached leaves of tomato plants
were measured at 20 cm and 70 cm from the basthandsults were calculated in
average for these two measurements.

b e ) Al N e J
Figure 10.Picture of ADC LCPro+ leaf chamber while measutemyes of tomato plant.
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*It has to be noted here that LCpro+ had techmeablems and although it
was planned a weekly measurement of photosynthegas limited only for begin
and end of the experiment.

Preparation of samples for HPLC analysis

Eight samples of reed mannagrass and four samptemato were prepared
for the HPLC analysis with the help of accuratesptip (1 ml).
Seven standards solutions were prepared for congptre exudates samples with the
known concentrations. The standard solutions wespgred based on reported
exudates in previous studies [1]. The.sugars weretose, glucose, ribose and
xylose and the organic acids: citric, succinic araic. A 1 ml sample was prepared
for each standard with known concentration of 50Mn{Q.05%).

Quantitative determination of sugars and organic acids

The quantification of the organic acids and sugas carried with a Shodex
RI-71 series high performance liquid chromatografiLC) system. Organic acids
were separated using a column suitable for orgaeict and sugars analysis. The
mobile phase was 1.25 mMEIO, at a flow rate of 0.4 ml/min. The wavelength of
UV detector was set at 512 nm. The temperaturkeoiater bath containing the
reaction coil was at 70 °C and the reaction time a@proximately 1 min.

The identification of exudates was made by comggttie retention time
(min) of the standard solutions and the retentime tof the exudates samples.

The determination of quantity was made comparieghight (Height mV)
and the area covered (area mV per*min) betweemxhdates samples and the
standard solutions as appeared after the deteétidhe start of the experiment all
standard solutions were tested in known conceatratior the calculation of sugars
and organic acids concentration. All standardsahedncentration of 0.05%.

Organic material oxidization (COD)

The determination of organic material was camigth the COD method
(chemical oxygen demand). Organic material is @adiby potassium dichromate in
acidic conditions and a catalyst (AdBy adding of HG' the catalyst is protected from
sedimentation with ClThe reduced quantity of chromate can be determined
photometric and is related to the COD of the sample

Totally 20 samples were prepared for COD calcutatiim was to detect the
alteration of organic material inside the boxes mghbe plants grow. Samples were
chosen from the second week, the fourth week amgikth week. Two samples were
collected from the nutrient solutions to be testedtandards (a complete nutrient
solution sample and a sample without phosphorus).

11



Wageningen UR Greenhouse Horticulture 6/2/2009

Results

Plant condition

On the second week of our experiment symptoms gdl@woloration on the
leaves was observed. After the third week burstindgpe epidermis was noticed.
Although the root system was examined at the erndeoéxperiment and its condition
seemed to be good, the tomato plants seemed tadiféigalties to adjust. At the
fourth week one of the plants suffered from dryreess started to lose color when
after the fifth week our tomato plants starteddwéhserious problems of anoxia and
growth stop. The symptoms are presented at the APPE (Figure 36).

Photosynthesis results

The photosynthesis and transpiration measurenséots a reduction from the
start of the experiment to the end of the 6 weelode

The first measurements taken on the leaves shavot@synthetic response
starting from 0 and gradually advances to 25 pnfé/iior all plants in average as we
can see below (Fig 11). The transpiration stacsf2 and reaches 4 umofisat the
maximum light intensity of 1000 pmol PAR?fs (Fig 12) again for all plants in
average.

55 —¢—Plant 1
50 4

45 - =l Plant 2
40 - Plant3
35 7 Plant4
30 - an

Photosynthesis {umol/m2/s)

0 T T T T T 1

200 400 600 800 1000 1200
Light intensity on leaves {umol PAR/m2/s)
Fig 11 Effects of light intensity to the photosynthesidahato leaves at the begin of experiment

o
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Fig 12 Effects of light intensity to the transpirationtomato leaves at the begin of experiment

The measurements taken the sixth week on the ledhs first and the
second plant show a photosynthetic response tatfisim O and gradually advances
to 17 and 20 umol/ffs as the light intensity reaches 1200 PAR (Fig I8)nato
plant 4 shows a maximum level of 10 pumdisrat 500 PAR and then a decrease
follows. Plant 3 was constantly at 3 pmdl/snn average until the end of the
measurements. The transpiration on plants 1 atar $rom 1 pmol/rfis and
reaches almost 2 in average for both plants. Blagain shows some transpiration at
a level of 1 umol/ris at all light intensities but plant 3 reacts vemsak to light at a
rate below 0,5 pmol/ffs. Plants 3 and 4 show very weak performance tin levels
at the sixth week. As mentioned above the photb&aid and transpiration levels
were lower than the first measurements

25
=—4—plant1
—_ — —l=plant 2
“ —1
o~ plant 3
E
o == plant 4
£
2
@ =
vl
(1]
=
]
c -
3
8 0 T T T T T 1
g 200 400 600 800 1000 1200
-5
Light intensity on leaves {umol PAR/m2/s)

Fig 13 Effects of light intensity to the photosynthesidahato leaves at the end of experiment
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Fig 14.Effects of light intensity to the transpirationtomato leaves at the end of experiment
Exudation results

The exudation results show no exudates on our lsangr the total period of
the experiment.

As explained in the Materials & methods the staddaiutions where
analyzed of known concentrations to compare thglitenV and Area mV*min with
our samples. After the analysis on the HPLC detgeteery standard sample revealed
a “peak” that could be identified at certain tirker the fructose the peak reached
26,211mVand covered an area of 33,98%8*min which equals to 0.05%
concentration. We can see all standard solutiondtsebelow (Table 1).

Standard solution Height (mV) Area (mV*mir§oncentration (%)Retention time(min)

Fructose 36,211 33,986 0.05 12.000
Glucose 36,062 32,331 0.05 11.300
Xylose 40,840 44,442 0.05 13.700
Ribose 36,897 43,567 0.05 13.500
Citric acid 20,789 30,390 0.05 9.150

Succinic acid 25,367 31,021 0.05 13.700
Malic acid 28,797 31,670 0.05 11.200

Table 1.Height mV and Area mV*min of standard solutionstwiihown concentration 0.05%.

In our samples collected at the first week thereew® peaks that could be
identificied as sugar or organic acid. There wer@@aks matching the retention time
of any of the used standards. This holds for the fieriod of the experiment. The
concentration of sugars or organic acids basetti@mitch of retention time between
standards and exudates samples was below ouridatkgtit. The analysis (graphic
form) directly from the HPLC of the exudates samp&ebeen shown on the
APPENDIX. We can see that there was no “peak” ifiedtin our samples that could
match any of the standards peak.

14
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Average Concentration(%) per plant
Citric  Succinic

Week Plant sample Fructose Glucose Xylose Riboseacid acid Malic acid

1 Tomato n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Reed Mannagrass n.d. n.d. n.d. n.d. n.d. n.d. n.d.

2 Tomato n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Reed Mannagrass n.d. n.d. n.d. n.d. n.d. n.d. n.d.

3 Tomato n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Reed Mannagrass n.d. n.d. n.d. n.d. n.d. n.d. n.d.

4 Tomato n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Reed Mannagrass n.d. n.d. n.d. n.d. n.d. n.d. n.d.

5 Tomato n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Reed Mannagrass n.d. n.d. n.d. n.d. n.d. n.d. n.d.

6 Tomato n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Reed Mannagrass n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Table 2.Alteration of Sugars and organic acid compositioragerage in tomato and reed mannagrass

per week. n.d.: not detectable.

Organic material results (COD)

The COD method showed that there was no increaheiarganic material that could

be oxidized in our exudate samples.

Obviously there was already organic material arhtrient solution which
revealed 189 mg/L in the standard solution andri§Q. for the -P solution.
Compared with the results of the exudates samptesan see that the amount of
organic material in the nutrient solutions was kiglTomato showed 176 mg/L the
second week in average, 145 mg/L the fourth wetsk #fe phosphorus deficiency
and 158 mg/L on the sixth week at the end of thpearment. Reed mannagrass
showed 156 mg/L the second week then a little lighk&ized material in the fourth
week’s samples after the deficiency and 143 mgthaiend of the experiment. All
samples were reduced in oxidized material compréige Nutrient solution and —P.

Average oxidized organic

Week Sample material(mg/L)
) Nutrient solution 189
Nut. Solution -P 190
2(before Tomato 176
deficiency) Reed mannagrass 156
4(after Tomato 145
deficiency) Reed mannagrass 162
6(after Tomato 158
deficiency) Reed mannagrass 143

Table 3Alteration of average oxidized organic materiabatween week two, four and six.

15
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Summary & Discussion

On photosynthesis

The aim was to determine and compare the photostjattate in leaves of
tomato plants that were grown under control andenitlimited conditions.

Our results show that the photosynthetic rating/el as the transpiration of
the leaves has decreased during the experimeoinipared to the first measurements.

We can see that in the first measurement of phatbsgis and transpiration
all plants are having the same response. In theleasurement we can see that plant
1 and 2 have similar response curve. At this pbimas to be mentioned that plant 3
had difficulties of surviving from the fifth weeknwards and therefore the
photosynthesis may have been affected by its dondiPlant 4 also had difficulty
gaining enough water and nutrients since the séocagtainer that was providing the
nutrient solution did not function well. That isgably why we can see a lower
photosynthetic activity and transpiration on plamt week 6. Besides the technical
problems in plant 3 and 4 we can see that all plantfer from low photosynthetic
response compared to the start of the experiment.

Although factors like chlorophyll concentration the leaves, age of the plant
or stomata state can affect the photosynthetic itdt®ks more reasonable to assume
that the concentration of the sugars in the leatffested the results (besides plant 4,
which was also suffering from low water supply qutaht 3 that was nearly dried out
at the time of the measurement). It is known tlgih lsoncentration of sugars in the
leaf can inhibit photosynthesis. All the flowerstbé plant were removed to minimise
loss of sugars to the fruit. The phenotype of tl@tindicates large amounts of sugar
in the leaves (see Fig.36). The fact that flowenaeal leads to an increase in leaf
sugar content indicates that these sugars areenpetficiently transferred to the
roots for exudation.

Another reason that could lead to the decreapbatbsynthesis is the
anaerobic condition in the root zone. Although aobhie conditions are necessary for
a well-functioning anode compartment of an MFCythee not a suitable
environment for the tomato plant. Maybe stressfafiditions lead to more exudation
but what if the stressfull state of the plant dtseers the photosynthesis of the plant
(and the fixed carbon)? In that situation the Pé&aidation could be less productive
in total.

On root exudation

In this study the aim was to determine the conegioim of sugars and organic
acids in our samples taken from tomato and reechagrass plants over the
experimental period of six weeks. As shown in thetisn Results, there is no
presence of detectable amounts of glucose, fruckgsese, ribose, citric acid, malic
acid or succinic acid in our samples. These exgdate the main exudates we could
expect [1].

Other peaks that were present in our samples emsmsethe HPLC results (see
APPENDIX), are not exudates and we cannot saytiiegthave any relation to the
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standard samples we used for identification of sigaorganic acids because they
are detected in different time. These peaks ifawk carefully are present also in the
nutrient solution that contain no rhizodeposits. Werefore conclude that these
compunds are not exudate material from the plant.

Based on the concentrations of the used standad®mclude that if any of
such exudates were present in our samples, thearitentration should be much
lower that 0.05%. In previous studies [1] the ressah exudates analysis were around
5.85 mg/L for Glucose, 10.53 mg/L for fructose &34 mg/L for citric acid which
shows the difference from our results. Another gxanfor succinic acid the mg/L per
tomato plant was 61.5mg/L . The volume of wateoun boxes was 5 L max. 60/5 is
equal to 12mg/L that could be our expected amdginte we used bigger plants of
total weight (215gr of dry weight in average) wellcbexpect values of 60-200 mg/L
per plant in case of anaerobic grown root systéhoagh younger plants are
exudating considerably higher amounts [6].

Another possible reason why we might not have deteany sugars or
organic acids could be the bacterial metabolisrth@lgh our related study (see
APPENDIX) showed only reduction of sugars in thalsit could also suggest that
bacteria reduce the amount of sugars in the substran amount of 0.5% per 3.45
hour. For citric acid we did not find a reduction.

On oxidized organic material

The results show that there was no increasingeobtganic material that
could be oxidized like sugars or organic acids ensamples.

In addition, the samples reveal that the nutrsahition lost organic material
in the process probably because the plant was tisengutrient solution’s
compounds. In exchange we would expect increadingganic material that can be
oxidized due to exudates increase but that wadjusin expectation.
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Conclusions

The tomato plants at the end of the experiment weffering from low
photosynthetic rate and low transpiration, mosbphdy due to accumulation of
sugars in the leaves. The plant probably sufferaa the anaerobic root environment
in combination with nutrient limitation. This migktress the plant for more exudation
but might be lowering its photosynthesis and itsegal condition as well.

As mentioned above, there were no detectable easig@esent on our
samples. In the case of sugars this absence megtdaused by microbial activity in
the sample between thawing and measurement. Siaexpected values, as for
example for succinic acid should be around 60-2Q(Lithere must be a factor that
is negatively affecting the rhizodeposition in @laints. This could suggest that there
are either internal factors that prevent the rhégpmsition or either external factors
that reduce the amount of exudates after rhizodeposnaybe while the sugars or
organic acids are accumulating in the substrate.
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APPENDICES

HPLC results of exudates and standard solutions

45.0 24-07-2008 + Stantarts #18 [modified by beurs002, 1 peak manually assigned] RI_SYS4
~ mV
] 1 - Fructose - 12.150
7 |
30.0-
] i
20.0- (‘
i 4
10.0— |
| 4
|
0.0
min
'10.0 T T ‘ T T ‘ T T ‘ T ‘ T T ‘ T T ‘ T T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 15Peak result of Fructosesample with 0.05% concentration analyzed on HPLC.
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45.0 24-07-2008 + Stantarts #16 [modified by beurs002] RI_SYS4
~ mV
] 1 - Glycose - 11.325
30.0
20.0
10.0
5 134.886.53
T I
0.0+
min
'100 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T ‘ T T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Fig. 16 Peak result of Glucose sample with 0.05% cogatration analyzed on HPLC.
40.0-05-08-2008 + STANDARDS 2 #1 [modified by wegh002] RI_SYS4
~ mV
7] 2 - Xylose - 12.076
30.0
20.0+
10.0
1 3B
0.0 TTTITTT T T T I
-10.0
| min
'200 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T ‘ T T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 17 Peak result of Xylose sample with 0.05% conetation analyzed on HPLC.
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05-08-2008 + STANDARDS 2 #2 [modified by wegh002] RI_SYS4

mV
b 5 - Ribose - 13.501

'20 0 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T rqln
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Fig. 18 Peak result of Ribose sample with 0.05% conueation analyzed on HPLC.
250 24-07-2008 + Stantarts #17 [modified by beurs002] RI_SYS4
~ mv
i 1 - citric acid - 9.183
20.0-
15.0- 1‘
10.0—4
7 |
| /
5.0
1 2 T@Wsz;rmazaaea,
i T T T
0.0
i min
'50 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 19 Peak result of Citric acid’'s sample with 0.0% concentration analyzed on HPLC.
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/
1-0.2522334237/

25 05-08-2008 + STANDARDS 2 #4 [modified by wegh002] Rl_SYS4
~ mV
4 5 - Succinic acid - 13.697
20.0—
] ‘.
|
|
10.0—

0.0+
-10.0
min
'150 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Fig. 20 Peak result of Succinic acid’s sample with @% concentration analyzed on HPLC.
30,0.05-08-2008 + STANDARDS 2 #3 [modified by wegh002] Rl _SYS4

mV
6 - Malic acid - 11.213

|

| |

| |
|

_7-21.286,5- 25,500

-15.01—

Tl T \ \ \ \ \
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0

Fig.21 Peak result of Malic acid’s sample with 0.05%oncentration analyzed on HPLC.
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19-06-2008 #2 nutrient sol RI_SYS4
60.0
mvVv
50.0—
40.0-
30.0
20.0—
10.0—
: 3-X1 coypggréto—%SABS
0.0- IR — e
| min
'100 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T ‘ T T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Fig. 22 Peak result of Nutrient solution sample anaked on HPLC.
19-06-2008 #4 nutrient sol -P RI_SYS4
45.0
mV
30.0-
20.0—
10.0
] 3 - X1 compount - 15.543
i N
\}L_Azzr;(égkg 4 07 2B OEBIERIIGS - 20.03ROAMATD 332650
] I
min
'50 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 23 Peak result of Nutrient solution without phophorus sample analyzed on HPLC.
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12-06-2008 #16 Tomato 100608 2 RI_SYS4
80.0
mV
62.5-|
50.0-|
37.5-
25.0-|
125
B 2 -15.504
7 1\ 3-18.636
1 L1 /y3.3\2\4‘//\44§<292(‘m‘ﬁmé}m92m1p2—m1}3 A6 459
| 1 i T 1T
] min
-10-0 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 24 Peak result of Tomato representative sampledm the first week analyzed on HPLC.

12-06-2008 #19 Glyceria 100608 1 Rl SYS4
120
mVv
100
80+
60—
40—
20
: 2 -15.564
0; \Mé\% 3-11‘8.584%" B 1ma3$02 ‘%qﬁ T
-20 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T min
0.0 50 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 25 Peak result of Reed mannagrass representatigample from the first week analyzed on

HPLC.
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19-06-2008 #5 Tomato 170608 1 Rl SYS4
250
mv
200
150+
100+
50+
0; 2: 31'4%\\@{1 \
| min
-50 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T
0.0 50 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 26 Peak result of Tomato representative sampledm the second week analyzed on HPLC.

19-06-2008 #10 Glyceria 170608 1 Rl _SYS4
mV

250

0 1- 13.37@5.39@1;{5;1&;21-52@-7‘}2
— [ I

ET AT T OO T T

-50 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T m in
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 27 Peak result of Reed mannagrass representatigample from the second week analyzed on
HPLC.

26



Wageningen UR Greenhouse Horticulture

03-07-2008 #2

tomato 240608 1 Rl _SYS4

mV

-10.0-—

3-15.704
501

T ‘ T
0.0 5.0

T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T
10.0 15.0 20.0 25.0 30.0 35.0

Fig. 28 Peak result of Tomato representative sampledm the third week analyzed on HPLC.

03-07-2008 #6 gliceria 240608 1 Rl SYS4
80.0
mvVv
70.0-
60.0-
50.0—
40.0—
30.0
20.0-
i o 15217()%7 782 63 591
] WL Ky sss2m
10-0 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T mln
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 29 Peak result of Reed mannagrass representatisample from the third week analyzed on

HPLC.

27

6/2/2009



Wageningen UR Greenhouse Horticulture

100708 #3

Tomato 1 010708

RI_SYS4

mV

-20

min

0.0

\
5.0

\
10.0

\
15.0

\
20.0

25.0

Fig. 30 Peak result of Tomato representative sampledm the fourth week analyzed on HPLC.

100708 #7 Glyceria 1 010708 RI_SYS4
180
mV
150
100
50
] 2 -15.657
n 1- %3}83\\ | 3- 17.5‘3%5‘7_ 19.674
-20 ‘ T ‘ T T ‘ T T ‘ T \min
0.0 5.0 10.0 15.0 20.0 25.0

Fig. 31 Peak result of Reed mannagrass representatigample from the fourth week analyzed on

HPLC.
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100708 #15

Tomato 1 030708

RI_SYS4

mV

N
o

2-15.620

3-18.678

1-13.351 N\ |
BN I

- =

min

\
0.0 5.0

\ \
10.0 15.0

25.0

Fig. 32 Peak result of Tomato representative sampledm the fifth week analyzed on HPLC.

100708 #19

Glyceria 1 030708

RI_SYS4

300 -y

15.605

1- JTsyez\

[3 -17.858
! I

min

\
0.0 5.0

\ \
10.0 15.0

\
20.0

25.0

Fig. 33 Peak result of Reed mannagrass representatigample from the fifth week analyzed on

HPLC.
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100708 #27 Tomato 1 080708 RI_SYS4
120
mVv
100+
80—
60—
40—
20+
o] L l-1‘3r2882-1‘5-5,59&1\8-]@719.741
| min
'20 ‘ T ‘ T T ‘ T T ‘ T T
0.0 5.0 10.0 15.0 20.0 25.0
Fig. 34 Peak result of Reed mannagrass representatigample from the sixth week analyzed on
HPLC.
100708 #31 Glyceria 1 080708 RI_SYS4
250
mv
200
150+
100+
50+
o | 1- @;9&\?‘15'5‘53 3-18.032
- I I
i min
'50 ‘ T ‘ T T ‘ T T ‘ T T
0.0 5.0 10.0 15.0 20.0 25.0

Fig. 35 Peak result of Reed mannagrass representatigample from the sixth week analyzed on

HPLC.
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Consequences of anaerobic root growth

After 3 weeks from the start of the experiment obsgons were made to the
plants that were suffering from anoxia and growtipsit seems more reasonable that
the symptoms as presented in Figure 36 are assdaiath severe auxin or cytokinin
overdosing as a result from the anaerobic root tir@amd the collection of high
concentrations of sugars inside the plant duedadimove of flowers.

Figure 36 Multiple pictures of subsequent observations whegping the tomato plants anaerobic in
the root environment and pinching all shoots andstes. From left to right we can see: 1.Dark leaves
and downward curving leaves. 2. Bursting of epider®. Starting adventitious roots on the lower
stem. 4. Shoots on the leaves. 5. 10-20 shooteeibpsly pinched shoots on the stem. 6. Adventiio
roots bursting through the epidermis higher onstieen, eventually up to the top.

Effect of bacterial metabolism during sample incubation

The objective of this investigation was to determmifrthere is organic acid or
sugars reduction caused by bacterial metabolissanmples after restoring them from
-18°C. Samples were collected from several plants af rmannagrass rhizosphere
and stored at -1% . Several days after , the samples were alldae8 hours to
restore their liquid form at room temperature. dmpare possible reduction of
exudates in our samples after the restoration iadditnutrient solution was prepared
in high concentration made with saccharose (5%)cétnd acid (5%) in 200ml water
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to mix with the samples we took form reed mannagragosphere . Finally thirteen
samples were prepared of 1 ml each , where twéltleean contained %2 prepared
nutrient solution and ¥z sample from reed mannagtasssphere with bacteria. One
standard sample was used with % prepared nutdutien and ¥2 water . Each
sample was tested on different time to determiea¢lduction of sugars or organic
acids over time.

Results

At the first sample that was analyzed 45 minutésr élhe standard solution a
reduction of 5.000 mg/L of saccharose was dete&athple 2 after 90 minutes had
also some sugar reduction showing 1.100 mg/L lems the standard. Sample 3 and
sample 6 had the most saccharose reduction. lageell samples had lost 5.000
mg/L. Citric acid had the same concentration leva&very sample until the end of the
experiment.

Table 4.Effects of reed mannagrass samples with kacia to the concentrations of organic acids
and sugars standard solution

Saccharose Citric acid
Sample T analysis(min) mg/L mg/L
Standard 0 50.000 50.000
1 45 45.400 50.000
2 90 48.900 50.000
3 135 41.100 50.000
4 180 45,100 50.000
5 225 47.500 50.000
6 270 38.700 50.000
7 315 45.000 50.000
8 360 45.100 50.000
9 405 45.000 50.000
10 450 45.000 50.000
11 495 44,800 50.000
12 540 45,100 50.000

As shown on Table 4 there is reduction of saccleairmghe amount of 5.000
mg/L in average which is very high for 1 ml samplés for the citric acid it is
mentioned in the literature [1] that specificallgcdberia that grow in tomato and
cucumber rhizosphere substrate grow better thaer bécteria randomly selected and
when the citrate is the main carbon and that catae@xwhy there was no reduction
noticed in the samples.

In the process of analyzing samples with the HPLlgthwd there is a period of
time before the actual analysis where bacteriadgree can affect the results by
metabolizing the substrate. The samples taken fhemeed mannagrass rhizosphere
contain bacteria that survive after -180C and thegome active again while the
samples stay in room temperature. The bactelitasaems consumed up to
5.000mg/L in 3 hours and 45 minutes (5mg/ml whigthie vials of HPLC analysis).

Citric acid identified as the peak at 10.200 miheT™ouble peak that follows
is saccharose which is recognized as glycose atbfe together as for itis a
disaccharite at 11.300min and 12.000min. We canteeseduction of Saccharose
(fructose with glucose) while citric acid remaihg tsame amount.
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1.400 25-07-2008 + STANTARTS #1 Sacch+citric & Water Rl _SYS4
' mvVv
] 2: 3,(\4 2tBEwse - 12.062
1,000 \ l[ x
f i
| |
I
750 | |
] ‘} |
] \' \
500 (
1 l
250
: 1-6.2
0 VN
min
'200 T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T
0. 0 50 10.0 15.0 20.0 25.0 30.0 35.0 40.0
Fig. 1. Saccharose mixed with citric acid and wateas a stantart analysed at 0 min
1.400 25-07-2008 + STANTARTS #2 Sacch+citric & Bacteria Rl _SYS4
' mvVv
] 2-.10.239
N 3 glucose - 11.310
= I 4 fructose - 11.983
1,000 } \
: ]
750 / | \
I
1 |
1 \
I
500 ||
, | ;
250 b
| 1-6.29
o Wi
min
'200 T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T
0. 0 50 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 2. Saccharose mixed with citric acid and sampkaken from Glyceria plant analysed at 45
min
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1.400 25-07-2008 + STANTARTS #3 Sacch+citric & Bacteria Rl _SYS4
' mvVv
1 23080838 se - 11.989
] ‘q
1,000 I
] B
| \\ | \‘
750 \ (J '
] I
J \(
500 w
250 U
| 1-6.28
0  /
1 min
'200 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T
0.0 50 10.0 15.0 20.0 25.0 40.0
Fig. 3. Saccharose mixed with citric acid and sampkaken from Glyceria plant analysed at 90
min.
1.400 25-07-2008 + STANTARTS #4 Sacch+citric & Bacteria Rl _SYS4
' mvVv
] 2-10.164
] 3 -glucose -11.314
1,000 r \ \k4 - fructose - 11.983
] [
1 R
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| | |
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Fig. 4. Saccharose mixed with citric acid and sampkaken from Glyceria plant analysed at 135

min.
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1.400 25-07-2008 + STANTARTS #5 Sacch+citric & Bacteria Rl _SYS4
' mV

2 - 36.3xBAOBEe - 12.038

g 1-6.28

-200 ] T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T min
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 5. Saccharose mixed with citric acid and sampkaken from Glyceria plant analysed at 180
min.

1.400 25-07-2008 + STANTARTS #6 Sacch+citric & Bacteria Rl _SYS4
' mvVv
] 4 -10.250
e 5 - glucose -11.321
1 \ 6 - fructose - 11.988
1,000 \ w
1 \
i \ i
i \
] \ ( !
750 | f \
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500~ I
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'200 T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T T
0.0 50 10.0 15.0 20.0 25.0 30.0 35.0 40.0

Fig. 6. Saccharose mixed with citric acid and sampkaken from Glyceria plant analysed at 225
min.
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1.400 25-07-2008 + STANTARTS #7 Sacch+citric & Bacteria Rl _SYS4
' mvVv
] 2 130.298115
| \ \ 4 -fructose - 11.992
1,000 \
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Fig. 7 . Saccharose mixed with citric acid and samgltaken from Glyceria plant analysed at 270
min.
1.400 25-07-2008 + STANTARTS #8 Sacch+citric & Bacteria Rl _SYS4
' mvVv
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Fig. 8 . Saccharose mixed with citric acid and samgltaken from Glyceria plant analysed at 270

min.
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1.400 25-07-2008 + STANTARTS #9 Sacch+citric & Bacteria Rl _SYS4
' mvVv
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Fig. 9 . Saccharose mixed with citric acid and samgltaken from Glyceria plant analysed at 315
min.
1.400 25-07-2008 + STANTARTS #10 Sacch+citric & Bacteria Rl _SYS4
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Fig. 10 . Saccharose mixed with citric acid and sangtaken from Glyceria plant analysed at 360

min.
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1.400 25-07-2008 + STANTARTS #11 Sacch+citric & Bacteria Rl _SYS4
' mvVv
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Fig. 11 . Saccharose mixed with citric acid and sangtaken from Glyceria plant analysed at 405
min.
1.400 25-07-2008 + STANTARTS #12 Sacch+citric & Bacteria Rl _SYS4
' mvVv
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Fig. 12 . Saccharose mixed with citric acid and sangtaken from Glyceria plant analysed at 450

min.
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1.400 25-07-2008 + STANTARTS #13 Sacch+citric & Bacteria Rl _SYS4
' mvVv
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Fig. 13 . Saccharose mixed with citric acid and sangtaken from Glyceria plant analysed at 495
min.
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