
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/19620

 

 

 

Please be advised that this information was generated on 2023-05-18 and may be subject to

change.

http://hdl.handle.net/2066/19620


Detection of Trace Gases from Fermentation 
Processes using Photoacoustic Spectroscopy and 
Proton-Transfer-Reaction Mass Spectrometry

Iulia Boamfä-Ivan



Detection of Trace Gases from Fermentation 
Processes using Photoacoustic Spectroscopy and 
Proton-Transfer-Reaction Mass Spectrometry



Cover:

Paintings - artistic vision o f Anamaria Boamfa (51/2 years old): 

“Molecules of alcoholic fermentation and respiration processes” 

“Rice field”

Detection o f  Trace Gases from Fermentation Processes using Photoacoustic 
Spectroscopy and Proton-Transfer-Reaction Mass Spectrometry/
Elena Iuliana Boamfa-Ivan
Thesis Radboud University Nijm egen -  Illustrated
W ith references -  W ith summary in English -  W ith summary in Dutch
ISBN 90-9019189-5
N U R  926
Subject headings: photoacoustics/ proton-transfer-reaction mass spectrometry/ 
rice/ wheat/ apples/ alcoholic fermentation/ submergence/ anaerobiosis/ hypoxia/ 
post-anoxia/ lipid peroxidation



Detection of Trace Gases from Fermentation 
Processes using Photoacoustic Spectroscopy and 
Proton-Transfer-Reaction Mass Spectrometry

een wetenschappelijke proeve op het gebied van 
de Natuurwetenschappen, Wiskunde en Informatica

Proefschrift

ter verkrijging van de graad van doctor aan 
de Radboud Universiteit Nijmegen, op gezag 

van de Rector Magnificus, Prof. Dr. C.W.P.M. Blom, 
volgens besluit van het College van Decanen 

in het openbaar te verdedigen 
op maandag 11 april 2005, 

des voormiddags om 10.30 uur precies

door

Elena Iuliana Boamfa-Ivan

geboren op 25 augustus 1972 
te Ploieçti, Roemenië



Promotores: Prof. Dr. D. H. Parker

Co-Promotor:

Manuscriptcommissie:

Prof. Dr. M. B. Jackson
University of Bristol and University of Utrecht

Dr. F. J. M. Harren

Prof. Dr. H. ter Meulen

Prof. Dr. L.A.C.J. Voesenek 
University of Utrecht

Prof. Dr. D. D. Bicanic 
Wageningen University



Cu multä dragoste, pentru cei mai dragi mie, 
M arius §i Anamaria.





Preface

The accomplishment of this thesis was possible only with the help of many wonderful people 
I have met during my PhD studies. It is a great pleasure to thank now all of them.

I still have very fresh in my mind the moment I entered Frans office to ask for a 
possibility to join his photoacoustics group. I have started as a visitor of the lab, and later on 
been appointed to work in a project. Many thanks to Frans (Dr. Frans Harren) and Dave 
(Prof. Dave Parker) who allowed me to join the group.

Sacco, with his great enthusiasm introduced me into the photoacoustics world and 
shared with me his knowledge. He showed me how to fix a CO2-laser system and together 
we have made some experiments regarding UV radiation damage on human skin. Thank you 
Sacco for everything you have taught me and for your continuous help.

My first roommate was Luc-Jan, who was in that time writing a manual for the 
CO2-laser system. I was very happy to share the room with you. I have learned from you a 
lot of things about Dutch society and Dutch people. I was always amazed of your opening for 
the Romanian language. You cannot imagine how nice it was to hear in the morning “buna 
dimineata” (good morning in Romanian), which made me feel a little bit at home. Many 
thanks also for the Dutch translation of the summary of the present thesis.

When I have been appointed to work in the EU project “Rice for Life”, I have to 
switch from the CO2-laser to the more complicated CO-laser system and to enter the “magic” 
world of Plant Physiology. This was very challenging for me and I liked very much to learn 
about the complex biological systems that plants are, but of course it was not always easy. 
However I have been fortunate to have great people around who had offered me all their 
knowledge and friendship support: Frans, Joerg (Prof. Joerg Reuss), Mike (Prof. Mike 
Jackson) and Prof. P.C. Ram. To all of them I would like to address a special thanks. 
Frans, you have always believed that I would finish successfully my research and gave me 
all the time a lot of confidence. You have always made us, the PA’s, feel in our group as in a 
family. A big thanks for everything. Joerg, you have guided me from the very beginning, 
helped with new experimental ideas, interpretation of the data and read very carefully all my 
papers and the present thesis. Thanks for your continuous help and enthusiastic support. You 
have been a real mentor to me. Mike, a great biologist, the main soul of the “Rice for Life” 
project, taught me a lot about rice plants and fermentation processes during his many visits to 
Nijmegen. I will always remember with pleasure our trip to Thailand, when we had a lot of 
fun and you have proven to be the best guide of Bangkok. Discussing the results of some of
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my experiments and a draft of an article at midnight in Bangkok airport is just a simple 
example of your great support. Mike, many thanks for everything you have done for me all 
these years, for your continuous support and patience to correct and many times re-write my 
papers and the manuscript of this thesis. Prof. P.C. Ram, a rice expert, came from the far 
away India to offer me a great help with my experiments. Our collaboration brought up many 
interesting results for the rice research. Thanks to you the rice plants were growing also 
happier and healthier in our PA lab. And with you I could share the (sometimes) very 
annoying work of growing rice plants, succeeding to have every two weeks a free weekend. 
Thank you for everything.

Talking about growing the rice plants, I would like to thank Leander, who together 
with Peter Claus made an automatic system for changing the nutrient solution. With this 
system my life became much easier. Leander, Cor, Peter, Chris and Henry S. were always 
ready to offer me their technical support. Hartelijk bedankt aan jullie allemaal! To Jos and 
Peter from the glass workshop, I would like to express my gratitude for their continuous and 
professional help. Many times they cleaned for me the CO-laser tube, renewed broken pieces 
of glass from my system and made cuvettes for the plant experiments.

When I have started to work with the CO-laser system, I got a lot of help from 
Stefan, who was at that time an experienced PhD student. Thanks for all the knowledge you 
shared with me, for our discussions and your help in de-mounting and mounting back the 
system and in bringing the laser tube to the glass workshop. I was very glad when Simona 
joined our PA group. Being both Romanian, we had much in common, from speaking the 
same language to ina frustrations. Together, we had also performed nice experiments and 
attended good conferences. Thank you Simona for your close friendship, help and for the 
nice moments spent together in and outside the lab. Tim and Edi were great colleagues and 
roommates. We have spent a nice time together in our room and in the lab. We have also 
collaborated together in some of our rice experiments. I owe a big thanks to Aniko, the 
Hungarian - Yugoslavian happy girl, who spent few months in our lab. With her smile and 
joy, she brought a nice atmosphere in the PA group. Thank you Aniko for your help with the 
low oxygen experiments on rice. The “Life Science Trace Gas Exchange Facility” gave me 
the opportunity to collaborate with many biologists. A special thanks to Jurgen Kreuzwieser 
(Albert-Ludwigs-University Freiburg, Germany), from whom I gained a lot of knowledge 
about fermentation in trees and about enzymes inhibitors, and to Angelika Mustroph 
(Humboldt-University Berlin, Germany), who came with the idea of comparing fermentation 
in rice and wheat, that brought us a lot of nice results.

My “paranimfen”, Bas and Marco, joined the PA group in the last year of my PhD. 
Bas, I have enjoyed sharing the room with you. We have spent some time in arranging the 
desks in our rooms, but in the end we were very satisfied with the result. Thanks Bas for all 
our nice chats and for all the tips you gave me about how to buy a house in the Netherlands. 
With Marco I had a nice collaboration when I have started to work with the PTR-MS. We 
have helped each other and learned from each other a lot of things. We use to joke that we
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have successfully succeeded to work together without fighting. Thanks Marco for all your 
help and for our nice discussions.

To the whole PA family many thanks for all the nice moments we have spent 
together, either in the lab, or during our lunches, PA days-out and nice Christmas bowling- 
evenings.

It was for everybody amazing that six Romanian girls could be at a time in our 
department. However, for all of us it was a very nice feeling, having somebody close to share 
feelings, problems, or just for a small chat in our own language. Thank you very much 
Marcela, Raluca, Angela and Angelica for being always my good friends.

Erna, Ine and Magda, the secretaries of our group, thanks for taking good care in all 
the organisation details. All others PA’s and MLF’s, Rick, who was always enthusiast and 
willing to make me speak Dutch, Maarteen, Anthony, Leo, Hans, Nico, Ivan, Robert, 
Brenda, Gina, Dmitri, Jeroen, Gregor, Dragana, Kasper, Rejer, Kjeld, Karen, Malcom, 
thanks for all nice moments I had in the department.

The ISPA conferences I have attended inspired me for many ideas present in this 
thesis. A kind word of thanks to the fine people I have met there.

During all these years, the moments spent outside the university and the scientific 
world were very important to me. Lulu and Nico, our best family friends were ready to help 
us any moment. You were great babysitters for Ana; she remembers you with pleasure and 
she always misses you. I had enjoyed a lot the time we were neighbours, and our nice 
afternoons spent in the back garden. Also a big thank you for all the help you gave us when 
we have moved to Veldhoven. We wish you a lot of successes in the new life you just 
started. We have met Anca and Tibi from our first year here, and from then we have 
remained very good friends. Thanks for making me feel at home, especially during our 
Christmas parties. Simona, Gabi and Alexandra, I am so happy we have succeeded to keep 
our old friendship so close, despite the big geographic distance between us. I am still hoping 
that one day you will come to live closer. Romana, Mihai, Codrin and Stejara, thank you for 
all nice moments we had together.

Les vacances passées avec nos chers amis Isa, Hervé, Pierre et François m’ont 
apporté beaucoup des heureux moments pendant toutes ces années. Merci beaucoup pour 
votre amitié.

To the “Muzenplaats community” - Cecilia, Frank, Mona, Andy, Fabio, Henrik, 
Dan, Cristina, Paula, Alekcey, Alla, Kostya, Igor, Masha and Sergey -  which formed a very 
special international group, with similar problems and aspirations, a big thanks for all the 
help and support.

The movement from Nijmegen to Veldhoven brought us the happiness of a family 
in a new house. It was also a big step to move in a place where we did not know anybody. 
However, we have adjusted faster than we thought at the new environment and also here we 
have met very nice people.
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Inge, hartelijk bedankt voor de vriendschap dat jij vanaf het begin voor mij had, en 
voor de gezellige momenten dat we samen hebben. Ik heb veel van jou geleerd en dank jou 
ook mijn Nederlands is veel verbeterd.

Dragii mei parinti, folosesc acest prilej pentru a va multumi din toata inima pentru 
tot ceea ce ati facut pentru mine de-a lungul existentei mele, pentru dragostea cu care m-ati 
înconjurat, pentru atentia cu care mi-ati cäläuzit paçii spre o educatie stiintifica, pentru 
suportul continuu çi ajutorul moral, fizic si financiar pe care permanent mi le-ati oferit. Chiar 
fiind la peste doua mii de kilometri departare, nu ne-am simtit nici un moment departe, 
purtându-ne reciproc mereu in suflet. Roxi, sora mea draga, îti multumesc tare pentru 
dragostea ta continua, pentru prietenia çi apropierea dintre noi, pentru eforturile facute sa vii 
mereu la internet-café sa comunicam. Bunica Marioara çi bunul Sivu, va multumesc mult 
pentru tot suportul dat de-a lungul acestor ani, mereu alaturi de noi, ajutându-ne de fiecare 
data când am avut nevoie. Gabi, Andrei çi Tibi, multumesc pentru încurajarile çi suportul dat 
pe parcursul realizarii acestei teze.

I see everything that happened in my life up to now as a cycle. Shortly after the start 
of my research in Nijmegen, I had the great pleasure to feel the miracle of a new life growing 
inside me, and now when the work is finished, I am very happy to feel it again. My sweet 
daughter Anamaria made me know the life from the side of a parent. It is a great feeling and 
Ana is the most wonderful gift I have got until now. You gave me the strength to go on all 
the time. Your happy smile when I was coming home from a heavy working day helped me 
always to forget immediately all the tiredness. I had sometimes to bring you at the lab, either 
on Mondays (my free days), when I had to fix the laser for a visitor, or in the weekends when 
I had to take care of the rice plants. Thanks for all the patience and understanding you had 
waiting to finish my work in the lab. Many thanks also for the nice paintings you have made 
for the cover of this thesis. I am very proud of you! Ana, I am very happy that soon you will 
get the little brother or sister you are waiting for such a long time. Te iubesc tare Ana, fetita 
mea mica çi scumpa.

I cannot imagine my life without Marius, my dear husband and my very best friend. 
From the moment we have met, hand in hand, we were like one entity. Beside love our 
relation was always based on a lot of understanding, which made us to help each other 
enormously. Thank you very much Marius for being part of my life. T.I. tare, tare de tot. Ca 
çi tine privesc cu încredere spre viitor çi sunt sigura ca împreuna vom reuçi oriunde paçii ne 
vor purta.

Iulia Boamfä.

Veldhoven, 8th February 2005.
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Chapter 1

Introduction

1.1 Oxygen deprivation in plants

Plants adapt to their ever-changing environment in many ways, leading to a wealth of growth 
forms of varying complexity. Exceptional adaptations are demanded when one or more 
essential resources are scarce or absent. This is the case of wetland species, which encounter 
extreme environmental conditions, since the highly water-saturated soils exclude oxygen, 
one of the fundamental requirements for plant life (Visser et al., 2003). The oxygen 
deprivation in the soils is caused by an imbalance between the 104 times slower diffusion of 
the gases in water as compared with air (Armstrong, 1979) and the rate at which oxygen is 
consumed by plant roots and micro-organisms. The roots need oxygen for respiration, which 
furnishes the energy required for their maintenance and growth. To reduce the impact of 
oxygen deprivation stress, plants have evolved a wide range of characteristic responses. For 
example, they may develop morphological and biochemical features that are either 
constitutive or induced by flooding. Anatomical responses facilitate internal transport of 
oxygen by diffusion or sometimes by mass flow, permitting the roots to avoid developing 
internal anoxia. Of particular importance is the development of aerenchyma - large 
interconnected intercellular gas-filled spaces that often extend from the shoots to near the 
root tip. These spaces are created by cell separations resulting from differential rates of 
division or expansion by neighbouring cells or by the death of certain cells. Aerenchyma is a 
feature shared by most (Justin and Armstrong, 1987), but not by all species well adapted to 
over-wet conditions (Seago et al., 2000). For example, rice roots contain an aerenchyma that 
occupies 30 % of the root cross-sectional area, while the wheat aerenchyma typically makes 
up only 5 % of the root cross-sectional area (Mustroph and Albrecht, 2003).

In addition to waterlogging the soil, flooding may be sufficiently deep to cover all 
or part of the plant shoot system. In this case the stress on the plant is magnified since 
besides enhanced oxygen deprivation, also the influx of aerial CO2 necessary for 
photosynthesis is largely prevented. The principal strategy for surviving this deep 
submergence is a much faster elongation of the shoot during submergence that shortens the 
period underwater, thus lessening the stress. This growth requires oxygen to provide the
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required energy, is regulated by a build-up of the plant hormone ethylene and is mediated via 
expression of expansion genes, ethylene receptor genes in a complex interaction with other 
hormones, notably abscisic acid and gibberellin (Voesenek et al., 2003; Vriezen et al., 2003).

The damage caused by excess water may seem counter-intuitive since water is 
chemically benign (Jackson, 2004). However, certain physical properties of water, most 
notably its interference with free gas exchange, can injure and kill plants when they are 
totally submerged (Jackson and Ram, 2003). Even when only the soil is waterlogged some 
plants already suffer severely and may die (Vartapetian and Jackson, 1997).

Stress from flooding has a major influence on species distribution worldwide. It can 
be the dominant determinant of species success in wet areas (Lenssen et al., 2003). 
Furthermore, along with drought, salinity and mineral deficiency, flooding also has serious 
economic consequences for productivity of much arable farmland (Jackson, 2004).

The most persistent and uncontrolled flooding of the soil and deeper submergence 
of crops occurs in the rainfed farmland. The rainfed lowlands of Asia include areas in 
which farmers grow only one crop of rice, although in some areas farmers grow rice 
and in addition a post-rice crop, usually on a smaller area. Legumes (e.g., mungbean, and 
soybean), wheat, maize, or vegetables are the most common second crops 
(http://www.riceweb.org/envi_rainfed.htm). However, rice is the staple crop and the one that 
grows well in flooded conditions. Seeds sown in flooded soil can germinate anaerobically. 
Once germinated, the coleoptiles escape persistent shallow submergence by elongating more 
quickly and to greater length than normal, in response to an absence of oxygen, to partial 
shortage of oxygen and/or to internally accumulated carbon dioxide and ethylene (reviewed 
in Jackson and Pearce, 1991). Deepwater rice is able to survive in several meters of water 
depth because its stem elongates in response to partial submergence maintaining some 
foliage above the water line (Catling, 1992). In contrast to this growth-promoting effect of 
partial submergence, the impact of complete submergence of whole plants is much more 
severe. Extensive foliar damage takes place if this stress persists for more than a few days 
(Yamada, 1959; Ellis and Setter, 1999) and, later, the plants eventually die.

Drastic effects of submergence on crop plants arise during two periods: (i) during 
submergence - when the floodwater restricts the entry of oxygen and carbon dioxide, thus 
suppressing respiration and the fixation of external carbon dioxide; (ii) immediately after 
submergence - when floodwater recedes and the plants returning to fully aerobic conditions 
(post-anoxic shock) become vulnerable to uncontrolled oxidative damage.

The extent of damage due to flooding and submergence depends heavily on the 
stage of the plant’s development as well as on more obvious factors such as duration of 
submergence and temperature. Rainfed lowland rice grows in bunded fields that are flooded 
for at least part of the cropping season to water depths that may exceed 50 cm for about 10 
consecutive days (http://www.riceweb.org/envi_rainfed.htm). In the rainfed lowlands of 
south and south-east Asia, complete submergence of young plants by temporary flash 
flooding from overflowing rivers or surface run-off is the third most severe limitation to rice 
production, after weeds and drought (Mackill, 1986; Setter et al., 1997).
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Rice is the staple food for people from south and south-east Asia. The area occupied 
by the rainfed lowland ecosystem is 46 million ha (Huke and Huke, 1997), with an average 
grain yield of 2.3 t ha-1 (IRRI, 1997). This area accounts for about 35 % of the total 
cultivated area for rice and supports about 700 million people. Adverse climate, poor soils, 
and a lack of suitable modern technologies keep farmers from being able to increase 
productivity. Rosegrant et al. (1995) calculated that over the next 20 years the production of 
rice must be increased by 24 % above current levels in order to meet growing food demands. 
Consequently, sustainable genetic and agronomic improvements in the yield of the rainfed 
lowland rice are required if this projected increase in productivity is going to be 
accomplished (Wade, 2002).

Although all rice types are damaged by complete submergence, some unusually 
tolerant cultivars are known. These are almost all genetically related to FR13A, a selection 
from a local Indian variety ‘Dhullaputia’ released to Indian farmers in the 1940s (Mackill, 
1986). This unusual tolerance to submergence inherited from the ‘Dhullaputia’ rice genotype 
indicates that this rice may possess rare physiological characteristics that can enhance 
submergence tolerance. This idea was the starting point of the EU research project “Rice for 
Life”. The principal objective of this international project, undertaken by seven laboratories 
from Europe and Asia (UK, the Netherlands, India, Thailand, Singapore and Philippines), 
was to identify these rare characteristics of tolerance in terms of inheritable physiological 
traits and closely associated genetic markers. A part of the research performed for the present 
thesis (Chapters 2 and 3) was part of the “Rice for Life” project. The aim of the research 
presented here was to understand more of the physiological mechanism that underlies the 
remarkable tolerance to submergence displayed by FR13A rice genotype. The work involved 
a detailed comparison between this remarkable submergence tolerant rice genotype and a 
susceptible one, CT6241, with respect to the dynamic behaviour and rates of alcoholic 
fermentation when the young rice seedlings were exposed to different submergence 
conditions. In addition, this comparison was extended to gas phase anaerobic and micro- 
aerobic stress conditions and to the situation when plants returned to fully aerated conditions 
after a period of oxygen shortage. Micro-aerobic conditions signify oxygen concentration 
below 0.5 % O2. For all these situations, interesting dynamic behaviour of the trace gases 
emitted by young rice plants was observed; these results challenge conventional ideas about 
anaerobic respiration and alcoholic fermentation and provide clues concerning how rice 
might be injured by submergence and the role of oxygen shortage.

Micro-aerobic conditions are presumed to prevail under submergence and therefore 
justify the detailed gas phase study described here. The main technique employed was the 
fast measurement of trace gases, especially of acetaldehyde and ethanol, emitted by rice 
seedlings under oxygen or submergence stress. The extreme case of completely anaerobic 
conditions is easier to realise than controlled very low oxygen levels, in the laboratory 
experiments. It came as a surprise that in the range from 0.3 % to 0 % O2 many interesting 
and unexpected changes in the trace gas emission pattern of rice occurred.
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1.2 Respiration and Fermentation

Under normal aerobic conditions biological tissues respire. Respiration is the 
process by which the chemical energy of carbohydrates is transferred to the universal energy- 
carrier molecule, ATP, and thus made available for the immediate energy requirements of the 
cell (Raven et al., 1992). In the aerobic respiration process, carbohydrates are completely 
oxidised to carbon dioxide and water (Fig. 1.1); this is only possible if the tissues can 
exchange gases freely with the air. If this gas exchange is impeded (e.g. during 
submergence), photosynthetic fixation of external carbon dioxide is impeded as well and an 
inadequate influx of oxygen leads to fermentation. Fermentation is the process by which the 
energy requirements of the cell are extracted from organic compounds without the 
involvement of oxygen, albeit with low efficiency (Raven et al., 1992). Fermentation follows 
the process of glycolysis, in which sugars are broken down to pyruvate (Fig. 1.1). 
Subsequently, pyruvate may be converted either to lactate by lactate dehydrogenase (LDH) 
enzyme during the lactate fermentation process or to ethanol and carbon dioxide during the 
alcoholic fermentation process. The latter is a two-step process, in which pyruvate is first 
decarboxylated to acetaldehyde (intermediate product) by pyruvate decarboxylase (PDC) 
enzyme. Subsequently, acetaldehyde is converted to ethanol by the alcohol dehydrogenase 
(ADH) enzyme. As a broad generalisation, when oxidative phosphorylation is blocked by 
lack of oxygen, LDH becomes active and lactate fermentation starts; the fast accumulation 
of lactate then reducing cytoplasmic pH, which inhibits LDH and activates PDC, initiating a 
switch to alcoholic fermentation within a few hours (Tadege et al., 1999).

LDH 

Lactate

Lactate
fermentation

Glycolysis{
Hexose

I
P v n  wtç\\p
Pyruvate + 2 ATP

Acetaldehyde 

ADH
H i

Ethanol

Krebs cycle

CO2 + H2O + 36 ATP

Alcoholic
fermentation

Respiration

F i g u r e  1.1. Biochemical pathways o f  respiration and fermentation.
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During alcoholic fermentation, the produced energy (ATP) is about 5.5 % of that 
generated by usual aerobic respiration. This process is thus inefficient and provides limited 
energy source for plants and fruits; its products (acetaldehyde and ethanol) may have a toxic 
effect, but the process is essential for the short-term survival of the tissues. Even the species 
susceptible to poorly aerated conditions possess metabolic and molecular responses that 
lengthen survival time from a few hours to several days (Visser et al., 2003). All plant 
species synthesise so-called anaerobic proteins that enable an oxygen-independent energy- 
generating metabolism to proceed where fermentable substrates are available (Subbaiah and 
Sachs, 2003). Particularly important is the fuelling of the fermentation processes. Soluble 
sugars are rapidly channelled from aerobic fermentation to fermentative metabolism as soon 
as oxygen levels decrease below a certain limit. Since the amounts of these sugars are 
limited, starch breakdown, regulated by interactions between hormonal and sugar signals 
(Loreti et al., 2003), can lead to access of additional sugar reserves.

Alcoholic fermentation is an ancient metabolic pathway. In plants, it has been 
studied for decades because of its importance in flooding and submergence tolerance (Ellis 
and Setter, 1999; Armstrong, 1979). Recent investigations suggest that the pathway has 
important functions also in the presence of oxygen: during anther development and during 
seed germination ethanol production takes place concomitantly with respiration. Another 
novel feature of alcoholic fermentation is its connection with stress-signal transduction and 
the disease-resistance response in plants and fruits. Several plant species exposed to 
environmental stress, such us water deficit, ozone exposure, low temperature and pathogen 
infection can produce considerable amounts of acetaldehyde and ethanol at ambient or even 
at elevated oxygen concentrations (Tadege et al., 1999).

Fermentation also plays an important role during fruit storage. Controlled 
atmosphere (CA) conditions are a prerequisite for slowing down ripening and senescence of 
fruits during storage. For this purpose, levels of 10 % CO2 and 1-10 % O2 at 0 °C are 
frequently applied during storage period and the fruit is kept at the brink of beginning 
fermentation (Beaudry, 1999). In addition, ethylene production is inhibited under CA 
conditions. Ethylene is a gaseous hormone, which promotes ripening, senescence and 
reduces shelf life of crops even when present in minute concentrations (Reid, 1992). If 
oxygen levels are allowed to drop too low, any resulting alcoholic fermentation will lead to 
spoilage of fruit quality (Yearsley et al., 1996).

1.3 Post-anoxic effects on plant metabolism

Because no plant or fruit organs are known to survive long term anaerobic conditions, the 
ability to deal with re-exposure to oxygen is important since cells are then at risk from 
oxidative damage. Prominent amongst the metabolic consequences of re-exposure to aerobic 
conditions is a very fast increase in acetaldehyde production rate. This is the result of the 
oxidation of the ethanol accumulated in the tissues during the preceding anaerobic exposure 
(Crawford and Braendle, 1996; Zuckermann et al., 1997). The peak in acetaldehyde release 
after re-entry of oxygen may be caused by the back-reaction of ethanol (C2H5OH) to
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acetaldehyde (C2H4O). This is an NAD+-dependent re-conversion, catalysed by alcohol 
dehydrogenase (ADH):

C2H5OH + NAD+ ^  C2H4O + NADH (1.1)
ADH

An alternative pathway is via H2O2-dependent catalase mediated peroxidation of ethanol:

C2H5OH + H2O2 ^  C2H4O +2 H2O (1.2)
catalase

H2O2 is a product of superoxide radical, O2- that originates from the incoming oxygen; O2- is 
highly reactive and becomes partly converted to H2O2 by superoxide dismutase (SOD) 
(Monk et al., 1987):

Fe2+ + O2 ^  Fe3+ + O2-
2O2-+ 2 H+ ^  2 H2O2 + O2 (1.3)

SOD

According to Zuckermann et al. (1997), it is unlikely that a significant surplus of 
NAD+ would be available during the first minutes after re-exposure of plants to air. Thus, the 
NAD+-dependent ADH-reaction would be too slow on re-exposure to oxygen to account for 
the sudden acetaldehyde upsurge.

Re-exposure of anoxic tissues to air leads to injuries mainly caused by the reactive 
oxygen species (ROS) such as O2- and H2O2. Under these specific physiological conditions 
the balance between free radical formation and the normal scavenging capacity is disturbed 
and the tissue becomes susceptible to oxidative stress especially lipid peroxidation. Lipid 
peroxidation is a free radical induced degradation of polyunsaturated fatty acids; bio
membranes and cell boundaries are thereby disrupted causing cell death. Under natural 
conditions, plants are equipped with radical-detoxifying systems (enzymes and antioxidants). 
However, these natural detoxifying systems are suppressed under anaerobic and micro- 
aerobic conditions, thus creating sensitivity to enhanced peroxidative damage during post- 
anoxic periods (Pfister-Sieber and Braendle, 1994). Evidence for the generation of oxygen 
free radicals in post-anaerobic tissues has come from a post-anaerobic release of ethane by 
rice plants (Santosa, 2002). Ethane is the end product of peroxidation of lipid membranes 
initiated by free radicals of oxygen (Halliwell and Gutteridge, 1999). The synchronous 
outbursts of ethane and acetaldehyde are both connected to peroxidation; ethane as a final 
product and acetaldehyde as an indicator of H2O2-removal by catalase.

In the present thesis, the possible importance of lipid peroxidation in the tolerance 
mechanism with respect to submergence is assessed, (i) by comparing two rice genotypes 
presenting different submergence tolerance (FR13A -  tolerant and CT6241 -  susceptible) 
and (ii) by comparing rice and wheat plants, two crop plants with contrasting submergence 
tolerance (rice-tolerant and wheat-intolerant).
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1.4 Trace gas detection techniques

The development of new analytical tools for biological research has advanced 
considerably the detailed knowledge of cellular processes during oxygen deprivation. A good 
example is the use of perpetually evolving molecular biological techniques to establish and 
describe the induction of classical anaerobic stress proteins (mostly related to glycolysis and 
fermentation) and the underlying changes to the pattern of gene expression. Use of high 
throughout technologies such as micro-arrays and protein analysis led to the recognition of 
more and more genes and proteins involved in the adaptation to flooding. Response to low 
oxygen stress is turning out to be unexpectedly complex (Dolferus et al., 2001). However, 
for a better understanding of the physiological strategies of species with varying flooding 
tolerance, studies at the molecular level are best accompanied by analysis of metabolites 
produced during anaerobic conditions on a whole plant level. The tissue extraction method 
used conventionally for such analysis proves to be inappropriate because of volatile loss into 
the air (as happens with ethylene) or to rapid excretion from the tissue into the surrounding 
water, as happens with ethanol and acetaldehyde (Bertani et al., 1980, Setter and Ella 1994). 
Moreover, in vitro measurements are destructive and unable to follow closely the true 
metabolic processes during exposure to stress. To monitor trace gases emitted by intact 
plants under stress, gas analysers are being used. One disadvantage of the conventional gas 
analysers, such as gas chromatographs (GC), is that the concentration of metabolites of 
interest is normally below the detection limit and therefore time-consuming accumulation is 
needed. Fast on-line monitoring of trace gases produced by intact plants during these stresses 
can provide a better understanding of these metabolic processes. This can only be achieved 
by using sensitive and selective instruments. The adoption of such techniques has already 
advanced our understanding of the involvement of the gaseous hormone ethylene in 
submergence responses (Voesenek et al., 1997).

The present thesis is the result of interdisciplinary co-operation between Physics and 
Biology. On the Physics side two methods for quantitative trace gas analysis of metabolites - 
Photoacoustic Spectroscopy and Proton-Transfer-Reaction Mass Spectrometry, were 
developed. These were used in co-operative research carried out with plant biologists from 
Bristol (UK), Faizabad (India) and Berlin (Germany) to study trace gas emissions from 
alcoholic fermentation and lipid peroxidation in crop plants and fruits.

1.4.1 Photoacoustic spectroscopy

The photoacoustic effect is based on the sensitive detection of acoustic waves generated by 
the absorption of modulated laser radiation via transient localised heating and subsequent 
expansion of gas. At a specific wavelength, the intensity of the generated sound is 
proportional to the number of absorbing molecules present in the gas sample. This effect is 
due to the transformation of at least part of the excitation energy into kinetic (translational) 
energy by energy exchange processes. The photoacoustic effect discovered in 1880 by 
Alexander Graham Bell (Bell, 1880) became important only about 100 years later following 
the invention of brilliant tuneable laser sources. Due to its ultrahigh sensitivity,
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photoacoustics is an ideal tool for use in laser spectroscopy and trace gas analysis. In modern 
photoacoustics, the sun and the hearing tube used in Bells original experiments are replaced 
by a laser, sensitive microphones and powerful electronics (Fig. 1.2).

Chopper Hearing tube 

Probe A

Laser

A

Electronics 
and Recorder

Microphone

Resonator

Chopper
B

F i g u r e  1.2. Schematic view o f  the photoacoustic effect. A. as discovered by Alexander Graham Bell in 
1880 - "thin disks o f  very many different substances emitted sounds when exposed to the action o f  a 
rapidly interrupted beam o f sunlight" (Bell, 1880); B. as currently used - the sun (light source) was 
replaced by laser radiation and the hearing tube by a sensitive microphone and powerful electronics -  
trace gases are detected via their absorption o f  rapidly chopped infrared light which generated 
pressure variations in a resonator, resulting in acoustic energy detected by a miniature microphone. 
The intensity o f  the generated sound is proportional to the concentration o f  absorbing trace gas 
molecules.

A CO-laser line-tuneable over a large frequency range in the infrared wavelength 
region (250 strong output lines between 5.0 and 7.7 |jm wavelength) was used as light source 
(Urban, 1988) to detect products of the alcoholic fermentation (acetaldehyde and ethanol). In 
this wavelength range, acetaldehyde and ethanol feature a strong and characteristic 
absorption pattern (Bijnen et al., 1996). The trace gases emitted by the plants in the sampling
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cell are transported by a carrier gas to a photoacoustic cell, situated within the laser cavity. 
Here, they are detected via their absorption of rapidly chopped infrared light which generates 
pressure variations, resulting in acoustic energy detected by a miniature microphone (Bijnen 
et al., 1998). The intensity of the generated sound is proportional to the concentration of 
absorbing trace gas. As shown in the present thesis, this system is capable of detecting
0.1 ppb (part per billion) acetaldehyde and 3 ppb ethanol, with time resolution of 1 min/laser 
line. Such a set-up enabled us to study the alcoholic fermentation process in crop plants with 
an unprecedented sensitivity and time resolution.

1.4.2 Proton-Transfer-Reaction Mass Spectrometry

The study of physiological processes in fruit requires fast analysis of the emitted 
gases. In addition, fruit releases numerous gases, other than acetaldehyde and ethanol, which 
contribute to their flavour and aroma (Mattheis et al., 1995); therefore, there is a great 
interest in measuring a wide range of trace gases that are outside the scope of photoacoustics. 
Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) is an alternative fast and sensitive 
technique, which also allows parallel and on-line monitoring of a large variety of volatile 
organic compounds (VOCs) at the subpart per billion level. Many of these are of interest for 
environmental, medical and biological research (Lindinger et al., 1998; de Gouw et al., 
1999). PTR-MS connects the idea of chemical ionization (CI) (Munson and Field, 1966) with 
the swarm technique of flow-drift tube type (FDT) (McFarland et al., 1973). The advantage 
of the CI technique is that by using ion-molecule reactions, rather than electron impact or 
photo-ionization, the ionization of the molecules to be detected does not cause much 
fragmentation. The present thesis discusses a home-built PTR-MS instrument, similar to one 
that is commercially available and described in literature (Hansel et al., 1995). The PTR-MS 
uses a CI system based on a proton-transfer reaction employing H3O+ as the primary reactant 
ions. The H3O+ is most suitable because it performs an almost non-dissociative proton 
transfer to most of the common organic compounds having a proton affinity higher than 7.16 
eV (proton affinity of H2 O), but does not react with any of the main components in air, due 
to the fact that they all have a proton affinity lower than H2O (Hansel et al., 1995). The PTR- 
MS has already been successfully applied to discriminate between samples of differently 
treated orange juices (Biasoli et al., 2003) or different types of cheese (Boscaini et al., 2003) 
and thus promises to be a suitable tool for monitoring the kinetics of volatile compounds 
emitted by living tissues, and by whole organisms. In the present thesis, the potential of 
PTR-MS is exploited to compare fruits of different apple cultivars. The preliminary results 
show that application of PTR-MS detectors in fruit storage studies opens up the possibility 
for gaining new insights into the kinetics of metabolic processes relevant to storage 
conditions, fruit quality and basic physiology.
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1.5 Outline of the thesis

Presently it is unclear whether a faster or slower rate of underwater fermentation 
leads to longer survival. It is also uncertain whether submergence damage and plant death are 
necessarily linked causally to oxygen deprivation and the associated alcoholic fermentation. 
This thesis examines (i) the amount of oxygen rice plants need to avoid alcoholic 
fermentation and (ii) whether inherently different rates of fermentation during submergence, 
anaerobic and micro-aerobic conditions underlie the observed differences of submergence- 
tolerance for different rice cultivars. Differences in alcoholic fermentation rates were also 
investigated between two crop plants presenting contrasting submergence tolerance - tolerant 
rice and intolerant wheat, and additionally also for fruits of different apple cultivars. Special 
attention was paid to unexpected behaviour of rice seedlings under micro-aerobic conditions,
i.e. for extreme small oxygen concentrations, below 0.3 % O2. Clues concerning the 
mechanisms that maximise the probability of surviving submergence are derived from these 
observations. Chapters 2, 3 and 4 present detailed studies of the alcoholic fermentation 
process in crop plants by using a sensitive CO-laser based photoacoustic detector.

Chapter 2 investigates whether submergence damage and plant death are linked to 
oxygen deprivation and associated alcoholic fermentation. In this work, the dynamics of 
fermentation process was investigated in young seedlings submerged in water sufficiently 
long to be damaged and allowed to recover in air. Therefore, changes in oxygen and the 
production of ethanol, acetaldehyde and carbon dioxide were monitored closely. The 
importance of light during anaerobic exposure was also examined. Post-submergence 
emission rates of acetaldehyde and ethanol were compared for two rice cultivars, presenting 
contrasting tolerance to submergence, the submergence tolerant FR13A and the highly 
intolerant CT6241.

Chapter 3 examines whether the superior tolerance of FR13A rice seedlings to 
complete submergence is related to tolerance to oxygen shortage and to the capability to 
ferment at a different rate than submergence-intolerant CT6241. The CO-laser based 
photoacoustics trace gas detection technique was used to monitor, at high time resolution, 
patterns and rates of ethanol and acetaldehyde emission by intact rice seedlings exposed to 
micro-aerobic (0.05 % - 0.5 % O2) or zero O2 supply, and also during their return to air. 
These O2-deficient gas phase condition experiments constitute a follow-up to similar 
measurements under anaerobic conditions and under submergence of rice plants, presented in 
Chapter 2. The work established the lowest oxygen concentration needed to prevent 
anaerobic fermentation. The possible importance of lipid peroxidation in submergence injury 
is considered in the light of unexpectedly vigorous acetaldehyde production during and after 
micro-aerobic treatment. It is argued that, under these conditions, acetaldehyde is an outcome 
of H2O2 removal catalysed by the enzyme catalase, using ethanol as co-substrate. This is 
thought to be beneficial by reducing peroxidative damage to lipid membranes. These 
findings fit well with a report that emissions of ethane, a product of lipid peroxidation, are 
decreased when acetaldehyde formation is greatest.
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Chapter 4 describes a comparison of alcoholic fermentation products evolved by 
young rice and young wheat seedlings exposed to oxygen-free conditions in the gas phase, 
under dark and light. The aim of the work was to explore reasons for the greater tolerance of 
rice to the absence of oxygen. The novelty of this study is the simultaneously real-time 
monitoring of the trace gases emitted by roots and by shoots of intact seedling. This spatial 
separation was essential for assessing the relative contribution of above and below ground 
parts of the plant to fermentation and therefore to anaerobic tolerance. Besides emission of 
carbon dioxide, acetaldehyde and ethanol, alcohol dehydrogenase (ADH) and pyruvate 
decarboxylase (PDC) enzyme activities and soluble carbohydrates, starch and ethanol were 
determined in the roots and shoots. The relation between post-anoxic acetaldehyde 
production and anaerobic tolerance was also investigated.

Chapter 5 gives details of a home-built proton transfer reaction mass spectrometer 
(PTR-MS) used to study the dynamics of the VOCs emission from four apples cultivars 
exposed to anaerobic and post-anaerobic conditions. A comparison of PTR-MS and the CO 
laser-based photoacoustic trace gas detector is also made. Alcoholic fermentation products 
(acetaldehyde and ethanol) from young rice plants were monitored simultaneously by both 
methods. This is the first time that the relative performance of PTR-MS and laser 
photoacoustics has been reported. Both methods are non-invasive and allow on-line 
measurements at low detection limits. PTR-MS has one important advantage as it allows 
simultaneous measurements of a larger numbers of VOCs at a time resolution (1s), which is 
higher than that for photoacoustics (1min). However photoacoustics does allow an 
unambiguous assigning of the signals originating from acetaldehyde and ethanol.
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Chapter 2

Dynamic Aspects of Alcoholic Fermentation of Rice Seedlings 
in Response to Anaerobiosis and to Complete Submergence: 
Relationship to Submergence Tolerance

Rice plants are severely damaged by complete submergence. This is a problem in rice 
farming and could be the result, in part, of tissue anoxia imposed by a reduced availability of 
oxygen. To investigate this possibility we monitored alcoholic fermentation products as 
markers for tissue anaerobiosis using sensitive laser based spectroscopy able to sense ethanol 
and acetaldehyde down to 3 nl-l"1 and 0.1 nl-l"1, respectively. Acetaldehyde emission began 
within 0.5 h of imposing an oxygen-free gas phase environment followed closely by ethanol 
emission. As treatment progressed, ethanol output increased and came to exceed the 
acetaldehyde emission, which stabilised after approximately 3 h. On re-entry of air, a sharp 
post-anaerobic peak of acetaldehyde production was observed. This was taken as diagnostic 
of a preceding anoxic episode of 0.5 h or more. When anaerobiosis was lengthened by up to 
14 h, the size of the post-anaerobic acetaldehyde outburst increased. After de-submergence 
from oxygen-free water, a similarly strong but slower post-anaerobic acetaldehyde upsurge 
was seen, which was accompanied by an increase in ethanol emission. Light almost, but not 
completely, eliminated fermentation in anaerobic surroundings and also the post-anaerobic or 
post-submergence peaks in acetaldehyde production. All photosynthetically generated 
oxygen was consumed within the plant. There was no substantial difference in acetaldehyde 
and ethanol output between FR13A and the less submergence tolerant line CT6241 under 
any submergence treatment. In some circumstances, submergence damaged CT6241 more 
than FR13A even in the absence of vigorous fermentation. We conclude that oxygen 
deprivation may not always determine the extent of damage caused to rice plants by 
submergence under natural conditions.

This work has been published in: Boamfa EI, Ram PC, Jackson MB, Reuss J, Harren FJM. 2003. 
Dynamic aspects o f  alcoholic fermentation o f  rice seedlings in response to anaerobiosis and to 
complete submergence: relationship to submergence tolerance. Annals o f Botany 91: 279-290.
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2.1 In tro d u c tio n

Rice is the only major crop plant that can grow well in flooded conditions. It has a range of 
features that contribute to this ability. For example, seeds germinating in soil survive 
submergence by germinating anaerobically. Once germinated, the coleoptile may escape 
persistent shallow submergence by elongating more quickly and to greater length than 
normal in response to an absence of oxygen, to partial shortage of oxygen or to internally 
accumulated carbon dioxide and ethylene (reviewed in Jackson and Pearce, 1991). 
Older plants, especially of the deepwater type, are able to survive in several meters of water 
depth because they elongate their stems in response to partial submergence enabling them to 
maintain some foliage above the water line (Catling, 1992). This fast underwater elongation 
requires the presence of oxygen and is hormonally driven, mainly by accumulated ethylene 
that sensitizes gibberellin-dependent elongation, cell division and starch mobilization 
(Kende et al., 1998). In contrast to this growth-promoting effect of partial submergence, the 
impact of complete submergence of whole plants is much more severe. Extensive foliar 
damage takes place if this stress persists for more than a few days (Yamada, 1959; Ellis and 
Setter, 1999) and, later, the plants may die. In the rain-fed lowlands of south and south-east 
Asia, complete submergence of young plants by temporary flash flooding from overflowing 
rivers or surface run-off is the third most severe stress limitation to rice production, after 
weeds and drought (Mackill, 1986; Setter et al., 1997).

Intolerance to complete submergence is commonly ascribed to adverse reactions to 
reduced availability of oxygen (e.g. Ellis and Setter, 1999) caused by slow inward diffusion 
rates compared to those in air (Armstrong, 1979), leading to anoxia. The causes of injury to 
plants generally from anoxia are not entirely clear (Vartapetian and Jackson, 1997) but are 
linked to an imbalance between energy demands and the limited ability of fermentation to 
generate ATP. Alcoholic fermentation generates only four molecules of ATP from each 
glucose molecule entering glycolysis. Since two ATPs are consumed in steps that 
phosphorylate hexoses, the final yield is two ATPs from each glucose molecule. This is only 
about 5.5 % of that generated by the usual aerobic oxidation of glucose via the Krebs’ cycle 
and the mitochondrial electron transport chain. Although necessary for short-term survival of 
anoxia, alcoholic fermentation is clearly an inefficient and limited energy source for plants in 
the longer term. However, it is by no means certain whether submergence damage and plant 
death are necessarily linked causally to oxygen deprivation and the associated alcoholic 
fermentation (Greenway and Setter, 1996). To investigate this point further, we first 
established the impact of oxygen deprivation, and also of a return to air, on the dynamics of 
fermentation by monitoring oxygen and the production of ethanol, acetaldehyde and carbon 
dioxide. This was done using sensitive, on-line laser-based or electrochemical trace gas 
detectors. Features indicative of fermentation were then sought in plants that have been 
submerged in water sufficiently long to be damaged. Although all rice types are damaged by 
complete submergence, some unusually tolerant cultivars are known. These are almost all 
genetically related to FR13A, a selection from a local Indian variety ‘Dhullaputia’ released 
to Indian farmers in the 1940s (Mackill, 1986). We therefore compared submergence-tolerant
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cultivar FR13A with a highly intolerant cultivar CT6241. We used 14-d-old plants since 
other work has shown plants of this age are particularly susceptible to submergence 
(Adkins et al., 1990; Ram et al., 1999).

2.2 M ateria ls  and  m ethods

2.2.1 P lant m aterial, germ ination and p lan t culture

Seeds of the submergence tolerant Oryza sativa L. cv. FR13A, and a susceptible line, 
CT6241, were supplied by Dr S. Sarkarung IRRI Thailand Office Bangkok, Thailand. 
Seeds were surface sterilized with 1 % sodium hypochlorite solution for 10 min, washed 
under running tap water for 5 min and placed in 110-mm-diameter glass Petri dishes lined 
with filter paper wetted with 15 ml of tap water. The Petri dishes were placed in dark at 
30 °C and relative humidity of 65 %. Sprouted seedlings with 1-cm-long coleoptiles were 
transferred to culture trays (30 x 20 x 15 mm) filled with black 'Lacqtene' low-density 
polyethylene grains and nutrient solution (major nutrients: 0.849 mM KH2PO4, 
0.123 mM K2HPO4, 1.428 mM NH4NO3, 0.754 mM CaCl2-2H2O, 0.513 mM K2SO4, 
1.644 mM MgSO4-7H2O, minor nutrients: 9.5 |jM MnCl2-4H2O, 18.89 |jM H3BO3, 
0.156 |jM CuSO4-5H2O, 0.152 |jM ZnSO4-7H2O, 7.484-10-5 |jM (NH4)6Mo7O24-4H2O and 
35.75 |xM FeEDTA; pH 5.0) (Yoshida, 1976). The strength of the nutrient solution was 
raised gradually from 25 % of full strength for the first 2 d, followed by 50 % for the next 2 d 
and finally 100% full strength after 8-10 d. The culture trays were aerated with air flowing 
through perforated silicone rubber tubing at the base of the tray. After 1 d, pH of the solution 
in the culture trays was adjusted to 5.0. On the following day, the solution was renewed and 
the procedure repeated every 2 d. The plants were grown under a 12 h light/12 h dark regime 
of 28/22 °C (PPFD: 500 |j,mol m-2 s-1, Philips SON-T Agro400 source) and a relative 
humidity of 60-65 %. The pH of the solution around the roots increased from 5.0 to 5.8 over 
16 h and typical shoot : root ratios (fresh weight) at the start of experiments were 1.72 ± 0.06 
(FR13A) and 1.37 ± 0.04 (CT6241).

2.2.2 On-line detection of acetaldehyde, ethanol, carbon dioxide and oxygen

Acetaldehyde and ethanol down to the nl-l-1- level (0.1 nl-l-1 and 3 nl-l-1, respectively) were 
measured with a laser-based trace gas detector (Fig. 2.1) similar to that described by 
Bijnen (1995) and Oomens et al. (1998). A similar set-up was used previously to investigate 
fermentation by cucumber seeds (Leprince et al., 2000) and red bell peppers (Zuckermann et 
al., 1997). Briefly, the evolved gases were detected via their absorption of rapidly chopped 
infrared light which generated pressure variations, resulting in acoustic energy detected by a 
miniature microphone (Bijnen et al., 1998). The intensity of the generated sound is 
proportional to the concentration of absorbing trace gas molecules.

The trace gases emitted by rice plants in the sampling cell were transported by a gas 
flow to the detection cell, situated within the laser cavity. The source of infrared light was a 
CO-laser that was line-tuneable over a large frequency range in the infrared wavelength 
region (250 strong output lines between 5.0 and 7.7 |j,m wavelength) (Urban, 1988).
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In this frequency range, acetaldehyde and ethanol have a strong and characteristic absorption 
pattern (Persijn et al., 2000). Since there is a mixture of trace gases in the detection cell and 
each gas has a different absorption strength on every laser line, we unravelled the mixed 
absorption strength pattern using a multi-component matrix calculation algorithm 
(Meyer and Sigrist, 1990). To determine the concentration of N gases, the microphone signal 
on N+1 laser lines was sampled (the additional laser line was used to eliminate instrument 
effects). The concentration was then calculated taking into account the presence of water 
vapour and carbon dioxide. The absorption coefficients of acetaldehyde, ethanol, carbon 
dioxide and water vapour for the six relevant laser lines are given in Table 2.1.

3 PA cells Mirror

F ig u re  2.1. Experimental set-up. The trace gases emitted by the rice seedlings in the sampling cuvette 
were transported with the gas flow  (regulated by mass flow  controllers MC) to the detection cells 
(PA cells), situated in the CO-laser cavity. Before entering the detection cells, water vapour in gas 

flows was removed by a Peltier cooling element (-5 °C) and a cold trap (-45 °C). The cuvette outflow 
was split into two lines; one connected to the laser-based detector and the other to the CO2 analyser 
(URAS 14). Anaerobic conditions were imposed on the plants by replacing the inflowing air with humid 
nitrogen gas. Variations in the composition o f  the carrier gas changed the acoustic behaviour o f  the 
detection cell. Two flows, one flow  (air) through the sample cuvette and the other flow (nitrogen) 
through a dummy cuvette were used to ensure that O2 concentrations in the acoustic detector were 
always constant; the flows being recombined in a variable ratio using a valve system.

Water vapour was released in large amounts by the plants and thus had potential to 
interfere with the measurements. Thus, we dehydrated the gas flow by passing it over a 
Peltier-cooling element at -5  °C and then through a -45 °C cold trap (Bijnen et al., 1996).
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The laser-based system was equipped with three detection cells. Three independent samples 
(gas flows) were therefore handled simultaneously. In all the experiments, two cells were 
used to measure gas released by rice plants while the third was used as a reference blank.

Carbon dioxide and oxygen measurements were made simultaneously with 
acetaldehyde and ethanol measurements using a commercial CO2  - infrared analyser 
(detection limit 1 |jH -1 CO2), in which an electrochemical oxygen sensor (detection limit 
0.01 % oxygen) was incorporated (URAS 14, Hartmann & Braun, Frankfurt, Germany). 
Oxygen dissolved in the water was measured with a hand-held dissolved oxygen meter 
(Oxi 340, WTW GmbH, Weilheim, Germany) sensitive to > 0.5 %.

T a b le  2.1. The absorption coefficients fo r  acetaldehyde, ethanol, carbon dioxide and water vapour at 
the CO-laser lines utilised in the analyses, together with their corresponding wavelengths.

Laser lines

P(J”)v»

Wavelenght Absorption coefficients (atm-1 cm-1)

(cm '1) CO2 Acetaldehyde H2O Ethanol

P(7)7 1933.4265 4.74E-3 0.116 0.00994 0.135

P(11)13 1765.4598 4.6E-6 30.1 0.0264 0.0279

P(11)19 1616.0405 4.2E-6 0.424 0.485 0.021

P(8)28 1406.9073 2.8E-5 6.5 0.0163 2.35

P(8)29 1382.8562 9.57E-5 5.95 0.0133 2.06

P(11)24 1493.8127 6.3E-8 0.962 0.03597 0.221

Bold values indicate the highest absorption coefficients for the determination o f the trace gas amounts, 
at the corresponding wavelengths.

2.2.3 T race gas m easurem ent procedure for gas-phase tests

Gas-phase treatments consisted of imposing anaerobic and post-anaerobic conditions to 
14-d-old rice seedlings (FR13A) in the dark or in the light using flows of nitrogen gas and 
air, as appropriate. For each measurement, batches of three plants rather than single plant 
were used to generate more trace gas and to minimize effects of differences between 
individuals. Fresh weight was measured just before each experiment and was about 0.35 g 
per seedling. The seedlings were placed in a glass cuvette (300 ml) with the roots in 25 ml 
full strength nutrient solution (see Fig. 2.1). The inlet to the cuvette allowed gas flow 
treatment, either with pure nitrogen or with air. The outlet flow was divided into two. One 
gas line was connected to the laser-based detector and the other to the carbon dioxide and 
oxygen analysers. In this way, gases of interest emitted or absorbed by the seedlings were 
monitored simultaneously, on-line. Switching between nitrogen and air would change the 
acoustic behaviour of the detection cell because the velocity of sound in air is different to 
that in pure nitrogen. To overcome the problem, we used two flows, one flow (air) through 
the sample cuvette and one flow (nitrogen) through a dummy cuvette. After this, both flows 
were recombined prior to entering the detection system. A valve system was used to
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interchange the gas flow from the sample cuvette to the dummy cuvette. This maintained the 
same concentration of oxygen in the gas flow at the point of analysis. At the end of the 
measurements, plants were transferred back to the culture trays to recover and scored for 
survival and injury 7 d later. Anaerobic and post-anaerobic experiments under dark 
conditions were performed at about 22 °C. When treatments were made in the light, the 
lamps unavoidably warmed the contents of the cuvette to 27 °C while maintaining an 
irradiance of 500 |j.mol m-2 s-1.

2.2.4 Submergence tests

Submergence experiments of 16 h duration were performed in both anaerobic water and 
initially aerated water, in darkness and in light. To create oxygen-free conditions, water was 
first bubbled vigorously with nitrogen gas for 6 h before being used to submerge the plants 
within a 300 ml cuvette. To prevent floating, plants were secured onto the bottom of the 
cuvette with fine thread. To achieve totally submergence, sufficient water was added slowly 
into the cuvette by the inside wall to avoid any injury to the plants and to minimize mixing 
with air. During the 16 h of submergence the cuvette was completely closed and, when 
required, made dark by wrapping with aluminium foil. The inlet and outlet of the cuvette, 
closed during submergence, were connected to the measuring system just before the start of 
desubmergence. Desubmergence was achieved by introducing air from the gas flow system 
into the cuvette via an inlet; 25 ml of water being left in the cuvette for the roots. To avoid 
entry of contaminants, no laboratory air entered in the cuvette during the lowering of the 
water level. As in gas phase experiments, at the end of the measurements the plants were 
transferred back to the culture trays for recovery and were scored for survival and injury 7 d 
later. Plant survival was defined quantitatively as the percentage of de-submerged plants that 
were able to produced one or more new leaves.

2.3 R esults

2.3.1 Gas emission and uptake u nder aerobic conditions

In air (21 % oxygen, v/v), very little acetaldehyde (0.04 |j,l h-1 g-1FW) or ethanol 
(0.3 |j,l h-1 g-1 FW) was emitted by rice seedlings of FR13A kept either in the light 
(500 |j.mol m-2 s-1) or in the dark (Table 2.2). Carbon dioxide evolution in the dark was 
300 |j.l h-1 g-1 FW, while under light conditions net carbon dioxide uptake was 300 |j.l h-1g-1 
FW (Table 2.2). Total photosynthetic carbon fixation rate (600 |j.l h-1 g-1FW) is estimated to 
be the sum of uptake of external carbon dioxide in the light and the emission rate at night.

2.3.2 Gas emission and uptake under anaerobic conditions in the dark

Emissions of acetaldehyde and ethanol were recorded from seedlings of FR13A exposed to 
an oxygen-free external gas phase (nitrogen gas) for 0.5, 1, 2, 4, 6, 8, 10 or 14 h (Fig. 2.2) in 
the dark. Each of these separate runs was repeated four or five times. Their average values 
and standard errors at the end of the various anaerobic periods are shown in Table 2.2.
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TABLE 2.2. Effect o f up to 14 h anaerobic treatment in the dark or in the light on rates of acetaldehyde, ethanol and carbon dioxide 
production by batches o f three 14-d-old FR13A rice plants measured at the end of the anaerobic period and again during recovery in air. 
Post-anaerobic increase in acetaldehyde was calculated as the difference between the post-anaerobic acetaldehyde peak value and the 
production rate at the end o f anaerobiosis. Post-anaerobic carbon dioxide data are emissions or uptake values 2 h after the re- 
introduction of air to the rice seedlings. All values are means with standard errors of 4 to 5 individual experiments.

Production rates at the end of anaerobiosis (|il h 'V F W ) Post-anaerobiosis (|il h"1g"1FW)

Duration of anaerobiosis Acetaldehyde Ethanol C 02 C02/ethanol ratio Acetaldehyde CO2

Dark conditions

Oh 0.04±0.013 0.3±0.17 300+30 (1.0+0.6).103

0.5 h 0.12+0.03 0.38±0.08 299+1 (7.9+1.7). 102 0.028+0.008 330+20

lh 1.10±0.05 2.40+0.04 206+2 85+2 0.5+0.1 200+10

2h 1.00±0.08 20.9+0.2 144+5 6.9+0.2 2.5+0.2 260+15

4h 0.95±0.06 17.0+1.4 120+15 7.1+1.0 1.40+0.13 180+10

6h 0.55±0.02 26+3 120+20 4.6+0.9 2.0+0.1 200+50

8h 0.9+0.13 22+4 100+20 4.5+1.4 2.2+0.2 220+10

10h 1.07±0.07 43+4 126+4 2.9+0.3 3.3+0.4 200+30

14h 0.9+0.13 40+7 100+15 2.5+0.6 4.6+0.4 160+40

Light conditions (500 junol m"2 s"1)

Oh 0.04+0.008 0.27+0.06 -30tttl5

2h 0.075±0.005 2.2+0.13 8.1+0.6 0.25+0.02 -311+10

12h 0.05+0.013 8.0+0.9 11.0+0.5 1.4+0.3 -282+8
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Figures 2.2 - 2.4 detail the dynamic changes in emissions by displaying data points separated 
by only a few minutes. All measurements were on-line and reveal the time of onset of 
fermentation by the release of the end product ethanol and its precursor acetaldehyde. 
In addition, detailed post-anaerobiosis features were measured, where the time resolution of 
the photoacoustic technique readily identified a particularly sharp acetaldehyde peak 
(e.g., Fig. 2.2C).

Thirty minutes from switching the gas flow from air to nitrogen there was little 
evident effect on emissions. This was principally because of the time taken for the nitrogen 
to displace oxygen present in the air originally within the cuvette (30 min to reach 0.22 %; 
Figs. 2.3A and B). However, after 1 h of nitrogen flow, production of acetaldehyde increased 
by up to 28-fold. With longer anaerobic exposures, acetaldehyde emissions declined slightly 
to level off at approx. 1 |j.l h-1 g-1FW by 3 h. The rise in ethanol output lagged behind that of 
acetaldehyde by approximately 10 min.
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F ig u re  2.2. Effect o f  anaerobic treatment and subsequent relief from anaerobiosis on patterns o f  
ethanol (open circles) and acetaldehyde (closed circles) emissions from single batches o f  three 
14-d-old, FR13A rice seedlings measured by on-line laser photoacoustics. The plants were placed in 
the dark and given an anaerobic treatment fo r  0.5 h (A), 1 h (B), 2 h (C), 4 h (D), 6 h (E), 8 h (F), 10 h 
(G) or 14 h (H) by enclosing in a cuvette supplied with nitrogen gas flowing at 2 l h '1 (grey horizontal 
bars). Afterwards, the plants were returned to a flow  o f  air (2 l h '1) while ethanol and acetaldehyde 
output continued to be measured.
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The amount produced rose with increasing length of anaerobic treatment (up to 14 h) to over 
40 |j,l h-1 g-1FW, after 14 h without oxygen (Fig. 2.2). At this time, the rate of ethanol 
production exceeded acetaldehyde production 44-fold. In contrast, 1 h without oxygen 
decreased carbon dioxide output by 31 % and by 50 % after 2 h. The decline in carbon 
dioxide output began within 0.5 h. After 8 h, production was one-half to one-third of the 
normal aerated value (Table 2.2, Fig. 2.3).

Time [h]

Time [h]

F ig u re  2.3. Effect o f  anaerobic treatment and subsequent relief from anaerobiosis on net carbon 
dioxide production rates (continuous line) and oxygen concentration (filled circles) in the surrounding 
gas phase o f  three 14-d-old, FR13A rice seedlings. The plants were placed in the dark and monitored 
fo r  2 or 4 h in air and then switched to nitrogen gas fo r  4 h (A) or 12 h (B) (grey horizontal bars) 
before being returned to air.

If tissue is respiring entirely by alcoholic fermentation (C6H i2O6 ^  2CO2 + 
2C2H5OH), the mol ratio of carbon dioxide and ethanol emission (and thus the ratio of the 
gas volumes produced) should be equal. When anaerobiosis was prolonged beyond 0.5 h, the
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observed CO2 : C2H5OH ratio decreased from over 1000 initially, to 85 after 1 h, 4.5 after 8 h 
and 2.5 after 14 h, indicating the steadily increasing dominance of alcoholic fermentation 
(Table 2.2). The expected ratio of 1 was not reached, probably because more ethanol than 
CO2 was retained in the plant and in the 25 ml nutrient solution that surrounded the roots. 
During transition from aerobic to anaerobic conditions induced by replacing air with nitrogen 
gas, we calculated that an oxygen concentration of 0.75 % would have been achieved around 
the plants after 30 min simply as a result of displacing air in the system by the stream of 
nitrogen gas. However, a smaller oxygen concentration than this was measured after 30 min 
(0.22 % - Figs. 2.3 and 2.4B). The difference between the two values is attributed to oxygen 
consumption by the plants.

2.3.3 Gas emission and uptake in nitrogen gas and under illum inated conditions

We checked the influence of illumination (500 |jmol m-2 s-1) since any resulting 
photosynthesis is likely to oxygenate the seedlings thus decreasing the impact of the 
anaerobic gas supply on respiratory pathways. Photosynthesis might also be expected to 
oxygenate the flow of nitrogen gas as it passed over the plants before making contact with 
the oxygen electrode. The dynamics of oxygen depletion of the gas flow as it was switched 
from air to nitrogen (Figs. 2.4B and D) were similar to those obtained in the dark 
(Figs. 2.3A and B). In both situations, oxygen dropped close to zero after 2 h of anaerobic 
treatment. This indicates no output of oxygen from the illuminated plants, which means 
either that no photosynthesis took place or that, in the absence of externally supplied oxygen, 
almost all internally generated photosynthetic oxygen was consumed within the plant. The 
latter explanation is supported by carbon dioxide output data. Thus, when plants were 
transferred from air to nitrogen gas, in the light, uptake of carbon dioxide by photosynthesis 
from air was replaced by a very small carbon dioxide emission into nitrogen gas of 
approximately 11 |jl h-1g-1 FW (Table 2.2). This small output was 89 % below anaerobic 
production of carbon dioxide in the dark (estimated to be 100 |jl h-1g-1FW, taken after 14 h in 
nitrogen). Thus, photo synthetic consumption of all but 11 |jl h-1g-1 FW of this respiratory 
carbon dioxide (i.e., almost 90 %) is deduced to have taken place when anaerobically treated 
plants were illuminated. These results give evidence of strong photosynthetic activity by 
illuminated rice plants in oxygen-free surroundings. Further evidence of photo synthetic 
activity in illuminated plants exposed to nitrogen gas was seen in acetaldehyde and ethanol 
output data. During 2 or 12 h in nitrogen gas treatment in the light, acetaldehyde emissions 
increased only slightly compared to aerobic conditions (Table 2.2) and was only 5 % of the 
value observed in an anaerobic cuvette in the dark. For ethanol, production was only about 
20 % of the rate in darkness. Thus, light decreased alcoholic fermentation by 80 % when the 
seedlings were exposed to oxygen-free nitrogen gas. This is the expected outcome if 
photosynthesis is actively generating oxygen that is utilised through the aerobic respiration 
pathway. A more detailed inspection of the pattern of ethanol emission in anaerobic 
surroundings in the light shows that ethanol emissions followed the curve generated under 
dark conditions for the first 3 h but then failed to increase further in the manner seen in
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darkness (Fig. 2.4C). This low, limited and constant, production of ethanol (from the plant), 
and its internal depletion (via the gas flow) in the sampling cuvette were thus in balance 
during this period. If ethanol production had been completely arrested by light, a decrease - 
over hours - in ethanol concentration would have been observed. Since no such decrease was 
seen, some alcoholic fermentation was still present. This may have taken place at the non
photosynthetic roots.

Time [h] Time [h]

20

10

0

F ig u re  2.4. Effect o f  2 h or 12 h o f  anaerobic treatment and subsequent relief from anaerobiosis on 
rates o f  acetaldehyde (filled circles), ethanol (open circles), CO2 (continuous line) and oxygen (filled 
triangles) emission or uptake by single batches o f  three 14-d-old FR13A rice seedlings. Plants were 
exposed to light (500 jjmol m'2 s'1) during the anaerobic treatment (grey bars) and during their return 
to air.

2.3.4 Post-anaerobic gas emissions in the d ark

Re-introduction of oxygen after an anaerobic treatment resulted in a temporary upsurge in 
acetaldehyde emission (Fig. 2.2). As little as 0.5 h anaerobic treatment was sufficient to 
induce this post-anaerobic peak (Fig. 2.2A), although because of oxygen displacement 
delays, the actual period of tissue anaerobiosis would have been shorter. This post-anaerobic 
acetaldehyde peak occurred even though emissions of acetaldehyde and also ethanol had not 
increased during the preceding 0.5 h (note the contrasting vertical scales in Fig. 2.2). 
When the anaerobic treatment was extended up to 2 h, post-anaerobic acetaldehyde peaks 
returned quickly to pre-anaerobic level (Figs. 2.2A-C). The peak value and the total output of
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the post-anaerobic acetaldehyde outburst (peak area) were increased when the preceding 
anaerobic treatment was lengthened up to 6 h (Figs. 2.2D and E). Following periods longer 
than 8 h anaerobiosis, a clearly defined peak no longer characterized the post-anaerobic 
upsurge (Figs. 2.2F-H). Instead, acetaldehyde emission remained elevated for many hours, 
extending beyond the period of monitoring. An upsurge (a peak, or broad maximum) of 
acetaldehyde that followed exposure to nitrogen gas in the dark is thus shown to be highly 
diagnostic of preceding tissue anoxia.

When re-exposed to air, after 0.5 and 1.0 h without oxygen, ethanol production 
showed a slow increase (Figs. 2.2A and B). Unlike that for acetaldehyde, ethanol release 
reached a maximum after 0.5-1.0 h. These broad ethanol peaks indicate implementation and 
maintenance of fermentation extending beyond the anaerobic period itself (Figs. 2.2A and 
B). The post-anaerobic rise in ethanol emission was not consistent (Fig. 2.2); for longer 
anaerobic periods a decline, from a high ethanol level, was typical. Within the first few 
minutes following the transfer from nitrogen to air, a small dip in ethanol emission was 
usually seen that corresponded to the time of the post-anaerobic acetaldehyde peak 
(Fig. 2.2C).

Re-exposure to air after anaerobiosis generated a post-anaerobic increase of carbon 
dioxide production. Carbon dioxide emissions after re-exposure to air differed depending on 
the length of the preceding oxygen-free treatment (Fig. 2.3). After short periods (4 h), a sharp 
outburst took place that levelled off about 2 h later to 60 % of the pre-anaerobic values 
(Fig. 2.3A). After longer periods of anaerobiosis (12 h) the initial burst was less prominent. 
Four hours later, CO2 production recovered to rates similar to those seen after only 4 h of 
anaerobiosis (Fig. 2.3B).

Plant survival rates and leaf injury were recorded 7 d after anaerobic treatments. For 
4 h and 12 h anaerobic treatment in the dark, survival was 100 %. Leaf injury was not 
immediately visible on cessation of anaerobic exposure. However, foliar dehydration 
developed over the following days and the extent of necrosis injury were recorded visually 
after 7 d. This was 10-15 % of the whole shoot for plants given a 4 h anaerobic treatment and 
20-30 % for plants recovering from 12 h of anaerobic treatment (data not shown).

2.3.5 Post-anaerobic gas exchange in the light

On return to air after 2 h or 12 h in nitrogen gas (all in the light) a small outburst of 
acetaldehyde was detected (Fig. 2.4 and Table 2.2). Detailed time course measurements 
revealed sharply defined peaks even though the absolute emission rates were extremely small 
from plants deprived of oxygen for only 2 h (Fig. 2.4A). In contrast to emissions following 
10-14 h of anaerobiosis in the dark, (Fig. 2.2), those following anaerobic treatment in the 
light decreased rapidly after the initial upsurge (Fig. 2.4C). Post-anaerobic ethanol 
production in the light declined rapidly (Fig. 2.4A), indicating a fast decline of fermentation. 
Illumination during anaerobic treatment largely prevented direct or indirect damage to the 
respiratory or photo synthetic apparatus since after 2 h, carbon dioxide consumption rates 
returned to their initial aerobic value. After 12 h without oxygen, subsequent photosynthetic
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carbon dioxide uptake diminished only slightly (10 %) compared to the aerobic rate, while 
oxygen uptake was largely unchanged (Figs. 2.4B and D). Similarly, light prevented foliar 
damage: following 2 h and 12 h of anaerobic treatment in the light, survival was 100 % with 
plants showing no visible damage to leaves after 7 d recovery in air.

2.3.6 Gas emission and uptake afte r subm ergence

We measured post-submergence emission rates of acetaldehyde and ethanol (in air) 
following submergence for 16 h. Submergence-tolerant (FR13A) and submergence- 
susceptible (CT6241) genotypes were compared (Table 2.3). We used the presence of post- 
anaerobic emissions of acetaldehyde and ethanol to indicate whether or not plants had 
actually experienced tissue anoxia and alcoholic fermentation, while submerged under three 
sets of conditions: (1) plants submerged in oxygen-free water in the dark and de-submerged 
in the dark; (2) plants submerged in oxygen-free water in the light and de-submerged in the 
light; (3) plants submerged in the dark in water initially in equilibrium with air and de
submerged in the dark.

T a b le  2.3. Average emission values (in fil h'1g'1FW) o f  acetaldehyde (AA) and ethanol over the first 4 h 
after de-submergence fo r  the submergence tolerant rice genotype FR13A and submergence intolerant 
rice genotype CT6241.

Acetaldehyde 
( i l  h '1g '1FW)

Ethanol 
( i l  h '1g '1FW)

Ethanol/AA
Ratio

Submergence
conditions

FR13A CT6241 FR13A CT6241 FR13A CT6241

16 h anaerobic water, dark 0.87 ± 0.19 1.0 ± 0.3 4.3 ± 0.6 5.0 ± 0.8 4.9±1.3 5.0 ±1.7

16 h anaerobic water, light 0.024±0.005 0.04 ±0.01 0.39 ± 0.19 1.1± 0.8 16 ± 8 30 ± 20

16 h aerated water, dark 0.14 ± 0.08 0.05 ±0.02 0.4 ± 0.3 0.28 ± 0.13 3 ± 2 6 ± 4

Anaer dark/ anaer light 
ratio

Anaer dark / aerated dark 
ratio

36 ± 10 

6 ± 4

29 ± 11 

20 ± 10

11 ± 6 

11 ± 6

5 ± 4 

18 ± 9

All values are means o f 4 to 5 individual experiments with standard errors.

Plants submerged in oxygen-free water in the dark and de-submerged in the dark. 
Immediately on de-submergence, plants showed a marked post-submergence acetaldehyde 
increase (see Fig. 2.5A). The increase was rapid, reaching a broad maximum within 4h. 
Ethanol also showed a prominent post-submergence rise that initiated 1 h after that of 
acetaldehyde (Fig. 2.5B). This ethanol increase was not seen for plants after anaerobic gas 
phase treatments (e.g. Fig. 2.2G). Ten to twenty percent of the leaf area was damaged in 
FR13A and 50-60 % in CT6241 when plants were de-submerged and allowed to recover for 
7 d.

Plants submerged in oxygen-free water in the light and de-submerged in the light. 
During submergence, oxygen was not detectable in the water, indicating the absence of any
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release of photosynthetically generated oxygen (Fig. 2.6). On de-submergence after 16 h, 
there was a very small but almost instantaneous increase in acetaldehyde release (36 times 
lower for FR13A and 29 times lower for CT6241 compared to submergence in oxygen free 
water in the dark; see Table 2.3 and Fig. 2.5A inset) and a slow rise in ethanol production 
from a very low base (11 and 5 times lower for FR13A and CT6241, respectively; see Table
2.3 and Fig. 2.5B). There was no sign of damage when plants were inspected after 7 d 
recovery.
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o
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- anaerobic water, light
- anaerob ic water, dark

Time [h]

F ig u re  2.5. Effect o f  16 h submergence under three contrasting sets o f  conditions on post-submergence 
emissions o f  acetaldehyde (A) and ethanol (B) by single batches o f  three 14-d-old FR13A rice 
seedlings. Filled circles, submergence under dark conditions in water initially de-oxygenated to 
< 0.1 % O2 by bubbling with N2 gas; filled triangles, submergence under dark conditions in water 
initially aerated with air (21 % O2); open diamonds, submergence under light conditions 
(500 im o l m'2 s'1) in water initially de-oxygenated to < 0.1 % O2 by bubbling with nitrogen. 
Light conditions during post-submergence were as during submergence.

42



Dynamic Aspects o f  Alcoholic Fermentation o f  Rice Seedlings.

Plants submerged in the dark in water initially in equilibrium with air and 
de-submerged in the dark. This treatment was the closest to the one likely to be experienced 
by rice plants in fields that become inundated by floodwater, especially if turbid. Oxygen in 
the water declined quickly within 30 min (inset to Fig. 2.6) and then steadied after 3 h around 
25 % of the fully aerated value before falling almost to zero by 30-35 h (Fig. 2.6). After 16 h 
underwater, there was almost no notable post-submergence rise in the output of acetaldehyde 
(6 and 20 times lower compared to submergence in oxygen-free water in the dark for FR13A 
and CT6241, respectively; see Table 2.3 and Fig. 2.5A). This was also the case for ethanol 
during the first 4 h out of water (11 and 18 times lower). Very small increases were seen then 
(Fig. 2.5 insets) but in absolute terms the rates of release were trivial. These data indicated 
that little or no internal anoxia or fermentation had occurred within the plants during 
submergence. When the plants were allowed to recover for 7 d, the damage to the foliage 
was evident, being 5-10 % for FR13A and 15-20 % for CT6241.

Time of submergence [h]

F ig u re  2.6. Changes in oxygen concentration in water surrounding batches o f  three 14-d-old FR13A 
rice seedlings submerged fo r  16 h under different conditions. Filled circles, initially aerated water in 
the dark; open triangles, initially oxygen-free water in the light. For comparison, changes in dissolved 
oxygen in water initially in equilibrium with air but without plants are also shown (open circles). The 
inset gives enhanced detail o f  changes in oxygen concentration in the first hour.

These three types of experiment were repeated four to five times for FR13A and for 
the submergence intolerant CT6241 (Table 2.3). There were no statistically significant 
differences in post-submergence output of either ethanol or acetaldehyde between the two 
cultivars. This was the case even though unpublished work elsewhere (V.P. Singh, P.C. Ram,
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R.K. Singh and B.B. Singh, N.D. University of Agriculture Technology, Faizabad, India) has 
shown that the shoots of FR13A can contain up to 70 % more starch and respirable sugars 
than those of CT6241.

2.4 D iscussion

Rice plants are severely injured when submerged totally in water for several days (reviewed 
by Ito et al. 1999; Ram et al. 2002; Jackson and Ram 2002). One of our aims was to examine 
whether this damage is necessarily linked to the development of anoxic tissue. Evidence for 
tissue anoxia was sought in emission patterns of ethanol and acetaldehyde that would point 
to fermentation replacing aerobic respiration with its attendant penalty of poor energy 
conversion from respirable sugars and potential toxicity effects of acetaldehyde. Because 
photosynthetic fixation of external carbon dioxide is largely prevented by submergence 
(Setter et al., 1989) the absolute rate of fermentation may also be important. For example, a 
slow rate of fermentation could prolong survival by conserving reserves or achieve the 
opposite by generating even less ATP for maintenance processes. One or other of these 
possibilities would be supported if cultivars with contrasting tolerance to submergence differ 
in their rates of fermentation when anaerobic or submerged. The influence of deprivation of 
oxygen on submerged plants was first established by studying responses to controlled 
external anaerobic conditions in a gas phase.

2.4.1 Responses to an anaerobic gas phase

Switching from air to nitrogen gas led to acetaldehyde and ethanol release under anaerobic 
conditions within 30 min (acetaldehyde) and 40 min (ethanol) (Fig. 2.2). These delays 
overestimate the time needed by the plants to commence fermentation in response to anoxia 
because most of this delay is needed for a combination of gas displacement and plant 
respiration to decrease oxygen concentration around the plants to near zero values. The 
period over which the plant runs the hypoxic transition from aerobic to the fully anaerobic 
state was marked by a particularly fast decline in carbon dioxide output (15-30 min). At the 
end of this period, the change to internal anoxia was probably completed. The subsequent 
vigour of fermentation, as estimated through ethanol production, increased as anaerobiosis 
was lengthened by up to 14 h. A notable feature throughout was a strong hangover effect of 
anoxia on fermentation, ethanol production often rising and remaining elevated for several 
hours after the re-introduction of air.

Several physiologically informative features emerged from the measurements. 
Principal amongst these is the appearance of an immediate post-anaerobic peak of 
acetaldehyde emission. This proved to be a highly sensitive diagnostic marker for the 
occurrence of a preceding period of tissue anoxia. It was more sensitive than emissions of 
acetaldehyde or ethanol during the anaerobic treatment itself. This is shown in Figures 2.2B 
and 2.2C where a clear-cut post-anaerobic acetaldehyde peak was generated by dark-grown 
plants after only 0.5, 1 or 2 h in nitrogen. When oxygen around the plants was decreased to 
only 0.15 % rather than to 0 % and prolonged for up to 18 h, no acetaldehyde peak was seen
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when the plants were returned to air (Fig. 2.7). In addition, we observed no leaf damage and 
a 100% survival. This indicates that the acetaldehyde emission peak is diagnostic of anoxia 
and distinguishes this from the less damaging hypoxic state even when this is prolonged for 
many hours.

A post-anaerobic increase in acetaldehyde emission has been observed in other 
species (Cossins, 1978; Monk et al., 1987a; Zuckermann et al., 1997). On the re-entry of 
oxygen into the plant, a small fraction of the accumulated ethanol is seemingly converted 
back to acetaldehyde. This proposal is supported by our ethanol output data. This almost 
always showed a dip at the time of the acetaldehyde peak time, which agreed quantitatively 
(1:1) with the acetaldehyde output. Two main pathways have been proposed for the post- 
anaerobic acetaldehyde peak: (i) the NAD+- dependent re-conversion of ethanol back to 
acetaldehyde catalysed by alcohol dehydrogenase, and (ii) H2O2-dependent catalase mediated 
peroxidation. The H2O2 will probably have superoxide radicals as its source, these being 
derived from the incoming oxygen and converted to H2O2 by enzymes in the superoxide 
dismutase complex (Monk et al., 1987b). Indirect evidence for the generation of oxygen free 
radicals in post-anaerobic tissue has come from our unpublished finding of a post-anaerobic 
release of ethane from rice plants grown under the same conditions used in the present 
experiments (Santosa, 2002). Ethane is a degradation product of peroxidation of lipid 
membranes initiated by free radicals of oxygen (Halliwell and Gutteridge, 1989).

Time [h]

F ig u re  2.7. Effect o f  18 h treatment under low oxygen conditions (0.15% O2) on the pattern o f  
acetaldehyde emission from single batches o f  three 14-d-old FR13A rice seedlings measured by on-line 
laser photoacoustics (filled circles). The plants were placed in the dark, under 0.15 % O2 conditions 
(2 l h '1) at time t = -18h. A t time t = 0 h, the plants were returned to a flow  o f  air (2 l h '1). Note the 
absence of a post-anaerobic acetaldehyde peak on return to air.
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Carbon dioxide emission data revealed that quite short periods of anaerobiosis are 
sufficient to damage respiratory pathways. When rice plants were returned to air after as little 
as 4 h without O2, the CO2 output was little over half that shown before anaerobic treatment. 
Bertani et al. (1980) also observed this, which may have been a direct effect on biochemical 
mechanisms of respiration or an indirect outcome of structural tissue damage to 
mitochondria (Vartapetian and Andreeva, 1986) or tissues. The possibility that it was simply 
the outcome of time-dependent substrate depletion can be eliminated since CO2 production 
does not slow when well-aerated plants are incubated in the dark for up to 16 h (result not 
shown). When our plants were grown-on for a further 7 d in air, visible damage to the leaves 
developed. Thus, detection of a post-anaerobic acetaldehyde peak after 4 h anoxia served as 
an effective marker for a short episode of anoxia that was demonstrably damaging to the 
respiratory apparatus and ultimately to leaf survival.

Light completely eliminated the damaging effects on the foliage for up to 12 h in 
oxygen-free treatment. This was a consequence of photosynthesis that presumably acted 
through photosynthetic fixation of respiratory CO2 to generate oxygen and permitted aerobic 
respiration while suppressing fermentation. Accordingly, much slower ethanol and 
acetaldehyde production was measured in the light than in the dark. It was deduced that over 
90 % of aerobic respiratory carbon dioxide was taken up. Remarkably, all photosynthetic 
oxygen was apparently consumed by internal metabolism since no released oxygen gas could 
be measured. These findings highlight the importance of light for submerged plants under 
field conditions. However, the extreme sensitivity of our system revealed that light did not 
entirely eliminate fermentation. A small but measurable production of ethanol during 12 h in 
nitrogen gas under light was retained. Furthermore, on return to air, a distinct albeit small 
post-anaerobic treatment acetaldehyde peak was discernible. Once more, this indicates the 
presence of an acetaldehyde peak acting as an extremely sensitive marker for even minor 
amounts of tissue anoxia. We assume that in the light, the residual anoxia was located in root 
tips or in the central stele of the roots (Thomson and Greenway, 1991). Here, any 
photosynthetic oxygen not immediately consumed by foliar respiration would be least likely 
to penetrate because of the long path length, minimal aerenchyma content and dense packing 
of small cells.

2.4.2 Responses to subm ergence

After submergence in oxygen-free water in the dark, the pattern of acetaldehyde and ethanol 
release (Fig. 2.5) was reminiscent of that seen after a similar period of treatment in nitrogen 
gas (Figs. 2.2G and H). However, there were some differences. Instead of a rapid increase of 
acetaldehyde peaking within 2 h after the gas phase anaerobic treatment, the 
post-submergence increase was slower, reaching a maximum after 4 h (Fig. 2.5A). 
Post-submergence ethanol release shows a prominent increase 1 h after that of acetaldehyde, 
a rise that was absent in gas phase experiments (Fig. 2.2). The differences may be partly 
explained by impedance to outward diffusion of acetaldehyde imposed by stomatal closure 
that submergence induces (unpublished result). They may also arise because, in submerged
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plants, ethanol and acetaldehyde are readily washed-out by submergence water (Setter and 
Ella, 1994). Immediately after de-submergence in air, internal levels would be low and time 
would be needed for internal concentrations to built-up and to be released into the 
atmosphere around the plants and on to the laser detector.

Nevertheless, submergence in oxygen-free water in the dark induced a clear post
stress acetaldehyde and ethanol emission, indicating that these plants experienced anoxia. 
Accordingly, the amount of damage sustained by the foliage was considerable and greater in 
the submergence-susceptible cultivar CT6241 compared with more tolerant FR13A. 
However, the amounts of post-stress acetaldehyde and ethanol release were similar in both 
lines indicating that the basis of tolerance to submergence or anoxia tolerance was unlikely 
to be a difference in fermentation rate underwater. If plants submerged in anaerobic water 
were illuminated, damage to the foliage was undetectable 7 d after 16 h submergence 
treatment. As with anaerobic gas-phase treatment, post-treatment acetaldehyde and ethanol 
releases were almost but not entirely eliminated by light. The residual effect is ascribed to a 
small amount of anoxic tissue that persisted despite oxygenation by photosynthesis. 
This residuum is most likely to have been in root tips and vasculature.

In the field, floodwater will not necessarily be devoid of oxygen, as extensive 
surveys in India and Thailand have shown (e.g. Setter et al., 1987; Ram et al., 1999). 
However, submergence in water containing some oxygen can still be damaging but with 
FR13A retaining its resilience compared to intolerant lines (e.g. Jackson et al., 1987). 
If internal tissue anoxia develops under these conditions and is responsible for submergence 
injury then the presence of a post-anaerobic acetaldehyde peak would be expected when 
plants were desubmerged. However, no such peak was seen, even from submergence- 
sensitive CT6241 after 16 h underwater. This is approximately 4 h longer than a typical 
tropical night and thus more likely to promote internal oxygen deficiency than night-times in 
the tropics.

We conclude that (1) submergence in water devoid of oxygen and light is highly 
injurious to rice in association with vigorous fermentation and thus extensive tissue anoxia;
(2) when submerged in oxygen-free water, a differential fermentation response to the stress 
is unlikely to explain the differences in tolerance between lines such as FR13A and CT6241;
(3) the presence of light minimizes submergence damage by depressing, but not completely 
eliminating, tissue anoxia; this being achieved by means of photosynthetic generation of 
oxygen utilizing respiratory CO2; (4) submergence damage caused by water containing at 
least some oxygen (a common situation in the field) is unlikely to be a consequence of tissue 
anoxia since no evidence of fermentation was found after 16 h dark submergence. 
Alternative explanations may involve substrate shortage resulting from inhibited 
photosynthetic fixation of externally derived CO2 (Setter et al., 1989) and a utilization of 
reserves by a well-documented stimulation of underwater leaf extension that is especially 
strong in rice lines that are intolerant of submergence (Jackson et al., 1987; Setter and 
Laureles, 1996).
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Detailed kinetics of alcoholic fermentation in submergence 
tolerant and susceptible rice seedlings exposed to anaerobic 
and micro-aerobic conditions

This paper examines whether the well known superior tolerance of FR13A rice seedlings to 
complete submergence is related to tolerance to oxygen shortage and to the capability to run 
a more favourable rate of alcoholic fermentation than the submergence-intolerant lines such 
as CT6241. A sensitive laser-based photoacoustics trace gas detection technique is used to 
monitor, at high time resolution, patterns and emission rates of ethanol and acetaldehyde 
from intact rice seedlings exposed to micro-aerobic (0.05 %  - 0.5 %  O2) or zero O2 supply, 
and also during their return to air. The O2-deficient gas phase treatments constitute a follow- 
up to similar measurements under anaerobic conditions and under submergence of rice 
plants, presented in Chapter 2. Neither acetaldehyde nor ethanol emission was observed at 
oxygen concentration higher than 0.3 %  O2, indicating how little O2 is needed to prevent 
anaerobic fermentation by any part of the seedling. For the micro-aerobic treatments of 
0.3 %  O2 and less, the start of fermentation was delayed compared to treatment with
0 % oxygen. There was a marked difference between FR13A and CT6241; with fermentation 
beginning at least 1 h earlier in CT6241 than in FR13A. Acetaldehyde emission was 
especially responsive to different low concentration of oxygen; the emission always being 
higher under micro-aerobic conditions < 0.15 %  O2 than under anaerobiosis. Its emission rate 
under oxygen-deficit conditions increased steadily for at least 8  h and was the highest in 
0.05 %  O2. Ethanol production rates were maximal at 0 % O2 and gradually diminish with 
increasing oxygen concentration. No significant differences in ethanol release were found 
between FR13A and CT6241 under anaerobic or under micro-aerobic conditions, suggesting 
that the tolerance to submergence is not primarily connected to fermentative properties of 
rice seedlings. However, the two cultivars differed markedly in their rates of acetaldehyde 
emissions under micro-aerobic conditions < 0.15 % O2 and to subsequent return to air; 
FR13A producing approx. 1.5 times more acetaldehyde than CT6241. Evidence is presented 
suggesting that the greater tolerance of FR13A to submergence is related to its ability to

Boamfa EI, Veres A, Ram PC, Jackson MB, Reuss J, Harren FJM. Detailed kinetics o f  ethanol and 
acetaldehyde release suggest a role fo r  acetaldehyde production in tolerance o f rice seedlings to 
micro-aerobic conditions, submitted to Annals o f Botany.
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divert more reactive oxygen species into acetaldehyde production with H2O2 and ethanol as 
substrates.

3.1 In tro d u c tio n

The objective of this study is to determine whether the well-known superior tolerance of 
FR13A rice seedlings to complete submergence is related to anoxia tolerance and to the 
ability to ferment at a more favourable rate than the submergence-intolerant line CT6241.

During complete submergence, limited gas diffusion and low light intensity in 
floodwater are considered to be the most important factors affecting survival (Setter et al., 
1997). Because of the slower diffusion of gases in water as compared to air (Armstrong, 
1979), rice plants have a reduced availability of oxygen, which could lead to oxygen deficit 
conditions within the plant especially in the dark or if submergence persists. Under these 
conditions, submerged rice undergoes an “energy crisis” (Greenway et al., 1996), responding 
to anoxia by switching from aerobic respiration to less efficient energy generation by 
alcoholic fermentation. There are also other factors that contribute to submergence-tolerance 
of rice plants, such as carbohydrate reserves for energy supply (Ram et al., 1999). It was also 
shown that light has a beneficial influence in submergence tolerance (Boamfa et al., 2003), 
the chance of survival being enhanced if the submergence occurs in the evening rather than 
in the morning (Ram et al., 1999; Santosa, 2002). The down regulation of energy 
consumption during submergence (e.g. avoidance of elongation) might prolong the time to 
survive during submergence (Jackson and Ram, 2003). Thus, in addition to differences in 
energy generation and availability of respiratory substrates, more prudent use of available 
energy may also distinguish submergence tolerant from submergence susceptible strains.

Presently it is unclear whether a faster or slower rate of underwater fermentation 
would lead to longer survival. It is also not clear if deprivation of oxygen is the main cause 
for submergence intolerance. It appears less likely that anoxia is the main cause since 
CT6241 remains more susceptible to submergence than FR13A even when the submergence 
water contains oxygen (Ram et al., 1999). Furthermore, using a post-anoxic burst of 
acetaldehyde production as a marker for the presence of anoxic tissue (Chapter 2), we found 
no evidence of anoxic tissue in either cultivar under damaging submergence treatments. 
Nevertheless, Setter et al. (1999) have demonstrated a superior tolerance of anaerobic 
conditions by FR13A compared to CT6214, thus generating the need to re-examine the 
fermentation kinetics of these lines in more detail.

Our primary aim was to examine whether inherently different rates of fermentation 
during anaerobiosis occur for submergence tolerant and intolerant rice plants. We were also 
interested to identify the lowest external oxygen concentration at which the fermentation 
begins in order to assess how much oxygen plants need to prevent its induction. A second 
aim was to assess the possible importance of partial oxygen shortage since this is 
characteristic of submergence conditions in which differential sensitivities of FR13A and 
CT6241 are well-expressed (Jackson et al., 1987).
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In the present work we used a highly sensitive laser-based trace gas detector to 
compare alcoholic fermentation rates of FR13A and CT6241 when exposed to oxygen-free 
gas phase conditions and micro-aerobic (0.05 - 0.5 % O2) surroundings. Post-anoxic 
acetaldehyde emission was also compared for the two genotypes to mark the severity of 
preceding anoxic conditions and appraise the biochemistry of post-anoxic injury from 
reactive oxygen species. Acetaldehyde production has a double significance: on the one hand 
it serves as the precursor of ethanol in alcoholic fermentation, while it can also be generated 
as product of H2O2 removal via catalase action involving ethanol. This enhances the value of 
acetaldehyde as a diagnostic probe.

3.2 M ateria ls  and  m ethods

3.2.1 P lant m aterial, germ ination, p lan t culture

Seeds of the submergence tolerant Oryza sativa L. cv. FR13A, an indica rice and 
cv. CT6241, a susceptible line of japonica rice, were kindly supplied by Dr. S. Sarkarung 
IRRI Thailand Office Bangkok, Thailand. The germination and plant culture were performed 
as described in Chapter 2. Rice seeds were surface sterilized with 1 %  sodium hypochlorite 
solution for 10 min, washed under running tap water for 5 min and placed in 110-mm- 
diameter glass Petri dishes lined with filter paper wetted with 15 ml of tap water. The Petri 
dishes were placed in dark at 30 °C and RH 65 %. Sprouted seedlings with 1-cm-long 
coleoptiles were transferred to culture trays (30 x 20 x 15 mm) filled with black Lacqtene 
low-density polyethylene grains and nutrient solution (Yoshida, 1976), pH 5.0. The culture 
trays were kept aerated with airflow through a perforated silicone tubing at the bottom of the 
tray. The plants were grown under a 12 h light/12 h dark regime of 28/22 °C (PPFD: 
500 |j.mol m-2 s-1, Philips SON-T Agro400 source) and a relative humidity of 60 to 65 %.

3.2.2 On-line detection of acetaldehyde, ethanol and carbon dioxide

Acetaldehyde and ethanol concentrations down to nl-l-1-level (0.1 nl-l-1 for acetaldehyde and
3 nl-l-1 for ethanol), released by young FR13A and CT6241 rice seedlings, were measured 
with a laser-based photoacoustic trace gas detector (Bijnen et al., 1996). The system used in 
the present study was similar to that described in Chapter 2. The laser system was equipped 
with three detection cells capable of monitoring three independent samples simultaneously.

Carbon dioxide and oxygen were also monitored in real-time, simultaneously with 
acetaldehyde and ethanol, using a commercial CO2-infrared analyser (detection limit:
1 ijIT1 CO2) in which an electrochemical oxygen sensor (detection limit: 0.01 % O2) was 
incorporated (URAS 14, Hartmann & Braun, Frankfurt, Germany).

3.2.3 T race gas m easurem ent procedure

Anaerobic, micro-aerobic (0.05 % - 0.5 % O2) and aerobic gas phase conditions were 
imposed to 14-d-old seedlings of the submergence tolerant FR13A and submergence 
intolerant CT6241 rice genotypes, using gas flows comprising nitrogen, mixtures of air with 
nitrogen and air, as appropriate. For each measurement, batches of three plants were used to

53



Chapter 3

generate more easily detected amounts of gas and to minimise effects of differences between 
individual plants. The fresh weight of plants was measured just before each experiment and 
was about 0.35 g/seedling for FR13A and 0.2 g/seedling for CT6241. The seedlings were 
placed in a glass cuvette (300 ml) with the roots in 25 ml full strength nutrient solution. The 
inlet to the cuvette allowed various gas flow treatments (air, nitrogen or gas containing low 
O2 concentrations flowing at 2 l-h-1). The outlet flow was divided into two: one gas line was 
connected to the laser-based detector and the other to the carbon dioxide analysers. In this 
way, we monitored on-line and simultaneously the trace gases relevant to fermentation. For 
the micro-aerobic treatments, flows of air and nitrogen were mixed in different proportions 
with the help of mass flow controllers to obtain the desired concentration of oxygen. At the 
end of the measurement, plants were transferred back to the culture trays for recovery and 
7 d later were scored for survival and injury. Anaerobic, micro-aerobic and aerobic 
experiments in the dark were performed at about 22 °C. When treatments were made in the 
light, the contents of the cuvette were warmed up by the lamps to about 27 °C, while 
maintaining an irradiance of 500 |jmol m-2 s-1. Every individual experiment was duplicated 
four to five times.

3.3 R esults

3.3.1 A naerobic responses

Emission of acetaldehyde and ethanol were recorded from intact seedlings of the 
submergence tolerant FR13A and submergence susceptible CT6241 rice genotypes exposed 
to an oxygen-free external gas (nitrogen) for 1, 2, 4, 6 , 8 , 10 and 14 h in the dark, and for 
2 and 12 h in the light (500 |jmol m-2 s-1). Carbon dioxide emissions were recorded when 
seedlings were exposed for 4 and 14 h to anaerobic conditions in the dark. After switching 
from air to nitrogen gas, O2 in the plant cuvette declined from 21 % to less than 0.05 % 
within 15 min. Each on-line analysis was repeated on four or five different occasions. The 
average production rates with standard errors at the end of the anaerobic periods are shown 
in Table 3.1 and Fig. 3.1. The data for FR13A were already presented in Table 2.2 of 
Chapter 2. In the dark, a period as short as 1 h without O2 increased the output of ethanol and 
acetaldehyde, with production of the latter already at its maximum rate after 1 h. In contrast, 
ethanol output rose steadily over 8  h before reaching a constant level. Ethanol production 
always exceeded acetaldehyde production by a factor 10  to 2 0  and, by and large, rates of 
ethanol production were similar in both cultivars. Illumination of the plants suppressed 
ethanol and acetaldehyde output strongly. Under light, ethanol emission after 12 h was only 
about 20 % of the rate in darkness for FR13A and 30 % for CT6241. Thus, light decreased 
alcoholic fermentation by 70 % - 80 % when the seedlings were exposed to an external 
oxygen free gas phase. Anaerobic conditions decreased CO2 production within 30 min and, 
overall, by approximately two thirds in the dark. In the light there was no CO2 output in a 
nitrogen atmosphere, indicating photosynthetic fixation of most if not all respiratory CO2.

Figure 3.2 presents the detailed kinetics of the alcoholic fermentation products, 
acetaldehyde, ethanol and carbon dioxide emitted by both genotypes when exposed to 4 h
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anaerobic treatment followed by a 4 h re-aeration period. A single measurement was selected 
out of four to five independent experiments for this illustration. For both genotypes, 
acetaldehyde emission began within 0.5 h of imposing anaerobic conditions, followed 
10  min later by ethanol, irrespective to the illumination conditions (dark or light 
500 |j.mol m-2s-1). Acetaldehyde output increased fast under oxygen free conditions in the 
dark, and reaches similar maxima in both genotypes (1.1 |J.l h-1 g-1 FW for FR13A after 1h of 
treatment, and 2 |j.l h-1 g-1 FW for CT621 after 2h).

In contrast with the increase in acetaldehyde and ethanol observed during anaerobic 
treatment, the CO2 output declined within 0.5 h of starting the oxygen-free treatment. 
Aerobic CO2 release was similar for both genotypes, about 300 |j.l h-1 g-1 FW. One hour 
without oxygen decreased CO2 output by 30 % and by 60 % after 14 h (Fig. 3.2).

0 2 4 6 8 10 12 14 

Anaerobic treatment [h]

F ig u re  3.1. Effect o f  up to 14 h anaerobic treatment in the dark or in the light (500 jlmol m'2 s'1) on 
acetaldehyde (A), ethanol (B) and carbon dioxide (C) emission rates from batches o f  three 14-d-old 
FR13A (black and pattern bars) and CT6241 (grey and white bars) rice seedlings. Rates were 
measured at their indicated time after the start o f  the anaerobic treatment. A ll values are means with 
standard errors o f  4 to 5 individual experiments.
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T a b le  3.1. Effect of up to 14 h anaerobic treatment in the dark or in the light on rates of acetaldehyde, ethanol and carbon dioxide 
production by batches of three 14-d-old FR13A and CT6241 rice plants, measured at the end of the anaerobic period. All values are 
means with standard errors of 4 to 5 individual experiments.

Production rates at the end o f anaerobiosis (nl h^g^FW)

Duration of anaerobiosis Acetaldehyde Ethanol co2
Dark conditions FR13A CT6241 FR13A CT6241 FR13A CT6241

Oh 0.040±0.013 0.05±0.01 0.2710.06 0.3510.05 300130 285110

lh 1.10+0.05 1.45+0.07 2.40+0.04 2.810.3

2h 1.00±0.08 2.00±0.03 20.910.2 11.311.0

4h 0.95±0.06 0.90±0.11 17.011.3 15.511.8 120115 9517

6h 0.55+0.02 0.52+0.04 26+2 22+3

8h 0.90±0.13 0.70±0.13 5515 5516

10h 1.07±0.07 1.710.3 43+4 4711

14h 0.90±0.13 1.410.3 4019 3916 100115 9015

Light conditions (500 (imol m"2 s"1)

2h 0.075±0.005 0.19±0.02 2.2010.13 2.510.2

12h 0.050±0.013 0 .10±0.02 8.010.9 1111
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3



Detailed kinetics o f  alcoholic fermentation.

Figures 3.2, 3.3 and Table 3.2 reveal a marked change of acetaldehyde and ethanol formation 
when air is re-admitted after 1- 6  h without O2. The basic effect was a strong decrease in 
ethanol emission beginning almost immediately, accompanied by a marked temporary 
upsurge in acetaldehyde production that was stronger in submergence sensitive CT6241 
(after 4 h, 1.4 ^l-h'1g'1FW for FR13A and 4.7 ^l-h'1g'1FW for CT6241 -  Table 3.2), peaking 
only 10 min after the re-introduction of O2. Subsequently, the acetaldehyde emission rate 
decreased, reaching the initial aerobic rate about 2.5 h after the re-introduction of air. When 
the anaerobic treatment was lengthened to more than 6  h, the integral value and the peak 
height of the post-anoxic acetaldehyde outburst increased and was no longer characterised by 
a well defined output peak, the production remaining elevated for periods extending beyond 
the period of monitoring (see Fig. 2.2 from Chapter 2). Under illumination, a post-anoxic 
acetaldehyde outburst was again observed, but as compared with dark conditions it was much 
smaller. For example it became 6  times smaller after 2 h anaerobiosis and 3 times smaller 
after 12 h of anaerobiosis, for both genotypes (Fig. 3.3B or Table 3.2).
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F ig u re  3.2. Effect o f  4 h anaerobic treatment and subsequent relief from anaerobiosis on patterns o f  
ethanol (grey circles), acetaldehyde (black circles) and CO2 (dark grey line) emissions from single 
batches o f  three 14-d-old FR13A (A) and CT6241 (B) rice seedlings. A t t=0 h the plants were placed in 
air in the dark. A t t= 2.1 h they were given an anaerobic treatment fo r  4 h (light grey vertical bar) 
followed by a 4 h re-aeration period. One representative measurement selected from 4 to 5 independent 
experiments is shown.
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Simultaneously with the post-anoxic release of acetaldehyde, an upsurge in CO2 production 
was observed in both genotypes after an anaerobic dark treatment (Fig. 3.2). The peak in CO2 

output corresponds with the one of acetaldehyde (10 min after re-exposure to air). The post- 
anoxic outburst of CO2 is defined in Fig. 3.3 as the difference between the maximum value 
in post-anoxia and the CO2 emission rate at the end of anaerobic treatment. After 4 h without
O2, the post-anoxic CO2 output peaked at 51 ^l-h-1g-1FW for FR13A and 145 ^l-h-1g-1FW for 
CT6241, while after 8  h of nitrogen treatment, the values were 21 ^l-h-1g-1FW for FR13A 
and 25 ^l-h-1g-1FW for CT6241 (Table 3.2). After this maximum, the CO2 production stayed 
higher than during the anaerobic period but lower than prior to the anaerobic period, 
suggesting that normal aerobic respiration was resumed but not fully, due to some damage 
during anaerobiosis.
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F ig u re  3.3. Effect o f  up to 14 h anaerobic treatment in the dark or in the light (500 pmol m'2 s ')  on 
increase rates o f  carbon dioxide (A) and acetaldehyde (B) production by batches o f  three 14-d-old 
FR13A (black and pattern bars) and CT6241 (grey and white bars) rice plants, measured during their 
recovery in air. The post-anaerobic increase was calculated as the difference between the post- 
anaerobic peak values and the production rates at the end o f  anaerobic treatment. All values are means 
with standard errors o f 4 to 5 individual experiments.
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T a b le  3.2. Effect o f  up to 14 h anaerobic treatment in the dark or in the light on increase rates o f  
acetaldehyde and carbon dioxide production by batches o f  three 14-d-old FR13A and CT6241 rice 
plants, measured during the recovery in air. Post-anaerobic increase in acetaldehyde and CO2 was 
calculated as the difference between the post-anaerobic peak values and the production rates at the end 
o f anaerobic treatment. All values are means with standard errors o f  4 to 5 individual experiments.

Post-anaerobiosis (|il h '1 g '1 FW)

Anaerobiosis Acetaldehyde CO2

Dark FR13A CT6241 FR13A CT6241

1 h 0.5 ± 0.02 1.6 ± 0.03

2 h 2.5 ± 0.5 3.2 ± 0.13

4 h 1.4 ± 0.3 4.7 ± 0.7 51 ± 0.9 145 ± 13

6 h 2.0 ± 0.2 2.0 ± 0.8

8 h 3.5 ± 0.4 4.3 ± 0.5

10 h 3.3 ± 0.8 3.0 ± 0.27

14 h 4.6 ± 0.8 2.3 ± 0.6 21 ± 2.0 25 ± 1.0

Light
2h

12h

0.25 ± 0.05 

1.4 ± 0.7

0.4 ± 0.2 

1.0 ± 0.6

T a b le  3.3. Effect o f  8h anaerobic, micro-aerobic and aerobic treatment in the dark, on the rates o f  
production fo r  acetaldehyde, ethanol and CO2 by batches o f  three 14-d-old FR13A and CT6241 rice 
plants, measured at the end o f  the treatment. A ll values are means with standard errors o f  4 to 5 
individual experiments.

O2 [%] Acetaldehyde [|il h-1 g-1 FW] Ethanol [|il h-1 g-1 FW] CO2 [|il h-1 W]F-g

FR13A CT6241 FR13A CT6241 FR13A CT6241

0.00 0.90 ± 0.13 0.52 ± 0.04 55 ± 6 55 ± 5 115 ± 16 93 ± 20

0.05 5.5 ± 1.0 3.40 ± 0.15 47 ± 9 46 ± 2 150 ± 40 193 ± 2

0.10 4.4 ± 0.4 3.1 ± 0.5 31 ± 2 31 ± 4 100 ± 7 154 ± 13

0.15 2.60 ± 0.16 1.60 ± 0.10 9.8 ± 1.9 14.0 ± 0.7 124 ± 8 163 ± 11

0.20 0.77 ± 0.12 0.64 ± 0.10 3.2 ± 0.3 6.0 ± 1.3 140 ± 6 149 ± 8

0.25 0.80 ± 0.14 0.33 ± 0.09 5.8 ± 0.1 4.5 ± 0.8 115 ± 9 180 ± 40

0.30 0.35 ± 0.05 0.14 ± 0.05 1.43 ± 0.06 2.30 ± 0.08 138 ± 11 156 ± 9

0.50 0.10 ± 0.02 0.10 ± 0.02 0.86 ± 0.15 0.9 ± 0.1 117 ± 8 102 ± 10

20.9 0.14 ± 0.04 0.10 ± 0.02 0.75 ± 0.04 0.75 ± 0.04 140 ± 20 201 ± 6
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3.3.2 M icro-aerobic responses in the d ark

In natural conditions, the complete submerged rice plants are thought to experience anoxia 
only in extreme cases, for example during the night, especially in roots, or when the water is 
very turbid, or after extended period of flooding. Mostly, the water is not completely 
anaerobic and contains some oxygen. In field conditions it was found that the submerging 
water could even be super-oxygenated (Ram et al., 2002). Since no clear differences in the 
fermentation rates between FR13A and CT6241 under gas phase anaerobiosis were found, 
we investigated whether the tolerance to submergence in rice is correlated with the 
fermentation outputs when seedlings are exposed to the partially oxygen-deficiency 
conditions that are prevalent in the field. Accordingly, seedlings of submergence tolerant 
FR13A and submergence susceptible CT6241 were exposed for 8 h to a mixture of air and 
nitrogen gas containing low oxygen concentrations ranging from 0.05 % to 21 %. All these 
experiments were performed in the dark to avoid interference from oxygen produced by 
photosynthesis.
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F ig u re  3.4. Effect o f  8 h anaerobic (0% O2) and micro-aerobic treatment (0.05 % - 0.5 % O2)  in the 
dark on rates o f  production (in fil h'1 g - FW) fo r  acetaldehyde (A) and ethanol (B) by batches o f  three 
14-d-old FR13A (black bars) and CT6241 (grey bars) rice plants. The production rates are measured at 
the end o f  the treatment. All values are means with standard errors o f  4 to 5 individual experiments.
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An important issue was to identify if the external oxygen concentration at which 
fermentation starts was different in each genotype. A major finding was that no acetaldehyde 
and ethanol emission was emitted when the O2 concentration in the gas flow contained more 
than 0.3 % O2 during an 8 h exposure (Table 3.3 and Figure 3.4). This indicates how little 
external oxygen, in a gas phase, is needed to prevent anaerobic fermentation by any part of 
the rice seedlings. The delay before plants commenced acetaldehyde and ethanol emissions 
shortened from over 6  h in 0.3 % O2 to less than 1 h in zero O2 (Fig. 3.6). The length of these 
delays was always longer in FR13A. For example, when exposed to 0.05 % O2, fermentation 
by FR13A commenced after a delay of about 2.5 h; in CT6241 the delay was only 1 h.
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F ig u re  3.5. Effect o f  8 h aerobic (closed light grey circles), anaerobic (closed black circles) and micro- 
aerobic treatments (0.05 % - open black circles, 0.15 % -  closed grey circles, and 0.25 % O2 -  open 
grey circles), in the dark, on patterns o f  acetaldehyde (A) and ethanol (B) emissions from  single batches 
o f three 14-d-old CT6241 rice plants. For each oxygen concentration treatment, one representative 
measurement selected from 4 to 5 independent experiments is shown.
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The dynamic behaviour of acetaldehyde release during micro-aerobic treatments between 
0.05 -  0.15 % O2 differed markedly from that of ethanol (Fig. 3.5). While ethanol formation 
decreased with increasing input of O2, acetaldehyde output rose strongly in < 0.15 % O2 and 
exceeded those seen in anaerobic conditions. Thus, after 8  h in 0.05 % O2, acetaldehyde 
production rates were 6  times the anaerobic rate for FR13A and 4.6 times the anaerobic rate 
for CT6241 (Figure 3.5 and Table 3.3). Acetaldehyde formation was also stronger than the 
anaerobic rate in 0.1 % and 0.15 %  O2. Only when O2 was raised to above 0.2 % did 
acetaldehyde release return to anaerobic levels. No acetaldehyde emission above background 
was observed for oxygen concentrations > 0.3 %  O2.

O2 [%]

F ig u re  3.6. Effect o f  8 h anaerobic (0% O2)  and micro-aerobic treatment (0.05 % - 0.3 % O2)  in the 
dark, on the appearance time (in h) fo r  acetaldehyde (A) and ethanol (B) by batches o f  three 14-d-old 
FR13A (black bars) and CT6241 (grey bars) rice plants. All values are means with standard errors o f  
4 to 5 individual experiments.

For further clarification an additional experiment was performed. initially, the rice 
seedlings were exposed to a gas flow containing 0.05 % O2, and after 6.5 h a flow of oxygen- 
free gas (nitrogen) was admitted (Fig. 3.7). This experiment was carried out under dark 
conditions. At the time of switching from 0.05 %  O2 to 0 % O2, acetaldehyde production
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immediately dropped from 2 |j.l h"1 g"1 FW to a stable 1 |j.l h"1 g"1 FW while ethanol release 
became much stronger. During this experiment, CO2 output showed an upsurge just after 
switching the flow to pure nitrogen (data not shown).

Time [h]

F ig u re  3.7. Effect o f  6.5 h 0.05 % O2 micro-aerobic treatment in the dark, followed by exposure to 
nitrogen (closed circles), on patterns o f  acetaldehyde (A) and ethanol (B) emissions from single 
batches o f  three 14-d-old FR13A rice seedlings measured by on-line laser photoacoustics. Micro- 
aerobic treatment started at t=0 h, by flushing the cuvettes with a 2 l h '1 gas flow  (mixture o f  air and 
nitrogen, 0.05 % O2). A t t=6.5 h, the plants were exposed to a flow  o f  nitrogen (closed circles). 
A control measurement with seedlings exposed fo r  9 h to 0.05% O2 is also shown (open circles).

3.3.4 Post m icro-anaerobic trea tm ent

As with anaerobic pre-treated seedlings, re-introduction of air after 8  h micro-aerobic pre
treatment resulted in a temporary upsurge of acetaldehyde emission, exemplified in Fig. 3.8 
by FR13A. However, its magnitude was more pronounced after exposure to 0.1 % or 
0.05 % O2 than after anaerobiosis, but smaller if O2 levels were raised further to 0.2 or 0.3 %  
(Fig. 3.9). The size of the post micro-aerobic acetaldehyde peak was much greater for FR13 
A compared to CT6241. For example, a maximum rate of 4.2 |j.l h-1 g-1 FW was recorded for 
CT6241, after exposure to 8  h of 0.05 % O2 while FR13A presented a peak, with a maximum 
of 12.4 iJl-hV F W  (Fig. 3.9).
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F ig u re  3.8. Effect o f  8 h anaerobic (closed black circles) and micro-aerobic treatment (0.05 % O2 - 
open black circles, 0.2 % O2 -  closed grey circles, and 0.3 % O2 -  open grey circles) and subsequent 
recovery in air, in the dark, on patterns o f  acetaldehyde emissions from single batches o f three14-d-old 
FR13A rice seedlings. The treatments started at t=0.5 h, by flushing the cuvettes with a 2 l h'1 gas flow  
(nitrogen or mixture o f air and nitrogen). After 8 h, the plants were returned to a flow o f  air (2 l h '1). 
For each oxygen concentration, one representative measurement selected from 4 to 5 independent 
experiments is shown.
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F ig u re  3.9. Effect o f  8 h anaerobic (0 % O2 and micro-aerobic treatment (0.05 - 0.3 % O2 in the 
dark, on the increase in acetaldehyde production by batches o f  three 14-d-old FR13A (black bars) and 
CT6241 (grey bars) rice seedlings, during recovery in air. Post-anaerobic increase in acetaldehyde 
was calculated as the difference between the post-anaerobic peak values and the production rates at 
the end of anaerobic treatment. A ll values are means with standard errors of 4 to 5 individual 
experiments.
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Plant survival rates and leaf injury were investigated 7 days after anaerobic and 
micro-aerobic treatments. In all the cases, survival was 100 % for both rice genotypes, but 
leaves showed different levels of injury. After 8  h anaerobic treatment damaged area of leaf 
(foliar dehydration and necrosis) was about 20 %  for FR13A and 35 % for CT6241. Leaf 
damage was less after micro-aerobic treatment, with CT6241 always suffering about 15 % 
more leaf damage than FR13A.

3.4 D iscussion

Rice plants are severely injured when submerged totally in water for several days but with 
notable differences in susceptibility between cultivars such as FR12A and CT6241 (Ito et al., 
1999; Jackson and Ram, 2003; Ram et al., 2002). Our aim was to examine whether this 
damage and the cultivar difference in susceptibility are necessarily linked to the development 
of anoxic tissue. The approach was to expose young rice seedlings to O2-deficient gas phase 
conditions and monitor their impact on fermentation by measuring the output of ethanol, 
acetaldehyde and CO2. These experiments constitute a follow-up to similar measurements 
performed under submergence presented in Chapter 2 (Boamfa et al., 2003). In this earlier 
work, we found that anoxic gas phase treatments induced fermentation promptly and that 
subsequent re-aeration gave a temporary boost to the output of acetaldehyde. However, 
although submergence in water under a diurnal day-night cycle damaged the plants of both 
cultivars, especially CT6241, there was no obvious post-submergence release of 
acetaldehyde. This led us to conclude (Boamfa et al., 2003) that submergence could damage 
plants in the absence of tissue anoxia. However, these results did not help to resolve the basis 
of the difference in submergence tolerance between the two cultivars nor to explain how 
non-anaerobic submergence damages rice. Further work was clearly needed to confirm the 
findings and examine the alternatives.

During total submergence rice plants are isolated from direct contact with air for 
several days. Modification of oxygen levels in the submerged plant tissues can be caused by 
the daytime sunshine promoting photosynthesis despite the shading effect of the water and of 
any particles suspended in it. The presence of dissolved oxygen in the submergence water, 
can range from 0.13 to 0.28 mol m-3 during the day and 0.02 - 0.18 mol m-3 at night (Ito et 
al., 1999). This could also have an effect on respiration. Thus, plants may sometimes be 
exposed to anaerobic surroundings and sometimes to better oxygenate conditions. We 
investigated both of these situations from the perspective of their impact on acetaldehyde, 
ethanol and CO2 production and compared the performance of FR13A and CT6241.

Both cultivars showed remarkably similar response to the complete absence of O2. 
Evidence of fermentation was observed within 1 h of imposing these conditions in the dark 
with an earlier plateau for acetaldehyde, which was released in much smaller amounts than 
ethanol. Since, for technical reasons, it took about 30 min for all O2 to be removed from the 
plants surroundings, the fermentation reaction time may actually be shorter than 30 min. The 
rise in acetaldehyde preceded that of ethanol by about 10 min. Light strongly suppressed 
these emissions but did not eliminate them entirely indicating that photosynthetic O2 is
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unable to oxygenate the entire seedling. Fermentation was associated with a large depression 
of CO2 output. However, all these detailed features of anaerobic performance were similar in 
FR13A and CT6241. This confirmed that the greater submergence tolerance of FR13A is not 
due to a superior fermentation response to anoxia, nor that submergence damage to rice is 
necessarily a question of response to anoxia. However, the possibility remained that 
differences in submergence tolerance between FR13A and CT6241 have more to do with 
responses to the partial oxygen shortage rather than to anoxia.

Increasing oxygen concentration above zero had very similar effect on the ethanol 
emission as illuminating the plant, i.e. it reduced fermentation strength. As the external 
oxygen concentration was increased, the onset of fermentation was delayed and the ethanol 
emission decreased (Figs. 3.4B and 3.6B), yielding 85% of the anaerobic production rate at 
0.05 % O2, and only 3.6 % at 0.3 % external O2. Thus, already at this low level of 0.3 % O2, 
alcoholic fermentation practically ceases and, judging from the CO2 output data, normal 
aerobic respiration via the Krebs Cycle operates at the fully aerated rate.

Although under micro-aerobic conditions < 0.3 % O2 CT6241 began fermenting 
more than 1 h earlier than FR13A (Fig. 3.6), the actual rates of the ethanol production of the 
two genotypes were very similar, after 8  h (Fig. 3.5B). However, the picture obtained for 
acetaldehyde was very different. Surprisingly, in micro-aerobic conditions < 0.2 % O2, 
acetaldehyde emission was much stronger than from seedlings exposed to oxygen-free 
environment. At the same time ethanol production slowed considerably (Table 3.3) thus 
uncoupling ethanol and acetaldehyde production. During these micro-aerobic conditions, a 
steady rise of acetaldehyde was observed until at least the end of the 8 -h treatment (Fig. 3.8). 
For further clarification, seedlings were first exposed to a gas flow containing 0.05 % O2, 
and after 6.5 h a flow of oxygen-free gas (nitrogen) was introduced (Fig. 3.7). At the time of 
switch from 0.05 % O2 to 0 % O2, acetaldehyde production immediately dropped from
2 |jl h-1 g-1FW to a stable 1 |jl h-1 g-1FW, while ethanol release became much stronger. This 
appears to be the first report of low oxygen supply simultaneously depressing ethanol 
production while enhancing acetaldehyde production above that induced by anoxia. Indeed, 
anoxia suppresses the acetaldehyde emission strongly. In addition, a further enhancement of 
acetaldehyde formation occurs when micro-aerobic seedlings are returned to air. The effect is 
reminiscent of that seen when plants are re-aerated after anoxia but it is on a much larger 
scale. This effect is particularly marked after re-aerating plants given 0.05 %  O2 but is also 
evident after 0.1 %  O2. This appears to be the first report that small amounts of O2 promote 
acetaldehyde formation to rates substantially above those of anoxic tissue both during the 
exposure and after a return to air. The apparent decoupling of ethanol and acetaldehyde 
production caused by these treatments suggests that an unconventional pathway may be 
involved.

In contrast to the upsurge in acetaldehyde during and after micro-aerobic treatments, 
the immediate upsurge in acetaldehyde release after re-exposure of anaerobic tissue to air has 
been reported before for rice both, here and in Chapter 2 (Boamfa et al., 2003). It is a feature 
of post-anaerobic tissue of other species, too (Cossins, 1978; Monk et al., 1987; Zuckermann
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et al., 1997). The peak in acetaldehyde release after re-entry of oxygen could be the outcome 
of a back-conversion of ethanol to acetaldehyde. This is achievable either by NAD+- 
dependent re-conversion of ethanol to acetaldehyde, catalysed by alcohol dehydrogenase 
(ADH), or by an H2O2-dependent peroxidation of ethanol that is promoted by catalase, an 
enzyme that can increase in activity at these circumstances (Garnczarska, et al., 2004). The 
H2O2 is thought to have superoxide radicals (O2-) as its source. These radicals originate from 
the incoming oxygen and become partly converted to H2O2 by superoxide dismutase 
(Monk et al., 1987). Zuckermann et al. (1997) suggested that it is unlikely that a significant 
surplus of NAD+ would be available to alcohol dehydrogenase during the first minutes after 
re-exposure of rice plants to air. Thus, the NAD+-dependent ADH-reaction would be 
disabled by NAD+ shortage. The catalase-based reaction is therefore more likely. Indirect 
experimental evidence that oxygen free radicals are present in post-anaerobic tissues of rice 
has come from results showing a post-anaerobic release of ethane by seedlings grown under 
the same conditions as used in the present experiments (Santosa, 2002). When oxygen is re
introduced into the plant tissue, the balance between free radical formation and the normal 
scavenging capacity is disturbed and the tissue becoming susceptible to oxidative stress 
undergoes lipid peroxidation. Lipid peroxidation is the free radical induced degradation of 
polyunsaturated fatty acids; bio-membranes and cell boundaries are thereby disrupted 
causing injury and cell death. Under natural conditions plants are equipped with radical- 
detoxifying systems (enzymes and antioxidants). In plants, however, natural detoxifying 
systems can be reduced under an/micro-aerobic conditions, thus creating sensitivity to 
enhanced peroxidative damage (Pfister-Sieber and Braendle, 1994). Ethane is a degradation 
product of peroxidation of lipid membranes initiated by free radicals of oxygen such as 
superoxide (Halliwell and Gutteridge, 1989). We envisage that a similar mechanism may 
explain the fast acetaldehyde production during and after micro-aerobic treatments to rice 
seedlings. Differential operation of such a mechanism may help explain the greater tolerance 
of FR13A to damage by submerged conditions where some O2 is present. The essence of the 
link lies in the concomitance between the greater tolerance of FR13A and its lower rate of 
ethane formation (Santosa, 2002) under conditions when acetaldehyde release is greater than 
in CT6241. The outbursts of acetaldehyde and ethane are both connected to peroxidation, 
ethane as a final product and acetaldehyde as indicator of H2O2-removal by catalase. A larger 
concentration of H2O2 in FR13A as manifested by a larger removal (high acetaldehyde 
production) possibly means that a larger fraction of the dangerous oxygen radicals is 
transformed into the relatively harmless H2O2 and thus peroxidation becomes less 
pronounced, i.e. the ethane production is smaller. Our working hypothesis is that, in both 
cultivars, micro-aeration at approximately 0.05 % O2 is too low to maintain fully the anti
oxidative defence system; but is sufficient to produce reactive oxygen species (ROS) 
especially superoxide that can damage lipids through peroxidation. Ethane efflux is a 
measure of this damage and is smaller in FR13A.

If, starting from the critical micro-aerobic situation with 0.05 % of oxygen, 
anaerobic conditions are introduced (Fig. 3.7), the supply of O2- suddenly stops although the
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seedlings remain in their defenceless state. Consequently, the acetaldehyde production is 
halved and attains its fermentative level, while the ethanol production shows a steeper rise. 
This transition provides further strong evidence for our hypothesis that the observed 
acetaldehyde release is not only derived from its precursor role for ethanol in alcoholic 
fermentation, but equally importantly from ethanol oxidation in the catalase-mediated H2O2 

reaction.
We suggest this could be a consequence of more superoxide being diverted into 

H2O2 synthesis via superoxide dismutase with the result of more H2O2 being produced in the 
oxidation of ethanol to acetaldehyde via catalase. We recognize this is a particularly novel 
suggestion and is based entirely on correlative evidence. But, the scheme receives support 
from our finding that as soon as generation of reactive oxygen species is halted by imposing 
anoxia on micro-aerobic plants, acetaldehyde production decreases quickly and that micro- 
aerobic conditions are less damaging than is anoxia even though acetaldehyde formation is 
much elevated.

Micro-aerobic conditions though less necessitating fermentation than anoxia yet 
lead to a more elevated acetaldehyde formation. This observation leads to the link between 
acetaldehyde formation and lipid peroxidation. That this observation relates to what occurs 
under field conditions of submergence, is indicated by the results on ethane production 
during submergence (Santosa 2002); the integrated ethane production during submergence 
was found to exceed significantly the total post-anoxic ethane release, both arising from lipid 
peroxidation.

Fermentation by rice seedlings is initiated within 30 min once external O2 supply 
falls below 0.3 %. Detailed comparisons of the kinetics of ethanol, acetaldehyde and CO2 by 
anaerobic seedlings reveal no marked difference in anoxia response between a submergence 
tolerant line (FR13A) and a more susceptible one (CT6241) and both exhibit a similar small 
increase in glycolytic flux. However, these cultivars differ in their reactions to micro-aerobic 
conditions (notably 0.05 %  O2) where both, during and after a micro-aerobic episode, 
acetaldehyde production is strongly enhanced while ethanol production is diminished. The 
effect is more pronounced in submergence-tolerant FR13A and is linked to less lipid 
membrane peroxidation as revealed by reports on slower ethane efflux. We suggest that less 
lipid damage in FR13A is an outcome of diverting more reactive oxygen species away from 
membrane attack and into enhanced production of less harmful H2O2 that serves as substrate 
in the conversion of ethanol to acetaldehyde.
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Chapter 4

Ethanolic fermentation in anaerobic seedlings is faster in rice than 
in wheat and is dominated by the shoot system

We compared acetaldehyde and ethanol production in rice (Oryza sativa L.) and wheat 
(Triticum aestivum L.) plants, to explore reasons for the greater tolerance of rice to the 
absence of oxygen. The novelty of this study is the separate real-time monitoring of the trace 
gases emitted by roots and by shoots of intact seedlings, using a sensitive photoacoustic laser 
based detection system. This spatial separation was essential for assessing the relative 
contribution of above and below ground parts of the plant to fermentation and therefore to 
anaerobic tolerance. Besides emissions of CO2, acetaldehyde and ethanol, ADH and PDC 
enzyme activities and soluble carbohydrates, starch and ethanol were also determined. 
Anaerobic treatment in the dark resulted in ethanol and acetaldehyde release from all tissues. 
Ninety percent of these fermentation products originated from the shoots. Ethanol production 
was 23 times greater in rice than in wheat shoots. The much faster ethanol production in 
shoots of rice as compared to wheat was associated with twice the concentration of soluble 
carbohydrates and of starch, and a four and ten times greater activity of the fermentative 
enzymes ADH and PDC, respectively. Light (350 |j,mol m-2 s'1) decreased anaerobic ethanol 
production in shoots by 70 %, presumably because of photo synthetic oxygen. 
After anaerobically treated plants were returned to air in darkness, the shoots, but not the 
roots of both species showed a transient acetaldehyde peak, indicating prompt re-oxidation of 
ethanol. The post-anoxic acetaldehyde production was greater in wheat than in rice. 
Rice seedlings were able to minimize production of acetaldehyde more effectively than 
wheat, avoiding post-anoxic cell injury and leaf damage.

Park of this work is based on: Mustroph A, Boamfa E.I., Laarhoven LJJ, Harren FJM, Grimm B, 
Albrecht G. Ethanolic fermentation in anaerobic rice and wheat seedlings I: dark ethanol production is 
dominated by the shoots, prepared, to be submitted.



Chapter 4

4.1 In tro d u c tio n

When avoidance strategies against flooding (formation of aerenchyma, adventitious rooting 
and lenticels, enhanced shoot growth, Jackson, 1985) cannot provide sufficient amounts of 
oxygen for the inundated tissues, plants have to adapt their metabolism to oxygen deficiency 
stress (Drew 1997, Vartapetian and Jackson 1997). Although prolonged anoxia will 
irreversibly damage the entire plant, its different tissues exhibit a divergent tolerance. In 
particular, the physiological responses between heterotrophic roots and autotrophic shoots 
show a clear difference in low oxygen stress tolerance, even in the dark (Ellis et al., 1999).

Roots are, generally, less tolerant to anoxic stress than shoots (Saglio et al., 1988). 
Recent results with rice and Acorus calamus confirm a higher resistance of shoots against 
oxygen depletion (Menegus et al., 1991, Schlueter and Crawford 2001). Photosynthesis in 
shoots and leaves is apparently important during anoxia. It was recently demonstrated that a 
16 h photoperiod enhances survival of rice seedlings compared to continuous darkness by 
providing oxygen and fermentable substrates for continuous metabolic activity in an 
atmosphere of pure nitrogen gas (Mustroph and Albrecht 2003). However, even when 
illuminated, plants in a nitrogen atmosphere switch, partially, to ethanolic fermentation. The 
consequences of fast ethanolic fermentation rates for anoxia tolerance are uncertain and arise 
from the double-edged character of fermentation. Although fast fermentation prevents a total 
down-regulation of glycolysis, thereby sustaining modest ATP formation, it may lead to 
rapid carbohydrate depletion if the rate of glycolysis is accelerated (Pasteur effect). On the 
other hand, slow rates of fermentation will conserve scarce respirable substrate.

The objective of this study was to understand better the contribution of anaerobic 
respiration to tolerance of oxygen deficiency. We analyzed ethanolic fermentation in anoxia 
tolerant rice (Oryza sativa L.) and less-tolerant wheat (Triticum aestivum L.) seedlings 
during oxygen deficiency in darkness and in light. Secondly, we assessed the importance of 
post-anoxic acetaldehyde production for the tolerance mechanism, since increased 
production and emission of toxic acetaldehyde is a prominent characteristic of plant tissues 
that are retransferred to air (Pfister-Sieber and Braendle 1995, Zuckermann et al., 1997, 
Boamfa et al., 2003).

This analysis of ethanolic fermentation was performed using a highly sensitive 
method for trace gas analysis. Conventional tissue extraction alone is inappropriate for 
monitoring ethanol and acetaldehyde since it excludes sizeable emissions that normally 
emanate from the tissue into the surrounding medium (Bertani et al., 1980, Setter and Ella 
1994). To overcome these difficulties, we monitored the real-time ethanol and acetaldehyde 
release from intact plants using a photoacoustic laser-based trace gas detector (Zuckermann 
et al., 1997). This equipment enabled the onset and extent of fermentation in intact seedlings 
to be monitored with high time resolution.

In Chapters 2 and 3 this technique was used to compare ethanolic fermentation of 
two rice cultivars with different tolerance to flooding (Boamfa et al., 2003). For the present 
study, the trace gas measurement setup was modified by separating root and shoot gas
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release for simultaneous real-time monitoring (Fig. 4.1). This spatial separation allowed the 
relative contribution of above and below ground parts to be resolved.

B

Figure 4.1. A. Experimental set-up. The trace gases released by intact rice or wheat seedlings in the 
sampling cuvette were transported with the gas flow to the CO2 and oxygen analyzers (URAS) and 
subsequently to the photoacoustic detector (PA). The laser system was equipped with three detection 
cells. Three independent samples could be simultaneously analyzed. Before entering the photoacoustic 
detector, water vapor in the gas flow was removed by a Peltier-cooling element (-20 °C) and a cold trap 
(-45 °C). Anaerobic conditions were imposed on the plants by replacing the inflowing air with nitrogen 
gas. Variations in the composition o f the carrier gas changed the acoustic behavior o f the detection 
cell. Two flows, one flow (air) through the sample cuvette and the other flow (nitrogen) through an 
empty cuvette were used to ensure that oxygen concentrations in the acoustic detector were always 
constant; the flows, regulated by mass flow controllers (MFC), were recombined in a variable ratio 
using a valve system. B. The two-compartment cuvette, used to monitor separately the roots and shoots 
gas emission and uptake. The shoot-compartment (90 ml) and the root-compartment (45 ml) were 
separated by a pierced rubber stopper, through which the seedlings were inserted, and made air-tight 
with a water-resistant sealant. The inlets o f the cuvettes allowed gas flow treatment (N2 or air). The 
roots compartment inlet passed through 30-ml water, in which the roots o f the intact plants were 
placed.

4.2 M ateria ls  an d  M ethods

4.2.1 G erm ination and p lan t culture

Caryopses of rice (Oryza sativa cv. Cigalon) and wheat (Triticum aestivum cv. Alcedo) were 
germinated in the dark on moist filter paper, and after 2  d transferred to an aerated 
hydroponic KNOP nutrient solution (Albrecht et al., 1993). The plants were grown in an 
environmental chamber (MLR-350, Sanyo, Japan), under a 16h light/ 8 h dark regime of 
22/ 17 °C with PPFD of 350 ^mol m-2 s-1). 14-day-old rice and 9-day-old wheat plants were 
rinsed in water and used for measurements.

4.2.2 Real-tim e detection of acetaldehyde, ethanol, CO 2 and oxygen

Concentrations down to 0.1 nl-l-1 for acetaldehyde and 3 nl-l-1 for ethanol, were measured 
with a laser-based photoacoustic trace gas detector (Zuckermann et al., 1997). Our detection
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system (Fig. 4.1A) was extensively described in Chapter 2. The laser system was equipped 
with three detection cells in series, capable of monitoring three independent samples 
simultaneously (Boamfa et al., 2003).

Carbon dioxide and oxygen were also monitored in real-time, and simultaneously 
with acetaldehyde and ethanol, using a commercial CO2- infrared analyzer (detection limit:
1 ij.1T1 CO2) in which an electrochemical oxygen sensor (detection limit: 0.01 %  oxygen) 
was incorporated (URAS 14, Hartmann & Braun, Frankfurt, Germany).

4.2.3 T race gas m easurem ent procedure

Anaerobic and aerobic gas phase conditions were imposed on 14-d-old rice and 9-d-old 
wheat seedlings, using flows of nitrogen gas and air as appropriate. For each measurement, 
batches of 6  rice or 3 wheat plants were used rather than single plants, to increase the sample 
volume and to minimize effects of single individuals. The fresh weight of the plant material 
per cuvette was approximately 0.5 g for rice and 1.5 g for wheat. The caryopses were 
removed at the beginning of the experiments to ensure autotrophy of plants.

A two-compartment glass cuvette (Fig. 4.1B) was used for the separate analysis of 
shoots and roots of intact plants,. The shoot-compartment (90 ml) and root-compartment 
(45 ml) were separated by a pierced rubber stopper, through which the seedlings were 
inserted, and made airtight with a water-resistant sealant (Terostat-IX, Henkel Teroson, 
Heidelberg, Germany). The root compartment gas inlet passed through 30-ml water, in which 
the roots of the intact plants were placed (Fig. 4.1B). The outlet flows passed first through 
the CO2 and oxygen analyzer and then through the photoacoustic detector.

Anaerobic and post-anaerobic experiments in the dark were performed at 22 °C. 
When treatments were performed in the light (350 ^mol m-2 s-1), the lamps warmed up the 
cuvette to 26 °C.

In one set of experiments under dark and light conditions both shoots and roots 
were exposed to oxygen-free gas flow. During another set of experiments, the roots were 
exposed to nitrogen gas, while the shoots remained in air. A third set of experiments was 
performed by exposing the entire plants 4 h to nitrogen gas followed by 4 h of air. In addition 
to measurements with intact plants, the cuvettes were used to monitor gas emission from 
excised roots and shoots to determine the specific emission values for each organ and to 
exclude transfer of ethanol or acetaldehyde between both plant organs. Immediately after the 
measurements, the fresh weights of roots and shoots were determined. Three to six individual 
measurements were performed for each set of experiments.

4.2.4 M etabolite content in shoots and roots

For metabolite measurements, tissue was immediately frozen in liquid nitrogen. To detecte 
metabolites after anaerobic treatment, plants were placed in a desiccator with the roots in the 
nutrient solution, continuously flushed with nitrogen. After 4 h anaerobic treatment in 
darkness or light, plants were harvested and immediately frozen.
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Approximately 200 mg FW of root or shoot were ground in liquid nitrogen to a fine 
powder, extracted in 10 % TCA and centrifuged for 15 min at 13,000 rpm and 4 °C. The 
supernatant was used for analysis of soluble sugars and ethanol. Contents of glucose, 
fructose and sucrose were detected spectrophotometrically (Uvikon 930, Kontron 
Instruments, Germany) at 340 nm in 0.1 M imidazole buffer, pH 6.9 with 5 mM MgCl2, 
1mM ATP, 2 mM NAD and 1 U glucose-6 -phosphate dehydrogenase. Each reaction was 
initiated by adding the following enzymes: 0.5 U hexokinase to assay glucose content, 
followed by addition of 0.2 U phosphoglucose isomerase to determine fructose, and finally 
addition of 60 U invertase to quantify sucrose in a sequential reaction set (Stitt et al., 1978). 
Starch was estimated from the pellet by extraction in 0.2 M KOH for 1 h at 95 °C, 
neutralization by acetic acid and subsequent incubation overnight with amyloglucosidase 
(2 mg ml-1). Released glucose was measured as described above.

Whereas emitted ethanol was analyzed with the photoacoustic laser system by the 
Nijmegen group, ethanol concentration inside the tissue was determined by the Berlin group 
by enzyme-linked reduction of NAD+ monitored at 340 nm using a spectrophotometer 
(Uvikon 930, Kontron Instruments, Germany) as described by Bergmeyer (1983).

4.2.5 Assay of enzymatic activities

Enzyme activities were measured in extracts of root tissues in 50 mM Tris-HCl, pH 6 .8 , 
containing 5 mM MgCl2, 5 mM mercaptoethanol, 15 % (v/v) glycerine, 1 mM EDTA,
1 mM EGTA and 0.1 mM pefabloc proteinase inhibitor. A spectrophotometer (Uvikon 930, 
Kontron Instruments, Germany) was used at 340 nm to detecte enzyme activities: PDC 
(EC 4.1.1.1) was assayed in 50 mM MES, pH 6 .8 , 25 mM NaCl, 1 mM MgCl2, 0.5 mM TPP,
2 mM DTT, 0.17 mM NADH, 50 mM sodium oxamate, 10 U ADH and the reaction was 
initiated by the addition of 10 mM pyruvate (Waters et al., 1991). ADH (EC 1.1.1.1) was 
assayed in 50 mM TES, pH 7.5, 0.2 mM NADH and the reaction was initiated by the 
addition of 10 mM acetaldehyde (Waters et al., 1991).

4.2.6 Statistical analysis

Student t-test (p < 0.05) was used to compare production rates of acetaldehyde, ethanol and 
CO2, PDC and ADH activities and metabolites concentrations in the rice and wheat roots and 
shoots, and to determine significance of differences among the calculated values.

4.3 R esults

4.3.1 Ferm entation products from  roots and shoots under anaerobiosis in the dark

CO2-gas exchange
After switching from air to nitrogen gas, oxygen concentration in the plant cuvettes declined 
from 21 % to 0 % within 15 min. Following the onset of the anaerobic incubation in the dark, 
CO2 emission from roots and shoots of wheat decreased after 4 h to 43 % and 24 % of the 
aerobic values, respectively (Table 4.1). In rice, after 4 h anaerobiosis, CO2-emission from 
the roots and shoots remained at 93 % and 36 % of the aerobic value, respectively.
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An indicator for accelerated anaerobic CO2 production via glycolysis is the Pasteur 
Quotient (PQ), which can be estimated as the ratio between anaerobic and aerobic 
CO2- release (PQ = 3 x anaerobic CO2 / aerobic CO2, Summers et al., 2000). A value, greater 
than 1.0, indicates an accelerated glycolytic flux under anoxia. Almost no acceleration was 
found in wheat plants, unlike in rice (PQ of 3.44 for roots and of 1.90 in shoots) after 4 h 
exposure to nitrogen gas (Table 4.1).

Table 4.1. CO2 production and uptake rates (in i l  h'Ig'IFW) in aerobic conditions, 2 h and 4 h after 
the onset o f anaerobic conditions in the dark and in the light for shoots and roots o f rice and wheat 
seedlings, and Pasteur Quotient (PQ = 3 x anaerobic CO2 /  aerobic CO2). All values are means o f 4 to 
5 individual experiments with standard errors. Student t-test significant difference procedure was used 
to compare CO2 release and PQ. Values with the same superscript letter do not differ significantly at 
p < 0.05.

CO2

[Ml h-1 g-1 FW]
PQ CO2 

[Ml h-1 g-1 FW]
PQ

control 2  h anaer. 2  h anaer. 4 h anaer. 4 h anaer.

Dark

rice roots 302± 91a 239± 39a 2.88 ± 0.78 A 280± 4 8 a 3.44 ± 0.92 A

shoot 782± 214a 410± 2 7 a 2.26 ± 0.83 A 285± 59a 1.90 ± 0.96 A

wheat root 360± 75 a 173 ± 18a 1.66 ± 0.40 A 153 ± 2 2 a 1.51 ± 0.44 A

shoot 469 ± 142 a 145± 11 a 1.26 ± 0.39 A 112± 15 a 0.97 ± 0.29 A

Light

rice root 277± 111 a 260± 38a 4.03 ± 2.28 A 246 ± 43 a 3.92 ± 2.41 A

shoot -1063 ± 329b 111± 50c 128± 61 c

wheat root 275 ± 52 a 178± 23 a 2.24 ± 0.72 A 137 ± 23 a 1.73 ± 0.74 A

shoot -568 ± 97 b 24 ± 10 c 2 2  ± 12 c

Ethanol
In darkness, the ethanol emission of roots increased steadily during anaerobic treatment with 
a similar production rate in both species (Fig. 4.2, Table 4.2). In wheat seedlings, roots and 
shoots released similar amounts of ethanol on a fresh weight basis (2.4 m1 h-1 g-1 FW, 
Fig. 4.2). In rice shoots, however, ethanol production was drastically increased compared to 
rice roots (Fig. 4.2). During the 4 h anaerobic treatment ethanol production was 23 times 
faster in rice shoots as compared to that of wheat shoots (Table 4.2).

Acetaldehyde
Within 30 min of the start of anaerobic incubation in the dark, both rice and wheat started to 
release acetaldehyde (Fig. 4.2). Acetaldehyde emission from the shoots of both species was
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significantly higher than from the roots and comprised 92 % and 8 6  % of the total 
acetaldehyde production from rice and wheat plants respectively (Table 4.2).

After 2 h of treatment, acetaldehyde emission from shoots of rice stabilized at
2.5 m1 h-1 g-1 FW. In wheat shoots, acetaldehyde emission showed a transient maximum rate 
of 2.0 m1 h-1 g-1 FW after 1.5 h oxygen-free conditions, and subsequently decreased to 
0.5 m1 h-1 g-1FW after 4 h (Fig. 4.2). Roots of neither species displayed an acetaldehyde peak 
(Fig. 4.2). Excised shoots exposed to anaerobiosis released comparable amounts of 
acetaldehyde as the shoots of intact plants confirming that the acetaldehyde is produced and 
released by the shoots and does not come from the roots by internal transport (data not 
shown).

0.2

0.1

0.0

Time [h]
-  Ethanol
- Acetaldehyde Time [h]

Figure 4.2. Roots and shoots fermentation during anaerobic treatment. On-line monitoring o f ethanol 
(closed circles) and acetaldehyde (open circles) emissions from the shoots (A, C) and the roots (B, D) 
o f intact rice (A, B) and wheat (C, D) seedlings exposed to 4 h anaerobic conditions in the dark. 
A two-compartment cuvette (shoots compartment - 90 ml and roots compartment - 45 ml) was used to 
monitor simultaneously the root and shoot gas emission. One representative measurement selected 
from 3 to 6 independent experiments is shown.
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Table 4.2. Shoot and root fermentation during anaerobiosis. Total production rates o f acetaldehyde 
and ethanol (in i l  g'IFW) released during 4 h o f anaerobic treatment in the dark or in the light by the 
shoots and roots o f rice and wheat seedlings. All values are means o f 4 to 6 individual experiments with 
standard errors. Student t-test significant difference procedure was used to compare acetaldehyde and 
ethanol total production. Values with the same superscript letter do not differ significantly at p  < 0.05.

Rice [Ml g-1FW] Wheat [Ml g-1FW]
shoot root shoot root

Anaerobic

Dark AA 4.48 ± 0.66 a 0.40 ± 0.07 b 2.16 ± 0.45 a 0.35 ± 0.02 b

Etoh 108.54 ± 27.18 A 10.67 ± 3.04 B 4.63 ± 1.21 B 5.25 ± 1.46 B

Light AA 0.52 ± 0.07 b 0.61 ± 0.13 b 0.14 ± 0.06 c 0.25 ± 0.03 b

Etoh 29.18 ± 6 .8 6  AB 18.62 ± 4.63 AB 1.66 ± 0.31 BC 3.22 ± 0.30 B

4.3.2 Ferm entation products from  roots and shoots in the light

We investigated the influence of illumination of the seedlings on the fermentation rate during 
oxygen deficiency, since photosynthetic oxygen production in plants is likely to decrease the 
impact of anaerobic incubation (Boamfa et al., 2003). The partial pressure of oxygen in the 
flow of nitrogen gas was zero, indicating no release of oxygen from the illuminated plant 
(data not shown). This could be interpreted either as a lack of photosynthesis or as complete 
consumption of internally generated photo synthetic oxygen. The latter explanation is 
supported by the CO2 efflux data. When illuminated rice or wheat plants were transferred 
from air to nitrogen gas, the CO2 release from the shoots was 50 % below the anaerobic 
production of CO2 in the dark (Table 4.1). The absolute CO2 release rates obtained after 
4 hours were 6  times lower in wheat (22 m1 h-1 g-1 FW) than in rice (128 m1 h-1 g-1 FW). These 
results are a clear proof for photosynthetic activity of illuminated wheat and rice plants under 
oxygen deficiency.

Acetaldehyde and ethanol emission values during light exposure in nitrogen 
atmosphere provide additional evidence. In light, very little acetaldehyde (less than 10 % of 
the amount in darkness) was emitted from shoots of either species (Table 4.2). Moreover, 
rice and wheat shoots produced only 25 % or 35 %  of the ethanol rates, which were released 
during dark incubation. Nevertheless, compared to wheat shoots, rice shoots still produced 
18 times more ethanol. As expected, light did not significantly affect the fermentation in root 
tissues upon oxygen depletion (Table 4.2).

4.3.3 Activities of the ferm entative enzymes PD C and ADH

The gas emission results presented above, especially the rates of ethanol release, reveal 
remarkable differences between the shoots of wheat and rice that may possibly be explained 
by different enzyme activities and sugar concentrations. In aerated control plants, ADH and 
PDC were notably more active (2-3 fold) in shoots of rice than in its roots. In contrast, wheat
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shoots showed lower fermentative enzyme activities (7-fold for ADH and 2-fold for PDC) 
than the roots (Fig. 4.3). Root PDC activities in both species were not statistically different 
(Fig. 4.3), while the root ADH activity in wheat was twice that of rice. Under aerated control 
conditions we observed that flooding tolerant rice shoots contained 4 and 10 times higher 
PDC and ADH activity than wheat shoots, respectively. After 4 h of anaerobic treatment, the 
ADH and PDC activities increased 2-fold in the shoots of both species (data not shown).

2.5

 ̂ 2.0 
1M

1.5

1 1.0ji,
K  0.5
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Figure 4.3. Activities o f the fermentative enzymes ADH and PDC in the roots and shoots o f rice and 
wheat plants under aerated control conditions. All values are means with standard errors o f 
3 individual experiments with 3 samples each. Student t-test significant difference procedure was used 
to compare ADH and PDC activities in the roots and shoots o f both species. Values with the same 
superscript letter do not differ significantly atp < 0.05.

4.3.4 C arbohydrate  depletion and ethanol accum ulation inside the tissue

Under aerated control conditions, rice and wheat contained 7 times and 3 times more soluble 
carbohydrates and starch in shoots than in roots respectively, with rice shoots possessing 
more carbohydrate concentrations than those of wheat (Table 4.3). Notably, shoots of rice 
accumulated three times more sucrose than did those of wheat (6.9 mg g-1 FW versus
2.6 mg g-1 FW).

During 4 h anaerobic treatment, in either light or dark, increased fermentation rates 
were associated with marked decreases in carbohydrate concentrations. In the shoots of both 
species these dropped by 40 % while in roots the decrease was steeper, with the effect being 
influenced by light and species. In anaerobic roots, carbohydrate concentrations decreased 
during illumination to about 75 and 60 % of aerated control values in rice and wheat, 
respectively, while in the dark carbohydrates decreased to 50 and 35 % of aerated control 
values (Table 4.3). In both species, more carbohydrates were depleted in shoots as compared 
to roots. Shoots of rice, possessing more sugar than wheat shoots, experience approximately 
two times larger substrate depletion.
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T ab le  4.3. Concentration of soluble carbohydrates, starch and ethanol in roots and shoots of aerated plants before the anaerobic 
incubation and after 4 hours anaerobic treatment in dark or light. All values are means of 6 individual experiments with standard errors. 
Student t-test significant difference procedure was used to compare the means values of soluble carbohydrates, starch and ethanol. Values 
with the same superscript letter do not differ significantly at p  < 0.05.

Glucose Fructose Sucrose

[mg g' 1 FW]

Starch Ethanol

IV-R K 1 FW]
Rice
shoot Oh 0.58 ± 0.07a 0.57 ± 0.07 A 6.90 ± 0.65 v 1.95 ± 0.70 v 13 ± 3 “

4 h Alight 0.24 ± 0.02 b 0.26 ± 0.03 B 3.59 ± 0.21 w 0.83 ± 0.23 v 2 6 ± 2 P
4 h A dark 0.26 ± 0.05 b 0.35 ±0.06® 2.62 ± 0.31 x 0.84 ± 0.22 v 290 ± 8 8

root Oh 0.08 ± 0.03c 0 .2 2  ± 0 .1 0  B 0.82 ± 0.14 y 0.35 ± 0.11 w 10 ± 3 “
4 h Alight 0.04 ± 0.01c 0.20 ± 0.05 B 0.54 ± 0.19 y 0.31 ± 0.10 w 8  ± 1 “
4 h A dark 0.03 ± 0.01 c 0.16 ± 0.03 B 0.34 ± 0.10z 0.21 ± 0.05 w 1 1 ± 1 “

Wheat
shoot Oh 0.51 ± 0.12 a 0.29 ± 0.07 B 2.58 ± 0.32 x 0.72 ± 0.11 v 21  ± 4 “

4 h Alight 0.29 ± 0.05 ab 0.15 ± 0.02 B 0 .8 8  ± 0.08 y 0.42 ± 0.05 w 3 4 ± 3 ß
4 h A dark 0.41 ± 0.06 a 0.26 ± 0.04 B 0.61 ±0.05 y 0.44 ± 0.11 w 109 ± 9 X

root Oh 0.14 ±0.03° 0.21 ± 0.04 BC 0.82 ± 0 .1 1  y 0.27 ± 0.09 w 13 ± 3 “
4 h Alight 0.09 ± 0.02 c 0.11 ±0.03 c 0.39 ±0.11 z 0.23 ± 0.07 w 10  ± 1 "
4 h A dark 0.05 ± 0.01 c 0.09 ± 0.02 c 0.23 ± 0.06 2 0.14 ± 0.04 w 16 ± 2 “
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Next to the measurement of ethanol in the surrounding gas phase performed with 
the photoacoustic method, the ethanol inside the plant was also quantified, enzymatically. In 
aerated rice and wheat roots, ethanol of approximately 12  Mg g-1 FW were found, a value 
little changed under anaerobic conditions (Table 4.3). Thus, roots released nearly all 
produced ethanol immediately into their water-surroundings. In illuminated shoots of rice 
and wheat, internal ethanol increased only slightly in oxygen-free environment (to 
26 Mg g-1 FW and 34 Mg g-1 FW, respectively, Table 4.3). In contrast, 290 Mg g-1 FW and 
109 Mg g-1 FW of ethanol was found in dark incubated rice and wheat shoot tissue, 
respectively (Table 4.3).

4.3.5 Gas tran sp o rt from  shoots to roots

Upon soil flooding, roots are more often challenged by anaerobic stress than the above 
ground plant tissues. Their adaptation reactions are therefore essential for the overall survival 
of the whole plant. The formation of an expanded aeration tissue in roots allows transport of 
oxygen from the aerated shoots to the oxygen-deprived roots (Armstrong 1979). The 
presence of such an aerenchyma could conceivably diminish or obviate fermentation in the 
roots.
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Figure 4.4. Effect of air or nitrogen exposure on the shoots, while roots were exposed to nitrogen. On
line monitoring o f ethanol emissions from the shoots (A and C) and the roots (B and D) o f intact rice (A 
and B) and wheat (C and D) seedlings, when both roots and shoots were exposed to anaerobic 
conditions (closed circles) or only the roots were exposed to oxygen-free environment, while the shoots 
remained in air (open circles). The shoots were illuminated (350 /xmol m'2 s'1). One representative 
measurement selected from 2 to 4 independent experiments is shown.
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The existence of oxygen transport from shoots to roots was tested by simulating 
low-oxygen conditions around the roots. When only the roots were in oxygen free 
surroundings, almost no ethanol emission was detected from the shoot tissue (Fig. 4.4A, C). 
Interestingly, neither rice roots did release any ethanol during this treatment (Fig. 4.4B), 
while wheat roots released large amounts of ethanol, reflecting a rate of fermentation that 
was little different to the emission rate from roots of plants with both roots and shoots under 
oxygen-free conditions (Fig. 4.4D). Different fermentation rates in wheat and rice roots 
during these conditions can be attributed to the effective aerenchyma in rice plants that is 
almost absent in wheat. Rice roots contain aerenchyma covering 30 % of the root cross 
sectional area, while the wheat aerenchyma comprises only 5 %  of this area (Mustroph and 
Albrecht 2003).

4.3.6 Acetaldehyde and ethanol release during  re-aeration

Seedlings of rice and wheat were exposed to anaerobic conditions for 4 h in either darkness 
or light, and subsequently re-exposed to air for another 4 h. Changes in emission of ethanol 
and acetaldehyde were observed during these treatments.
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Figure 4.5. Fermentation during anaerobiosis and post-anaerobiosis. On-line monitoring o f ethanol 
(closed circles) and acetaldehyde (open circles) emissions from shoots (A, C) and roots (B, D) o f rice 
(A, B) and wheat (C, D) plants using the photoacoustic-based trace gas detector. Seedlings were 
placed in the dark (t = 0 h). A two-compartment cuvette (shoots compartment - 90 ml and roots 
compartment - 45 ml) was used to monitor separately the roots and shoots gas emission under 4h 
anaerobic conditions (gray bar). Subsequently, the plants were returned to a flow o f air for another 4 
h. One representative curve selected from 2 independent experiments is shown.
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In darkness, re-introduction of oxygen after 4 h of anaerobic treatment resulted in a 
transient burst of acetaldehyde emission from shoots of both species, before this dropped 
back to rates similar to those existing before re-aeration (Fig. 4.5). This acetaldehyde 
production peak during re-aeration was 3.5-fold larger for wheat shoots than for rice shoots. 
Rice roots also produced acetaldehyde in a transient burst immediately after change to 
oxygen; an effect not observed in wheat (Fig. 4.5). Ethanol emission decreased in roots of 
both species after re-aeration. In contrast, from shoots of both species ethanol release 
increased for some time after the re-introduction of air (Fig. 4.5). This might be due to a 
release of ethanol stored in the tissue during the anaerobic period (Table 4.3). This stored 
ethanol could be emitted via stomata which can re-open during the re-aeration period 
(Jackson et al., 2003, Voesenek et al., 2003). Under light, almost no acetaldehyde emission 
was detected from either species when plants were transferred to oxygen-free conditions or 
when returned to air.

4.4 D iscussion

4.4.1 Shoots are responsible for a high ferm entation activity

It is generally accepted that the ability of plants to produce ethanol at low oxygen 
concentrations mediates tolerance against flooding, when fermentation is the only way to 
oxidize NADH during the periods of inhibited mitochondrial respiration (Xia and Roberts 
1994). Other fermentation products such as lactate or malate would be only of minor 
relevance for anoxic tolerance, because they would cause acidification of the cytoplasm 
(Roberts et al., 1984). However, the fact that both, anoxic tolerant and non-tolerant species, 
produce ethanol implies that either additional responses are involved in the tolerance, or that 
the extent of alcoholic fermentation is important.

Previous publications show contrasting results in respect to ethanolic fermentation 
and tolerance. Several authors (e.g. Setter et al., 1994, Gibbs et al., 2000) described a 
positive correlation between ethanolic fermentation and anoxia tolerance in rice seedlings. 
On the other hand, in low-oxygen-sensitive species such as tobacco or cotton, genetically 
enhanced ethanolic fermentation (by overexpression of PDC or ADH) decreased anoxia 
tolerance (Tadege et al., 1998, Ellis et al., 2000). When two cultivars of rice were examined 
by Boamfa et al., (2003), they could not find a correlation between ethanol production rates 
of the whole plant and tolerance to submergence (see Chapter 2 and 3). Similarly, Mustroph 
and Albrecht (2003) found no difference in ethanol production by roots of tolerant rice and 
intolerant wheat seedlings.

We modified our set-up for monitoring ethanol and acetaldehyde release to allow 
simultaneous measurements of fermentation products from roots and shoots separately. 
Using our laser-based detection system, flooding-tolerant rice plants were found to release 
23 times more ethanol and twice as much acetaldehyde than flooding intolerant wheat 
seedlings during exposure of the entire seedlings to oxygen-free conditions in darkness for 
4 h (Fig. 4.2, Table 4.2). The difference was accounted for almost entirely by the 
much-stimulated fermentation of rice shoots. This might be the consequence of notably
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higher activities of ADH (10 times) and PDC (4 times, Fig. 4.3) and a superior availability of 
soluble sugars and starch (Table 4.3) compared to wheat. Therefore, high carbohydrate levels 
linked to high levels of ADH and PDC activities may enable shoots of anoxic rice plants to 
survive without oxygen for longer periods than wheat. In our experiments, wheat leaves 
showed leaf necrosis already after only 4 h anaerobic exposure in darkness, while shoots of 
rice resisted this strong stress for more than 12  h without visible signs of leaf damage.

In rice, enhanced glycolytic carbohydrate oxidation to ethanol correlates with a two 
times faster rate of CO2 release by roots or shoots (Table 4.1). Assuming that every two 
molecules of CO2 released indicate one molecule of hexose passing through glycolysis, rice 
plants clearly exhibited an accelerated glycolytic flux under anoxia, in contrast to wheat 
plants show, which present a stable glycolytic rates (Table 4.1). These results are consistent 
with data of Albrecht and Wiedenroth (1994), who found no clear Pasteur effect in intolerant 
wheat roots. In anoxia-tolerant Potamogeton pectinatus, shoots also show a strong Pasteur 
effect and high fermentation rates (Summers et al., 2000). Additionally, Singh et al., (2001) 
showed, that the rice variety with the highest submergence tolerance (FR13A) contained 
more sugars indicating a higher potential for fermentation compared to intolerant cultivars.

These metabolic differences indicate that fast ethanolic fermentation may be 
important for tolerating short periods of anoxia. But it is unlikely that fast fermentation can 
sustain survival of longer periods of strict anoxia. A very high fermentation rate in rice 
shoots might be advantageous for, say, 2 0  h without oxygen, while longer lasting oxygen 
deficiency stress may result in carbohydrate shortage that could even precipitate the death of 
the entire plant after 24 h in darkness (Mustroph and Albrecht 2003). In contrast to young 
and rapid developing stages of seedlings, older plants can withstand weeks or month of 
anoxia (Crawford and Braendle, 1996). Species such as Acorus calamus and Iris 
pseudacorus reduce glycolytic rates and metabolism in shoots and rhizomes during 
wintertime, which enables them to survive long periods of low oxygen (Schlueter and 
Crawford, 2001). Although a very slow glycolytic rate under anoxia could cause severe 
energy deficiency, it prevents the plants from depletion of endogenous sugar concentrations 
too fast and is presumably a long-term strategy when coupled to extensive down-regulation 
of anabolic processes such as protein synthesis.

4.4.2 L ight inhibits ferm entation activity in the shoots

Ram et al. (2002) demonstrated that turbid floodwater decreases the survival of rice plants in 
comparison to clear floodwater. Similarly, light eliminated the adverse effects of anoxic 
treatment on foliage and increased the survival of rice seedlings from 24 h to more than
4 days (Mustroph and Albrecht, 2003). Presumably, photosynthesis generated sufficient 
oxygen to permit aerobic respiration while fermentation was suppressed.

Correspondingly, we observed that light decreased ethanol emission of shoots by 
75 % and 65 %  in rice and wheat, respectively, also considering the 18-fold slower emission 
of ethanol in wheat shoots compared to rice (Table 4.2). Under anaerobiosis, less CO2 was 
released in light compared to dark incubation (Table 4.1). These observations, comparable to
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the results from Chapters 2 and 3, are indicative for the capacity of plants to use 
photosynthetic oxygen and also sugars derived from fixation of respirable CO2 to ameliorate 
the harmful effects of oxygen deprivation.

Remarkably, all photosynthetic oxygen was immediately consumed, since no 
oxygen release could be detected under light conditions. Both, oxygen and CO2 were thus 
re-cycled internally and limited the level of fermentation in illuminated shoots. Additionally, 
light confers a further advantage to the plant by increasing substrate availability in the shoots 
through photosynthetic activity. Apparently, the roots benefit little from the oxygen produced 
in the shoots since no significant differences between root fermentation rate under light and 
dark conditions were observed (Table 4.2).

4.4.3 Acetaldehyde production during anaerobiosis and re-aeration

Considerable attention was paid by Pfister-Sieber and Brändle (1994) to acetaldehyde 
accumulation under oxygen deprivation. The elevated content of acetaldehyde functioned as 
a strong electron donor and might be a source of electrons for reactions catalyzed by 
xanthine oxidase, one of the principal enzymatic sources of reactive oxygen species. 
Therefore acetaldehyde is regarded as particularly toxic (Perata and Alpi, 1991), and its 
formation has been shown to induce membrane damage.

It is likely, that a higher capacity for ADH than for PDC prevents acetaldehyde 
accumulation in anaerobic plant tissue. In the present study, plants began to release 
acetaldehyde 30 min after the onset of anaerobic treatment, while the release of ethanol 
followed approximately 20 min later. The gap between acetaldehyde and ethanol release, 
indicated by transient accumulation of acetaldehyde in wheat plants after the start of anoxia 
(Fig. 4.2C) implies an imbalance between PDC and ADH activity during the initial anoxic 
period. A transient accumulation of acetaldehyde at the beginning of oxygen deficiency was 
not observed in rice plants (Fig. 4.2). Rice can presumably prevent acetaldehyde 
accumulation through higher ADH activity in shoots, which was 10 times higher compared 
to that of wheat shoots. In roots of both species, sufficient ADH activity can seemingly 
prevent acetaldehyde production. Illumination of plants during anaerobiosis almost 
completely suppressed acetaldehyde formation, probably due to the lower fermentation rate 
(Table 4.2).

Re-introduction of air to the anaerobic treated plants gave an immediate post-anoxic 
peak of acetaldehyde emission (Fig. 4.5). Proposed pathways of the post-anoxic 
acetaldehyde formation are the H2O2-dependent catalase-controlled peroxidation of ethanol 
(ethanol + H2O2 ^  acetaldehyde + 2 H2O, Zuckermann et al., 1997) or NAD-dependent 
ADH-controlled oxidation of ethanol (ethanol + NAD+ ^  acetaldehyde + NADH, 
Monk et al., 1987). Acetaldehyde release during re-aeration was mainly from the shoots, 
which store ethanol during anaerobiosis (Table 4.3). Wheat shoots had to cope with an 
acceleration of acetaldehyde emission 3.5 times higher as those in rice leaves (Fig. 4.5). 
Although the post-anoxic acetaldehyde peak in wheat shoots was appreciably elevated, the 
corresponding content of ethanol, the precursor of acetaldehyde, was 10 times lower than
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those of rice. The data lead us to suggest that rice is able to prevent excessive production of 
acetaldehyde thereby avoiding the post-anoxic cell injury and leaf damages. This is likely 
additional reason for the superior resistance of rice plants to anaerobic and post-anaerobic 
conditions.

We conclude that the greater tolerance of rice seedlings to transient anaerobic 
periods compared to wheat is based on the structure and biochemical properties of the shoots 
and not of the roots of seedlings. This appears to be the consequence of a much faster 
fermentation supported by larger reserves of fermentable substrates and by a suppression of 
post-anoxic acetaldehyde formation in rice. Additionally, occurrence of photosynthesis may 
enhance tolerance by supplying some oxygen and respirable substrates internally. The 
dominance of the shoot in controlling tolerance to root oxygen deficiency in rice is 
highlighted by its ability to supply the roots with oxygen through an aerenchyma.
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Trace gas detection from fermentation processes in apples 
and rice; a comparison between Proton-Transfer-Reaction 
Mass Spectrometry and Laser Photoacoustics

A custom-built Proton-Transfer-Reaction Mass Spectrometer (PTR-MS) was used to monitor 
the emission of various compounds (aldehydes, alcohols, acids, esters and C-6  compounds) 
related to fermentation, aroma and flavour, released by four apple cultivars (Elstar, Jonagold, 
Granny Smith and Pink Lady) under short anaerobic (24 h) and post-anaerobic conditions. 
The novel feature of our instrument is the new design of the collisional dissociation chamber, 
which separates the high pressure in the drift tube (2  mbar) from the high vacuum pressure in 
the detection region (10-6 mbar). The geometry of this chamber was changed and a second 
turbo pump was added to reduce the influence of collisional loss of ions, background signals 
and cluster ions, which facilitates the interpretation of the mass spectra and increases signal 
intensity at the mass of the original protonated compound. Detection limits similar to those 
reported in the literature are achieved with this system. An intercomparison study between 
PTR-MS and a CO laser-based photoacoustic trace gas detector is presented. The alcoholic 
fermentation products (acetaldehyde and ethanol) from young rice plants were monitored 
simultaneously by both methods. A very good agreement between the two techniques was 
observed for acetaldehyde production. The photoacoustic detector showed about half the 
ethanol concentration indicated by PTR-MS. This discrepancy was caused by the sticking of 
ethanol to the inner walls of nylon tubing used to transport gas flows to the detector.

Part of this work has been published in: Boamfa EI, Steeghs MML, Cristescu SM, Harren FJM. 2004. 
Trace gas detection from fermentation processes in apples; an intercomparison study between Proton- 
Transfer-Reaction Mass Spectrometry and Laser Photoacoustics. International Journal of Mass 
Spectrometry 239 (2-3): 193- 201.
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5.1 In tro d u c tio n

Over the last years, PTR-MS has proved to be a very versatile tool for online monitoring of 
volatile organic compounds, emitted by a variety of medical, biological and food samples 
(Lindinger et al., 1998; Boschetti et al., 1999). Additionally, PTR-MS has been used 
successfully to determine concentration of oxygenated compounds in the atmosphere and to 
locate possible sources of carbon-containing air pollutants (Fall et al., 1999; Warneke et al., 
2001; de Gouw et al., 2000).

Several research groups have validated concentration determinations of volatile 
organic compounds in air by PTR-MS using well-established techniques like GC-FID or 
GC-MS (Fall et al., 1999; Warneke et al., 2003). Here we present a custom-built PTR-MS 
instrument, analogous to one commercially available and described in the literature 
(Hansel et al., 1995). We also describe an intercomparison between PTR-MS and a CO laser- 
based photoacoustic trace gas detector, a well-established technique for online trace gas 
detection (Zuckermann et al., 1997; Boamfa et al., 2003). The photoacoustic effect is based 
on the generation of acoustic waves as a consequence of light absorption. The intensity of the 
sound is proportional to the number of molecules, present in the gas sample, absorbing at a 
specific light frequency. A line tuneable (5 - 8  |jm) CO laser-based photoacoustic detector is 
used for monitoring acetaldehyde and ethanol (detection limits 0.1 and 3 ppbv, part per 
billion by volume, respectively) (Bijnen et al., 1996). Both methods are non-invasive and 
allow online measurements of trace gases at low detection limits. To achieve high sensitivity 
with a photoacoustic detector, the wavelength of the laser must coincide preferably with a 
strong absorption band of the gas. The disadvantages of this method are: i) only a limited 
number of trace gases can be detected and ii) by increasing the number of simultaneously 
detected trace gases, the time resolution becomes low (1min / trace gas). The PTR-MS has 
the advantage of allowing simultaneous measurements of a larger numbers of VOCs at a 
higher time resolution (<1s / mass).

Our PTR-MS instrument and a laser-based photoacoustic trace gas detector were 
therefore used simultaneously to monitor the emission of acetaldehyde and ethanol under 
various experimental conditions.

PTR-MS has already been successfully applied by others to discriminate between 
samples of differently treated orange juices (Biasoli et al., 2003) and various types of cheese 
(Boscaini et al., 2003). The method promises to be a suitable tool for monitoring the kinetics 
of volatile compounds emitted by living organs and whole organisms. In the present work we 
have also explored this potential by using the PTR-MS instrument to compare fruits of 
different apple cultivars.

The apple is classified as a climacteric fruit, exhibiting increased respiration rates 
during maturation and ripening. This rise is associated with increases in internal 
concentrations of carbon dioxide and ethylene. Controlled atmosphere (CA) condition is a 
prerequisite for slowing ripening and senescence of fruits during storage. For this purpose, 
levels of 10 % CO2 and 1 - 10 % O2, at 0 °C are frequently applied during storage period 
(Beaudry et al., 1999). Ethylene is a gaseous hormone, which can promote senescence and
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reduce shelf life of crops even when present in minute concentrations (Reid, 1992). 
Its endogenous production can vary greatly among apple cultivars 
(http://www.ba.ars.usda.gov/hb66/025apple.pdf). Under CA conditions, ethylene production 
is inhibited and respiration is reduced. When the oxygen concentration inside the tissue 
becomes too low (< 0.5 %), CO2 production rises again as aerobic respiration is gradually 
replaced by alcoholic fermentation (Yearsley et al., 1996). In this process carbon dioxide is 
released along with acetaldehyde and ethanol. These products, especially acetaldehyde, can 
quickly accumulate to toxic levels, resulting in tissue browning or death. Although the 
effects of controlled atmosphere are primarily assigned to their effects in reducing 
respiration, inhibiting the production of ethylene and prolonging shelf life, they provide other 
important benefits, including reduction of grey mould, preventing chilling injury and killing 
insect pests (http://www.efsn.org/Sites/Information/ controlled_atmosphere.htm).

The function of anaerobic fermentation is to generate some energy from respirable 
sugars to sustain anoxic cells. However, it can have undesirable side effects that may lead to 
cell death, especially when fruits are re-exposed to air (post-anaerobiosis). The study of 
physiological processes in fruit requires fast analysis of the concentration of the emitted 
gases. Fruits release numerous gases in addition to acetaldehyde and ethanol. Several of 
these contribute importantly to their flavour and aroma (Mattheis et al., 1995). Report on 
experimental data on emission kinetics of these gases during rapidly changing environmental 
conditions are scarce, mainly because, in the storage room, the concentration of volatiles is 
normally below the detection limit of conventional gas analysers. Consequently, such 
methods can be used only after incubating the fruit for prolonged periods in sealed 
containers.

We report non-invasive experiments performed with our custom-built PTR-MS on 
monitoring the release of numerous aroma, flavour and fermentation related trace gases by 
apples of four cultivars (Elstar, Granny Smith, Jonagold and Pink Lady) under anaerobic and 
post-anaerobic conditions. We also compare the performances of PTR-MS and 
photoacoustics by monitoring the evolution of ethanol and acetaldehyde by rice seedlings 
recovering from several hours without oxygen.

5.2 E xperim en ta l descrip tion

5.2.1 P roton-Transfer-Reactions M ass Spectrom eter

A Proton-Transfer-Reaction mass spectrometer similar to one described in Hansel et al. 
(1995) was constructed in our laboratory (Fig. 5.1). It consists of: (1) an ion source in which 
H3O+ ions are produced by a discharge in a H2O-He mixture, (2) a drift tube, where the trace 
gases from the gas sample are ionised by proton-transfer reactions with H3O+ ions, 
(3) a collisional dissociation chamber (CDC), where cluster molecules are dissociated and 
led in to a detection region where ions are mass filtered with a (4) quadrupole mass filter and 
counted with a (5) secondary electron multiplier.
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Figure 5.1. Schematic view o f the PTR-MS: (1) ion source, (2) drift tube,(3) Collisional Dissociation 
Chamber, (4) quadrupole mass filter and (5) secondary electron multiplier. Turbo Molecular Pumps 
(TMP) are used to pump off the sample gas.

5.2.1.1 Ion source

The primary ions (H3O+) are produced in a custom-built ion source by a discharge in a 
mixture of water and helium (carrier gas). The pressure in the ion source is about 3.5 mbar. 
The cathode, a tungsten electrode of 5 mm diameter is placed in the middle of a stainless 
steel plate. Next to the cathode, a tungsten pin of 0.5 mm diameter (anode) is placed with its 
end point 1 mm away from the end point of the cathode (Fig. 5.1). Between the two 
electrodes a voltage difference of 900 V is applied, leading to a discharge current of 6  to 
10 mA. In this case, the kinetic energy of the electrons that ionise a molecule is a few 
hundred eV. The ion source chamber is elongated to 4.5 cm, to lower the background signals 
and to achieve the optimal conversion to H3O+ (Fig. 5.2) analogous to what has been 
described in Hansel et al. (1995).

A background measurement should be performed prior any experiment, to known 
the background value of the signal of the masses under interest. The background signal is 
zero for most masses, but in the range from 18 to 65 amu, many background signals can be 
observed (Fig. 5.2). For most of these background signals the origin is unknown.
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Figure 5.2. Mass scans o f background signals -with air (grey bars) or nitrogen (white bars) as ‘trace 
gas’.

5.2.1.2 D rift tube

The H3O+ ions formed in the ion source region reach the drift tube after passing through a 
0.88 mm skimmer. The drift tube consists of ten electrically isolated stainless steel rings of 
1 cm length and 5 cm inner diameter, separated by viton coated O-rings, and connected with 
120 kfl resistors. To obtain a homogeneous electric field, a voltage difference up to 750 V is 
applied between the beginning and the end (first and tenth rings) of the drift tube. The 
PTR-MS is placed in a temperature-regulated room; consequently the inlet and drift tube 
temperature is 2 0  °C.

In the drift tube the trace gases from the sample gas are ionised by proton-transfer 
reactions with H3O+ ions (Lidinger et al., 1998):

H 3O + + R RH + + H 2O (5.1)
where k is the reaction rate coefficient. These reactions only take place when the proton 
affinity (PA) of the trace molecule R is higher than the proton affinity of water 
(165.2 kcal/mol = 7.16 eV). The advantage of using H3O+ as the reagent ion is that the proton 
affinity of water is higher than that of usual air constituents such us NOx, O2, COx and N2, 
and that most of the typical organic compounds are ionized by the proton transfer (PT) 
reaction (Lindinger et al., 1998), because they have a proton affinity in the range of 7 to 
9 eV. Because of the low exothermicity of the PT reactions, practically almost no 
fragmentation occurs. The reaction rate coefficient can be either measured or calculated 
(Langevin, 1905; Su and Chesnavich, 1982) and is known for many of the PT reactions of
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interest (Lindinger et al., 1998). For reactions where the rate coefficient is not known, the 
mean value of 2 .0  x 1 0 9 cm3 s-1 is used in calculating concentrations, where calibration is not 
used. Besides the reaction rate coefficient k, the degree of fragmentation and transmission 
efficiency for respective masses need to be taken into account as well when calculating 
concentrations of trace gases. For most species, fragmentation is a minor effect. On the other 
hand, for most alcohols, fragmentation is very important. Warneke et al., 2003 have shown 
that the fragmentation for ethanol is very difficult to quantify, due to unknown fragmentation 
on mass 19 amu. Additional reactions can occur (Warneke et al., 2001), but under 
appropriate operating conditions they can be suppressed. In the following sections the proton 
affinity, reaction rate coefficient, ion-molecule reactions in the drift tube, PTR-MS 
transmission efficiency and operation conditions will be explained in more details.

5.2.1.3 Proton Affinity

The thermodynamic parameters associated with proton transfer reactions are proton affinity 
(PA) and gas phase basicity (GB). The proton affinity of a species R in the gas phase (PAR) 
is defined as the negative of the standard enthalpy (at T = 298.15 K, p = 1 mbar) of reaction 
of the (hypothetical) protonation reaction:

R + H + ------ > RH + , PA r = - AHr0 (5.2)
The gas basicity of any species R in the gas phase (GBR) is defined as the negative of the 
standard Gibbs energy of reaction (5.2), GBR = - AG °. The relation between PAr  and GBR 
is GBr = PA r -TAS r0 where T is the temperature and AS° is the standard entropy of 
reaction (5.2).

For the proton transfer reaction (5.1), the standard enthalpy of reaction, AH°, and 
the standard Gibbs energy of reaction AG° are given by: AHru = PA h o -P A r and 
AG0 = GBh o -G B r . The proton transfer reaction is exothermic ( AH° < 0) if 
PA h o < PA r and it is exoergic ( AG° < 0) if GBH O < GBR . In most PT-CIMS studies, 
the standard entropy ASr0 is very small (T AS° < 2kcal/mol at 300K), due to the fact that the 
neutrals R and the ions RH+ are very similar, and AGr0 = AH°. Consequently, just AHr0is 
taken into account to determine whether or not a proton transfer reaction occurs at the 
collision limit.

The condition for the proton transfer reaction (5.1) to occur is that the proton 
affinity of the reactant gas molecule R, PA r , is higher than the proton affinity of water, 
PA h o (i.e. PA r > PA h ô = 165.2 kcal/mol = 7.16 eV).

5.2.1.4 Reaction ra te  coefficient, k

The proton transfer reaction (5.1) proceeds with a reaction rate coefficient, k, expressed in 
cm3 s-1 and defined by d[H 3O + ]/dt = -k [H 3O + ][R ], where d[H 3O + ]/dt represents the 
change in the primary ion density [H 3O+ ] as a function of time, due to the reactive 
collisions with the reactant R, which has a density [R]. The upper limit of the reaction rate
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coefficient is given by the collision rate coefficient k^u. An efficient reaction proceeds at or 
close to the collision rate (O ~ 1). The reaction efficiency O is given by the ratio between the 
reaction and collision rate coefficients O = k/kcoll.

The collisional rate coefficient is predicted by the ion-molecule capture theories: 
Langevin or Su and Chesnavich Parameterized Capture Rate. The Langevin theory 
(Gioumousis and Stevenson, 1958) assumes that the interaction energy between the ion and 
the neutral molecule is given by a charge-induced dipole interaction. This theory gives a 
good prediction of the reaction rate coefficients for efficient (O ~ 1) ion-molecule reactions 
involving non-polar neutral molecules, but underestimates the reaction rate coefficients of 
most ion-molecule reactions involving polar molecules, for which the ion-dipole forces 
cannot be ignored. The typical values of k predicted by Langevin theory are ~ 1 • 10-9 cm3s-1.

Su and Chesnavich (1982) calculated the collision rate coefficients using model 
trajectory simulations; they parameterised the results. The values calculated with the Su and 
Chesnavich parameterised capture rate theory are in good agreement (within about 15 %) 
with the experimental data. This theory is currently used to predict reaction rate coefficients 
of efficient ion-polar molecule reactions. The collision rate coefficients can be calculated if 
the masses of reactant ions, reactant neutrals, the polarizabilities and permanent dipole 
moments of the neutral reactants are known (Lindinger et al., 1998). These collision rate 
coefficients are used in the calculation of the PTR-MS sensitivity (section 5.2.6.1 and 
Appendix 5.1).

5.2.1.5 PTR-M S detectability and ion-molecule reactions in the drift tube

Under typical experimental conditions, H3O+ ions undergo non-reactive collisions with any 
of the common constituents of air, like NO, O2, COx and N2 (all having a proton affinity 
lower than that of water), and only a small fraction (< 1%) of the H3O+ primary ions undergo 
collisions with the trace gases from the gas sample in the reaction region (drift tube) 
(Lindinger et al., 1998). The product ions of the proton transfer reactions have a high 
probability (99%) to survive along their further passage towards the detection region. 
When H3O+ ions are used as proton donors, many of biologically interesting molecules are 
ionised by the proton transfer reaction (5.1). The exothermic reactions are invariably fast, 
with the rate coefficients close to the collisional limiting values. H3O+ has a proton affinity of 
7.16 eV while proton affinities of many organic molecules are in the range of 7 to 9 eV 
(Appendix 5.1), thus their proton transfer reactions involving H3O+ are exothermic. 
Because the exothermicity is rather low, almost no fragmentation of the protonated VOCs 
takes place so that mainly a single ion product occurs for each neutral reactant.

PTR-MS has high detection efficiency for all reactants with PA r > PAh o . 
This includes most hydrocarbons and their derivatives (e.g. ketones, aldehydes, organic 
acids, esters, alcohols, glycols, glycerols, ethers, organic peroxides, amines, organo- 
phosphates) and some inorganic species such as HNO2, HNO3, H2S, NH3. Alkanes (CnH2n+2) 
cannot be detected by PTR-MS, because those with n < 5 (methane, ethane, propane, 
isobutane and pentane) have the proton affinity lower than 7.16 eV and consequently they do
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not react with H3O+. For species with n > 6 , the complete hydronium ion can be bound to it, 
the product ion being RH3O+. But these weakly bound clusters cannot survive their further 
passage towards the detection region (Spanel and Smith, 1998). PTR-MS detects alkenes and 
alkynes, with the exception of ethylene and acetylene due to their low proton affinity 
(http://webbook.nist. gov/chemistry/pa-ser. html).

In the cases where there is only a small difference between the PA of water and the 
one of the trace gas to be detected (C2H5Br, H2SO4, H2S, CH2O, HCN), the proton transfer 
reaction (5.1) is very slightly exothermic. In this case, due to the enhanced relative kinetic 
energy between the reactants, the reverse reaction:

RH + + H 2O ------ > H 3O + + R (5.3)
becomes a significant loss term for the protonated reactant molecule (Hansel et al., 1997). 
Likewise, when the humidity in the sample gas increases, the sensitivity of detection also 
decreases. This may lead to an underestimation of the density of the respective trace gas.

In addition to the proton transfer reactions (5.1), the H3O+ ions can react with water 
molecules in the gas sample, leading to cluster reactions:

H 3O + + n (H 2O) + R ------ > H 3O + • (H 2O)n + R (5.4)
The presence of the ion clusters H 3O + • (H 2O)n complicates the interpretation of 

the mass spectra. If the proton affinity of the reactant is high enough, these cluster ions can 
lead to higher order proton-transfer reactions:

H 3O +• (H 2O)n + R ------ > RH ++ (n + 1)H2O , (5.5)
and to ligand switching reactions:

H 3O + • (H 2O)n + R ------ > H + (H 2O)mR + (n -  m + 1)H2O (5.6)
The higher order P T  reactions (5.5) and ligand switching reactions (5.6) are 

exothermic and highly efficient only if the proton affinity of the reactant R is higher than that 
for H 3O + • (H 2O)n water clusters. The rate of the reaction (5.6) depends on the dipole 
moment of R. For polar molecules ligand switching can be as efficient as the proton transfer 
reactions, while for non-polar molecules (e.g. benzene) they do not occur. The 
H + (H 2O)m R clusters can dissociate either due to the reaction exothermicity or by collision 
induced dissociation leading to formation of RH+ and RH+(H2O) (de Gouw et al., 2003).

Depending on the operation conditions the higher order proton transfer reactions 
and the ligand switching reactions may lead to formation of RH+ ions. However, since the 
ion cluster distribution depends on the concentration of water vapour in the drift tube, the 
detection efficiency is humidity dependent (Warneke et al., 2001).

When the kinetic energy of the ions in the drift tube is high, alcohols and aldehydes 
can eliminate a water molecule, via the water elimination channel:

RH +------ > (R  -  H 2O) • H ++ H 2O . (5.7)

5.2.1.6 O peration conditions

The system conditions are conveniently described by the parameter E/N, where E is the 
electric field strength in the drift tube and N is the buffer gas number density. E/N is 
expressed in Townsend (1 Td = 10-17 V cm 2).
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A higher sensitivity of the system requires a prolonged reaction period. This is 
obtained by increasing the pressure in the drift tube, which has the disadvantage that at a 
constant electric field the kinetic energy of the ions is reduced, and clusters will start to be 
formed. In this case the reactions between the clusters and the trace gases of interest have to 
be taken into account. However, a reduced ion kinetic energy is advantageous because it may 
also reduce the degree of fragmentation of the product ions. To prevent the cluster formation, 
the average kinetic energy of the ions has to be increased. This is obtained by increasing the 
electric field strength over the drift tube. For these two opposing tendencies, a compromise 
needs to be found by choosing the proper operating conditions.

E/N [Td]

Figure 5.3. The effect o f varying the E/N value, on the pattern o f different signals, for constant 
pressure.

Figure 5.3 shows the effect of varying the E/N value on the signal of the primary 
ions (H3O+), water clusters, and protonated methanol, acetaldehyde, dimethyl sulphide and 
toluene while the pressure in the drift tube was kept constant at 2 mbar. A calibrated gas 
mixture bottle, containing methanol, acetaldehyde, dimetyl sulphide and toluene, diluted to
100 ppbv was used. For our instrument, the ideal operation conditions for monitoring several 
compounds at a time are found to be around E/N = 101 Td, which gives a high conversion 
efficiency of primary ions. Under these conditions, the signal of the primary ions (H3O+), 
protonated methanol, acetaldehyde, dimethyl sulphide and toluene are sufficiently high and 
the water cluster signals are sufficiently low (Fig. 5.3). The measurements on apples were 
performed at E/N value of 101 Td.
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5.2.1.7 Identification of compounds

The quantity measured by the PTR-MS is the intensity of a protonated compound. It should 
be clear that PTR-MS is a method for on-line monitoring of compounds and not for gas 
analysis. A GC-MS instrument coupled with the PTR-MS is strongly recommended for gas 
analysis.

When an unknown mixture of VOCs is investigated, the compounds have to be 
identified. Since there are a huge number of compounds having the same mass, their 
identification is sometimes very difficult. Another difficulty comes from the albeit weak 
fragmentation of the volatile organic compounds in the drift tube. In this case, a certain 
compound can be found at another mass or at more than one mass at the same time.

There are several methods available to help to identify the compounds:
- Variation o f  E /N  value: when E/N is changed, the mean collision energy in the drift 

tube is also changed, and the product ions produced by the usual binary proton transfer 
reactions can be distinguished from those produced in the association processes (reactions
5.4 and 5.6) which are quite sensitive to high E/N.

- isotopic ratio: the calculation of the isotopic ratios often helps to identify the nature 
of a compound (examples of isotopic abundance: 'H -  99.99 %, 2H -  0.015 %; 12C -  98.9 %, 
13C 1.1 %; 16O - 99.76 %, 17O -  0.038 %, 18O -  0.2 %; 14N - 99.63 %, 15N -  0.37 %).

- the use o f  N H  + as primary reactant ions: while H3O+ ions perform proton transfer 
to all VOCs having the proton affinity higher than 7.16 eV, NH++ ions perform proton 
transfer reactions only to compounds with proton affinity exceeding 8.85 eV. If the signal at 
a certain mass comes from two compounds, one having the PA between 7.16 eV and 8.85 eV 
and another with the PA higher than 8.85 eV, by using NH++ as primary reactant ions, the 
signal can originate only from the compound with the PA > 8.85 eV. A disadvantage of 
using NH++ as primary reactant ions is that ammonia is a sticky compound that can 
contaminate the detector, and only VOCs with high PA can be detected (e.g. amines and 
pyridines).

5.2.2 Collisional Dissociation C ham ber (CDC)

Between the drift tube and the detection system, a transition chamber is located (Fig. 5.1). 
The CDC separates the high pressure in the drift tube (2 mbar) from the high vacuum 
pressure (10-6 mbar) in the detection region. Our CDC was designed differently from that 
reported in the literature (Hansel et al., 1995). It has a length of 8  cm, and with the use of a 
water-cooled turbo molecular dry-pump (capacity 210 l/s, TMP 261, Pfeiffer Vacuum, 
Asslar, Germany) a pressure of 10-4 mbar is obtained (mean free path of ions about 101 cm at 
10-4 mbar, decreasing with increasing mass). Hansel et al. (1995) and Warneke et al. (2001) 
have shown that in the drift tube clusters of trace gas molecules are formed with H3O+ and/or 
H2O, but that caution should be taken when increasing the electric field over the drift tube to 
counteract cluster formation, since it can increase fragmentation of parent ions (RH+). This 
intermediate chamber provides first of all the possibility of performing collision-induced 
dissociation (CID) on the ions leaving the drift tube, by enhancing their kinetic energy
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(Wameke et al., 2001). The cluster ions that leave the drift tube dissociate into a neutral part 
and the original protonated trace gas molecule (RH+), but not in smaller fragments if the field 
is optimised. The remaining ions are lead through a 1 mm skimmer towards the quadrupole 
region, where selection and detection of the ions take place. The reduction of cluster ions 
facilitates the interpretation of the mass spectra and increases the signal intensity at the mass 
of the original protonated compound. Although mass spectra do not give an accurate 
representation of the density of the ions present in the drift tube due to the unknown degree 
of collision-induced dissociation in the CDC (Warneke et al., 2001), calculation and 
calibration do agree reasonably well do to the fact that the transmission factor of the 
quadrupole is taken in account (see paragraph 5.2.3). Nevertheless, it is preferable to perform 
calibration measurements.

The reason to redesign the CDC was to add a second turbo pump, to reduce the 
pressure and the influence of collisional loss of ions in the transition area and to decrease 
background signals. Some mass discrimination can still be observed, caused by ion-neutral 
molecule collisions. Under current circumstances, the mean free path of larger ions is of the 
same order of magnitude as the CDC length. This can be avoided by decreasing the pressure 
and the length of the CDC.
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Figure 5.4. Effect o f varying the voltage o f the first lens in the CDC, on the behavior o f different 
signals.

The advantage of having a low pressure in the quadrupole chamber is to decrease 
the number of collisions of ions with the residual particles and the collisions of residual 
particles with the detector, in this way decreasing the background signals. Additionally, a
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slight misalignment of skimmers before and after the CDC makes sure that no photons from 
the ion source enter the detection region. To compensate for this misalignment, two pairs of 
deflection plates are installed to deflect the ion beam on the exit skimmer. Because the ion 
beam diverges when it passes from the drift tube to the collisional dissociation chamber 
(due to the pressure drop from 2  mbar to 1 0 -4 mbar), an electrostatic lens, followed by the 
deflection plates and a second focusing lens, is used to focus the ion beam on the entrance of 
the quadrupole mass spectrometer. In figure 5.4, we can observe the behaviour of different 
ion signals when the voltage of the first lens is varied. An optimum is reached at V1 = 65 V 
with a signal that is rather mass independent.

With this system, detection limits of similar magnitude as reported in the literature 
are reached (Warneke et al., 2003). As discussed above, especially for higher masses, these 
achievements can further be improved.

5.2.3 Transm ission curve of the quadrupole

To rule out a mass dependence that would form an obstacle to the determination of absolute 
trace gas densities, we checked the detection efficiency of our quadrupole mass spectrometer 
(Balzer QMG 422). Each detectable mass has a specific efficiency for passing through the 
quadrupole to the detector. The decrease of H3O+ primary ions was compared with the 
increase in protonated product ions with the addition of different reactant trace gases 
(Fig. 5.5). The transmission factor is calculated as the ratio between the increase in the signal 
of the protonated compound and the decrease in the primary reactant ion signal 
(T= A[RH+]/A[H3O+]) and it is used for the determination of the concentrations as will be 
seen below (section 5.2.5).

0.25

20 40 60

Mass [amu]

80 100

Figure 5.5. The transmission curve o f the quadrupole.
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5.2.4 Secondary Electron M ultiplier (SEM)

The ions are detected with the help of an off-line secondary electron multiplier that consists 
of 17 Cu-Be dynodes, fed by a Balzers CP-400 ion counter preamplifier. The operating 
voltage of the SEM is in the range from 0 to 3500, typical values around 2500V. The SEM is 
used as a pulse counter with a time resolution of about 1 0 -8 seconds, making count rates of 
107 ions per second easily detectable without saturation effects. In Figure 5.6 a typical 
correlation between the SEM voltage and the ion signal is shown for a new SEM. In this case 
the optimum voltage is 2300 V. If the voltage is further increased, no significant increase of 
the ion signal is observed, while the signal to noise ratio significantly decreases. The SEM is 
aging in time. When no characteristic maximum signal is observed (plateau), while the 
operating voltage is increased, the SEM has to be replaced. From this point, the ion count 
signal will decrease very quickly leading to a lower sensitivity of the PTR-MS.

SEM voltage [V]

Figure 5.6. Effect o f varying the SEM voltage, on the behavior o f signal (black circles) and noise (gray 
open circles).

5.2.5 C oncentration determ ination

For the proton transfer reaction (5.1), the concentration of the trace gases is calculated from 
the count rates of the primary ions, product ions and known reaction rate coefficients as 
described by Hansel et al. (1995).

The density of H3O+ ions after traversing the drift tube with the reaction time t is 
described as:

[H3O-+ ]t = [H 3O +]0 e(-k[R]t), (5.8)
where [H 3O + ]0 is the density of the primary ion in the absence of R, k is the reaction rate 
coefficient for the proton transfer reaction (5.1), and [R] is the concentration of trace gas R.
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If the reactive constituent R is present in trace quantities, only a small fraction of H3O+ ions 
will react in the drift tube. In this case, we can approximate that the density of the product 
ions [RH+] from reaction (5.1) is given by:

[R H +] = [H 3O +]0(1 -  e ( - k[R]t)) (5.9)
Under these conditions the density of RH+ ions at the end of the drift tube is 

proportional to the concentration of the trace gas R. If [R] is too high, the approximation in 
equation (5.9) is no longer justified, and the signal will not be linearly proportional to the 
concentration of the trace gas. The ion detection system measures count rates i(H3O+) and 
i(RH+), which are proportional with the respective densities of the ions. Thus, the count rate 
of RH+ product ions, i(RH+) can be calculated from:

i(RH+) = i(H3O+)0(1 -e-k[R]t) «  i(H3O+)0 k[R]t (5.10)
where i(H3O+) 0 is the count rate of H3O+ ions. It is assumed that the H3O+ and RH+ ions are 
detected with the same efficiency. If not, their detection efficiency has to be taken into 
account.

The reaction time t can be calculated from the ion drift velocity, (vd = |iE) and the 
length L of the drift tube:

t = L = L = L 1 p T0 = L
NV /

1

(5.11)

where |J. is the reduced mobility of the primary ions H3O+ (|J. = 2.76 cm2 V-1 s-1) and N0 is the 
gas number density at standard pressure 1 atm and temperature 273.15 K 
(N0 = 2.65-1019 cm-3). Besides the reaction rate constant k, also the degree of fragmentation 
and mass discrimination need to be taken into account in calculating trace gas 
concentrations. For most species, fragmentation is a minor effect. On the other hand, for 
most alcohols, fragmentation is very important. Warneke et al. (2003) have shown that the 
fragmentation for ethanol is very difficult to quantify, due to unknown fragmentation on 
mass 19 amu.

When our instrument is operated at E/N = 101 Td, and the length of the drift tube is 
L = 10 cm, the reaction time is t = 135 |j,s.

5.2.6 Sensitivity

They are two ways to determine the sensitivity of the PTR-MS instrument with respect to a 
certain compound; it can be calculated from equation (5.10) or it can be measured with gas 
standards.

5.2.6.1 Calculation of the sensitivity

The sensitivity of the PTR-MS instrument can be defined as the number of product ions 
produced at a trace gas-mixing ratio of 1 ppbv and at a H3O+ signal of 1 million ion counts 
per second (ncps/ppbv) (Warneke et al., 2001). The sensitivity is normalised to this typical 
number of primary reactant ions because the primary ion signal can change over time. Using 
equation (5.10) the fraction of H3O+ ions that is converted into RH+ ions can be expressed as :
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i(RH +) = |R ]  kL (  N   ̂

i(H3Ö+ )0 = ^  'M0n 0  ' ~E
(5.12)

*0 - 0  { E  )
When i(H3O+)0 = 1 • 106 cps and [R]/N = 1 ppbv, the sensitivity, expressed in 

normalised counts per second per ppbv (ncps/ppbv) can be calculated as

Sensitivity = 10-3 kL
M 0N 0

A[RH+] (5.13)
A[H3O +]

where the factors A(RH+) and A(H3O+) are the detection efficiency for RH+ and H3O+ ions 
respectively (de Gouw et al., 2003). The differences in the values of these factors are 
determined by the mass-dependent transmission of the quadrupole. The ratio 
A[RH+]/A[H3O+] represents the transmission factor that has been experimentally determined 
(section 5.2.3, Fig. 5.5).

The value of the reaction rate coefficient, k, is close to the collisional value, 
predicted by the ion-molecule capture theories Langevin or Su and Chesnavich (Gioumousis 
and Stevenson, 1958; Su and Chesnavich, 1982). The typical uncertainties in the calculation 
of k are ± 15%.

For our instrument, under the operational conditions of 2 mbar pressure in the drift 
tube and E/N = 101 Td, the sensitivity is calculated as

Sensitivity (ncps/ppbv) = 6.63 • 109 • k • A[RH+]/A[H3O+] (5.14)
In Appendix 5.1 the calculated sensitivities of the PTR-MS instrument for a number 

of compounds are given. By operating our system at a drift tube pressure of 2 mbar and 
E/N = 101 Td, we can obtain sensitivities of 5-20 ncps/ppbv for the reactant trace gases 
(Appendix 5.1). The achieved sensitivities are comparable with the ones reported in the 
literature (Lindinger et al., 1998) or slightly lower (Warneke et al., 2001). As discussed 
above, especially for higher masses, these achievements can further be improved.

The instrument noise, described by the square root of the blank count rate 
Ouai* = mean signal (cps) (Hayward et al., 2002) was used to determine the detection limit at 
S/N = 2 for each compound (Appendix 5.1).

Detection limit (S/N = 2) = 2 -----Oblank—  (5.15)
Sensitivity

With our instrument, we have obtained detection limits between 0.1 ppbv and
3 ppbv for different trace gases (Appendix 5.1).

5.2.6.2 M easured sensitivity -  calibrations

A calibrated acetaldehyde bottle (1200 ppbv) was used to measure the sensitivity of the 
PTR-MS instrument. The gas concentration from the bottle was diluted with air or nitrogen 
in different mixing ratios using two mass flow controllers (5850 S, Brooks Instrument B.V., 
Veenendaal, The Netherlands). The reason the calibration was done in both nitrogen and air 
is that in the biological applications the samples are exposed to both gas conditions. 
We wanted to check whether there are differences in the sensitivity of the system when air or 
nitrogen is used as carrier gas. The pressure in the drift tube was 2 mbar. No differences
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between the sensitivities of the PTR-MS in nitrogen and air were found. For E/N = 130 Td, 
the measured sensitivity for acetaldehyde is 14.6 ncps/ppbv, while the calculated sensitivity 
is 13.96 ncps/ppbv (4.4 %). For E/N = 101 Td the sensitivity was 20.1 ncps/ppbv, while the 
calculated sensitivity is 17.92 ncps/ppbv. A very good agreement between the calculated and 
measured sensitivities was observed (4.4% and 11% uncertainty for E/N = 130 Td and
101 Td, respectively).

5.2.7 Set-up for headspace sampling

To test the on-line measurement capability of the PTR-MS, acetaldehyde and ethanol emitted 
by young rice plants exposed to anaerobic and post-anaerobic conditions were monitored 
simultaneously, using our PTR-MS and a CO laser-based photoacoustic detector. 
Photoacoustics is a well-established technique for online monitoring of trace gases down to 
very low concentrations (Bijnen et al., 1996). This is the first time a comparison of PTR-MS 
and photoacoustics has been performed. Until now PTR-MS was compared only with 
GC-based systems (Fall et al., 1999; Warneke et al., 2003; de Gouw et al., 2003).

Figure 5.7. Schematic diagram o f the set-up used for the intercomparison study between PTR-MS and 
photoacoustics. The trace gases emitted by the rice seedlings in the sampling cuvette were transported 
with the gas flow (4 l h'1), regulated by mass flow controllers (MFC) to the detectors. The cuvette 
outflow was split into two equal flows, 2 l h'1 for the CO-laser based photoacoustics detector and 2 l h'1 
towards the drift tube o f the PTR-MS. Anaerobic conditions were imposed on the plants by replacing 
the inflowing air with nitrogen gas.

Three young rice seedlings (14 days old) were placed in a glass cuvette (300 ml), 
with the roots in 15 ml nutrient solution. The rice plants were grown in similar conditions as 
explained in Chapter 2. The trace gases emitted by the rice seedlings in the sampling cuvette 
were transported to the two detectors by a gas flow (4 l h-1), regulated by mass flow
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controllers (MFCs). The gas flow was split into two equal flows, 2 l h-1 for the CO laser- 
based detector and 2 l h-1 towards the PTR-MS (Fig. 5.7). A pressure controller 
(P-702C 2 -  100 mbar, Bronkhorst Hi-Tec B.V., Ruurlo, The Netherlands) backed by a 
membrane vacuum pump (400160, Ilmvac GmbH, Ilmenau, Germany) regulated the inlet 
flow to the drift tube of the PTR-MS, in such a way that the pressure in the drift tube was 
maintained constant. Most of the 2 l/h flow was split off here and pumped away to outside by 
the backing membrane pump and only a small, variable flow remained to be passed through 
the drift tube. The inlet system of the drift tube was of Teflon tubing and connectors. This 
material minimised the sticking of compounds to the inner surfaces of the inlet system 
(de Gouw et al., 2003). A nylon tube of 5 m length was used to transport the air sample from 
the split-off point to the photoacoustic-based detector.

Rice plants (Oryza sativa L.) were placed in the dark and after a short 
acclimatisation period in air (15 min.), they were exposed for 2 h to anaerobic conditions 
(nitrogen flow). Subsequently, air was re-introduced (post-anaerobic conditions) and the 
evolution of the fermentation products, acetaldehyde and ethanol (mass 45 amu and mass 
47 amu, respectively), followed during the first 2 h after transition back to the aerobic 
environment.

A similar set-up was used to measure the emission patterns of a number of trace 
gases from apple fruit of four cultivars (Malus domestica Borkh., cv. Elstar, Granny Smith, 
Jonagold and Pink Lady) under different atmospheric conditions by using the PTR-MS 
instrument alone. The apples were obtained from a local retailer. A single fruit was placed in 
a glass cuvette (2  l) and the trace gases emitted during the different gas treatments were 
transported by the gas flow (4 l h-1) towards the drift tube inlet. The apples were kept under 
normal aerobic conditions for about 3 h and thereafter exposed to 24 h anaerobic conditions 
(nitrogen flow). Subsequently, air was provided again (post-anaerobiosis) and measurements 
were prolonged for another 15-20 h. The trace gas emission patterns were monitored in the 
mass range from 21 to 117 amu. The fresh weight (FW) of the apples was Elstar -  180 g, 
Granny Smith -  160 g, Jonagold -  195 g and Pink Lady -  162 g.

5.3 R esults and  D iscussion

5.3.1 Parallel m easurem ents PTR-M S - laser photoacoustics

Figure 5.8 shows the response of the rice plants to the anaerobic and post-anaerobic 
treatments as monitored by PTR-MS and by the laser-based photoacoustic detector. Half an 
hour after imposing oxygen-free conditions, an increase in acetaldehyde and ethanol 
emission was observed, showing that plant tissue switches from aerobic respiration to 
alcoholic fermentation within this time lag. Acetaldehyde reached a maximum of 625 ppbv 
after about 1 h, followed by a slow decrease, while ethanol increased steadily and reached 
13 ppmv (part per million by volume) after 2 h. Re-exposure to air resulted in a fast 
(10 min.) outburst of acetaldehyde of about 1500 ppbv. This was followed by a decrease in 
the acetaldehyde emission rate, which reached the initial aerobic rate 2  h after re-introduction
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of air. When the rice seedlings were re-exposed to air, ethanol emission rates decreased 
gradually to the initial pre-anaerobic emission rate.

Tim e [h]

Figure 5.8. Effect o f 2-h anaerobic treatment (nitrogen flow) on the pattern o f acetaldehyde (A) and 
ethanol (B) emissions from rice seedlings (14-d-old) measured simultaneously by PTR-MS (•) and 
CO-laser based photoacoustics detector ( ). The plants were placed under 0 % O2 conditions (4 l h'1) 
at time t = 0.25 h. At t = 2.35 h, the rice plants were returned to a flow o f air (4 l h'1).

Very good agreement was observed between the PTR-MS and the photoacoustic 
acetaldehyde measurements, while monitoring alcoholic fermentation products from rice 
plants (Fig. 5.8). The photoacoustic detector showed a slower decrease of ethanol during 
post-anaerobic emission and about half the final concentrations indicated by PTR-MS. This 
was caused by a sticking of compounds to the inner walls of the long nylon tube (about 5 m) 
used to transport the trace gases from the sample cuvette to the detector. Because ethanol 
fragments easily on mass 29, ideal conditions for measuring ethanol are at much lower 
E/N than for other compounds. Since we were only monitoring two compounds we used an 
E/N value of 78 Td for these measurements. For these experimental conditions the PTR-MS 
was calibrated for both acetaldehyde and ethanol. As can be seen from Figure 5.8, the time 
resolution of the PTR-MS system (450 measured points per hour) is much greater than that
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of the photoacoustic detector (12 measured points per hour). This superior time resolution 
(one order of magnitude) enables us to monitor even faster processes and to monitor a much 
larger number of compounds simultaneously at a faster rate.

5.3.2 Apple m easurem ents

The O2 concentration at which a shift from predominately aerobic to predominately 
anaerobic respiration occurs varies among fruit tissues and cultivars. Due to an increasing 
path length of high resistance with distance from the outer surface, and to different rates of 
respiration, some parts of the fruit may become anaerobic even when some oxygen is present 
outside the fruit.

In the present work we have used PTR-MS to monitor, in real time, the emissions of 
various fermentation, aroma and flavour-related compounds such as aldehydes, alcohols, 
acids, esters and C - 6  compounds released by apple fruit of four cultivars under anaerobic 
(nitrogen flow) and post-anaerobic (air flow) conditions. Natural isotope ratios were used to 
identify the trace compounds. Methanol was detected at mass 33 amu, acetaldehyde at mass 
45 amu, ethanol at mass 47 amu, acetone at mass 59 amu. Due to their fragmentation in the 
drift tube, the esters and C-6  compounds could not be identified with confidence. According 
to Buhr et al. (2002) most esters have a fragment at mass 43 and at mass 61 amu. In addition 
to the esters fragments, also acetic acid is found at mass 61 amu. De Gouw et al. (2003) have 
shown that C-6  compounds can have important fragments at masses 43, 55, 57, 81, 83, 85, 
99 and 101 amu. We did not monitor mass 99, but this does not influence the results of the 
experiments, since the fragmentation ratios of the given compounds are known (de Gouw et 
al., 2003). In Table 5.1, mass 43 amu is not listed as a fragment of C-6  compounds. This is 
because it can only be a fragment of n-hexanol (de Gouw et al., 2000), which is found also at 
masses 85 and 103 amu. Since the production rate on mass 85 amu is about 3 orders of 
magnitude lower than mass 43 amu, we assume the contribution of n-hexanol on this mass to 
be negligible.

All four apples cultivars used in the present study have a sweet-tart flavour, but they 
have different sugar to acid ratios (S/A), e.g. Granny Smith is classified as a relatively acid 
or tart apple and Jonagold as a very aromatic apple (http://tfpg.cas.psu.edu/tables/table7-
3.htm).

After the apples were placed in the glass cuvette, they were first exposed for a few 
hours to aerobic conditions, for acclimatisation. The aerobic emission rates of different 
VOCs from the four cultivars are given in Table 5.1. The concentrations were obtained using 
calculated calibration factors. The data are given with a 15 % uncertainty, caused by the 
15 %  uncertainty in the calculation of the reaction rate constant (Lindinger et al., 1998).

Elstar had the lowest production rate of acetaldehyde (2.77 nl h-1 g-1FW), acetates 
(5.9 nl h-1 g-1FW) and C-6  compounds (0.17 nl h-1 g-1FW). On the other hand, Jonagold 
produced more methanol (2.5 nl h-1 g-1FW), acetaldehyde (13.45 nl h-1 g-1FW), acetates 
(35.3 nl h-1 g-1FW) and C-6  compounds (0.94 nl h-1 g-1FW) than the other cultivars (Table 5.1 
and Fig. 5.9). This demonstrates that Jonagold is a very aromatic apple. Van der Sluis et al.
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(2003) have found that Jonagold possesses the highest flavonoid concentration and the 
highest antioxidant activity when four apple cultivars (Jonagold, Elstar, Golden Delicious 
and Cox’s Orange) were compared with regard to flavonol, catechin, phorodzin and 
chlorogenic acid composition and antioxidant activities.

Table 5.1. Effect o f 24-h anaerobic treatment on production rates (expressed in nl h'1 g'1 FW) o f 
different fermentation, aroma and flavour related VOCs released by apples offour cultivars (Elstar, 
Granny Smith, Jonagold and Pink Lady), measured during normal aerobic conditions, at the end o f 
anaerobic treatment and again during recovery in air (post-anaerobic conditions). The post-anaerobic 
production rates represent the total production during the treatment divided by the treatment duration 
(15 h). The data are given with a 15 % uncertainty, caused by the 15 % uncertainty in the calculation 
o f the reaction rate constant (Lindinger et al., 1998).

Mass
(amu)

Aerobic
End 

anaerobic 
(nl h'VFW)

Post-
Anaerobic Aerobic

End 
anaerobic 

(nl h'VFW)

Post-
Anaerobic

Elstar Granny Smith
methanol 33 1.12 1.96 3.5 1.74 2.15 4.7

acetaldehyde 45 2.77 23 69.8 6.16 26.24 82.2
ethanol 47 0.28 8.4 2.3 2.3 8.74 3.8
acetone 59 1.65 1.9 1.84 3.54 4.7 5.8
esters

fragments 43 5.2 3.84 38.4 10.75 9 47.5
fragments 61 0.65 15.9 20.75 0.63 12.8 18.3

methyl acetate 75 0.04 0.14 0.13 0.05 3.92 5
ethyl acetate 89 0.005 1.73 1.41 0.03 2.63 1.72

C-5 esters 103 0.003 0.016 0.02 0.02 1.95 0.86
C-6 esters 117 6E-04 0.008 0.003 0.003 0.46 0.24

55 0.07 0.19 0.65 0.2 0.43 0.86
57 0.06 0.09 0.09 0.2 0.7 0.83

C-6 compounds 71 0.05 0.07 0.06 0.12 0.56 0.4
fragments 81 0.005 0.02 0.006 0.008 0.06 0.02

83 0.006 0.04 0.008 0.016 0.12 0.04
85 0.02 0.03 0.02 0.04 0.15 0.12
101 0.008 0.04 0.01 0.01 0.17 0.08

Jonagold Pink Lady
methanol 33 2.5 1.5 4.84 1.53 1.03 1.15

acetaldehyde 45 13.45 24.5 80 6.78 16.23 4.9
ethanol 47 1.15 11.32 4.24 0.45 2.24 0.18
acetone 59 3.3 4.2 4.4 1.65 2.16 1.56
esters

fragments 43 27.9 15.1 82 13.26 6.16 5.45
fragments 61 7.1 43.4 76 2.16 12.46 0.8

methyl acetate 75 0.16 1 1.53 0.12 0.8 0.03
ethyl acetate 89 0.08 4.6 4.8 0.04 1.7 0.04

C-5 esters 103 0.06 0.47 0.35 0.02 0.62 0.01
C-6 esters 117 0.04 0.27 0.2 0.004 0.3 0.003

55 0.42 0.71 2.17 0.2 0.38 0.08
57 0.35 1.0 0.57 0.2 0.4 0.06

C-6 compounds 71 0.25 0.8 0.42 0.09 0.28 0.04
fragments 81 0.03 0.07 0.02 0.007 0.028 0.003

83 0.03 0.22 0.04 0.01 0.1 0.006
85 0.06 0.27 0.12 0.023 0.09 0.01
101 0.05 0.4 0.1 0.016 0.11 0.006
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Figure 5.9. Sum o f production rates o f esters (protonated masses 43, 61, 75, 89, 103, 117 amu) and 
C-6 compounds (protonated masses 55, 57, 71, 81, 83, 85, 101 amu) released by apples o f four 
cultivars -  Elstar (white bars), Granny Smith (grey bars), Jonagold (dark grey bars) and Pink Lady 
(pattern bars) - during normal aerobic conditions, at the end o f anaerobic treatment and during 
recovery in air (post-anaerobic conditions). The post-anaerobic production rates represent the total 
production during the treatment divided by the treatment duration (15 h). Please note that the sums o f 
production rates o f C-6 compounds are multiplied by a factor o f 10 to allow comparative graphing.

When the apples were exposed to short anaerobic conditions (24 h), the production 
of acetaldehyde and ethanol increased for all four cultivars, showing that alcoholic 
fermentation replaced aerobic respiration. Figure 5.10 shows an example of the real time 
measurements of acetaldehyde, ethanol, methanol, acetone and butenal/butenone emitted 
from Jonagold. All four apples presented the same dynamic behaviour for these compounds. 
At the end of the anaerobic treatment, similar fermentation rates were observed for, Elstar 
(8.4 nl h-1 g-1FW), Granny Smith (8.74 nl h-1 g-1FW) and Jonagold (11.32 nl h-1 g-1FW), 
while Pink Lady produced the least ethanol (2.24 nl h-1 g-1FW) (Table 5.1). As stated in the 
previous section, the concentration of ethanol detected is influenced by the degree of 
fragmentation to mass 19 amu. Since this is a quantity that cannot be determined 
experimentally, calibration measurements should be performed for this compound. However, 
we did not perform these calibrations. Therefore, the actual concentrations of ethanol may 
have been higher than we estimated. Acetaldehyde imparts the green-apple-like 
aroma/flavour and is an intermediate product in alcoholic fermentation. Sometimes its 
production is caused by bacterial infection (http://www.ba.ars.usda.gov/hb66/022flavor.pdf). 
in  small amounts acetaldehyde can be useful, because it is thought that acetaldehyde delays
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fruits ripening by a biochemical alteration at the site of ethylene synthesis (Perata and Alpi, 
1991). However, acetaldehyde is generally not desirable, due to its toxic effect. We have 
found that Pink Lady had the lowest acetaldehyde production rate at the end of the anaerobic 
treatment (16.23 nl h-1 g-1FW), while the other three cultivars have similar but higher rates 
(Table 5.1). Pink Lady may have exhibited lower fermentation because of its lower 
enzymatic activity, especially of pyruvate decarboxylase, an enzyme catalyzing the 
formation of acetaldehyde from pyruvic acid.
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Figure 5.10. Effect o f 24-h anaerobic treatment (nitrogen flow) on the pattern o f methanol, 
acetaldehyde, ethanol and acetone emissions from Jonagold apple. The apple was placed under 0% O2 
(4 l h'1 o f nitrogen gas) at time t = 2.1 h. At t = 26.2 h, the apple was re-exposed to air (4 l h'1 o f air).

The lack of oxygen affects fruit quality in a number of ways. The first indication of 
injury is loss of flavour, followed by fermentation related odours. Injury symptoms vary 
from purpling or browning of the fruit skin and developmental of brown soft patches 
resembling soft scald, to abnormal softening and splitting of fruit. Cultivars can vary greatly 
in response to low oxygen, and susceptibility to injury is influenced by both pre-harvest and 
post-harvest conditions (http://www.ba.ars.usda.gov/hb66/025apple.pdf). When exposed to 
oxygen free conditions, an increase in the production of almost all esters and all the 
C-6 compounds was observed for all four cultivars using PTR-MS. An exception is at mass 
43 amu at which the concentration decreased by half from the aerobic value for all cultivars.
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An increase in certain volatiles during CA storage compared to air-stored fruits has been 
observed also in tomatoes (Crouzet et al., 1986).

During the anaerobic treatment, an almost linear increase in mass 47 amu (ethanol) 
and mass 89 amu (ethyl acetate) was observed for all four cultivars. The ethanol to ethyl 
acetate production rate ratio varied from cultivar to cultivar (Elstar 4.8, Granny Smith 3.3, 
Jonagold 2.5 and Pink Lady 1.3). This linear increase is in correspondence with the 
observation of Bartley et al. (1985), who showed that ethanol can be metabolised to ethyl 
acetate, the latter being the most prevalent acetate from the variety of esters produced by 
apple fruits. It was observed that the altered synthesis of fruit volatiles resulted in increased 
amounts of ethyl acetate and certain esters at the expense of others.

After 24 h of anaerobic treatment, the apples were re-exposed to air. In all cultivars 
except Pink Lady, re-exposure to oxygen stimulated a clear post-anaerobic acetaldehyde 
peak, three times higher than the acetaldehyde production immediately at the end of 
anaerobic treatment. At the same time there was a rapid decrease in ethanol emission. This 
fast increase in the acetaldehyde production rate is called post-anoxic effect and is caused by 
the oxidation of the ethanol accumulated in the tissues during anaerobic conditions. This 
effect has been also observed in red pepper (Zuckermann et al., 1997), and rice and wheat 
plants (Chapters 2, 3 and 4). It is assumed that this post-anaerobic acetaldehyde peak can 
also be responsible, in part, for delaying fruit ripening (Monk et al., 1987). From the four 
apples used in our study, only Pink Lady failed to present this acetaldehyde peak.

For Elstar, Granny Smith and Jonagold, re-exposure to air, strongly enhanced the 
production of methanol, some esters and acetic acid (mass 43, 61 and 75 amu). In contrast, 
the C-6 compound production decreased for these three cultivars, and steadied at values 
slightly above normal aerobic rates.

For Pink Lady, re-exposure to aerobic conditions resulted in a fast decrease in all 
the measured compounds, including acetaldehyde (Table 5.1) to values below those seen in 
normal aerobic conditions. It has been reported that controlled atmosphere storage alters the 
flavour of apples, and if prolonged, reduces volatile emission compared with air-stored fruits, 
especially lipid-derived esters (Mattheis et al., 1995). Low O2 storage decreases ester content 
and enzymatic activity responsible for ester biosynthesis in apples (Fellman et al., 1993). 
Our measurements showed that even when exposed to short anaerobic treatment (24 h), Pink 
Lady suffered injuries, by loosing its aroma and flavour. Though these results are 
preliminary and the history of the apples we investigated is unknown, the observed effects 
for aerobic o  anaerobic transitions are strong for many components, and the results depend 
greatly on the cultivars under study. The revelation of these details by PTR-MS indicates its 
great promise for quantitative analysis of a wide variety of volatiles relevant to the 
physiology and the culinary quality of harvested produce.
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Chapter 5

5.4 Conclusions

A custom-built PTR-MS has been constructed and developed in our laboratory. With this 
system, detection limits similar to those already claimed in literature have been achieved. 
The collisional dissociation chamber (CDC), which separates the high pressure in the drift 
tube (2 mbar) from the high vacuum pressure (10-6 mbar) in the detection region, has a novel 
design. In this study the CDC was 8 cm long and a pressure of 10-4 mbar was obtained. When 
the mean free path of ions at a pressure in the 10-4 mbar range is calculated, values of the 
same order of magnitude as the length of the CDC are found. Therefore, adaptations of the 
CDC to lower the collisional probability, by decreasing its length and optimising the use of 
the pump capacity, offer further improvements to the system.

While monitoring the alcoholic fermentation products from young rice plants, using 
our PTR-MS and a CO laser-based photoacoustic detector simultaneously, a close agreement 
was observed for the acetaldehyde measurements. This is the first time an intercomparison 
between PTR-MS and laser photoacoustics is reported. PTR-MS is capable of tracking fast 
changes in emission rates of volatile compounds with a higher temporal resolution (< 1 s) 
than photoacoustics, which has a time resolution of about 1 min and is a well established 
technique for online monitoring of trace gases. Additionally, PTR-MS monitors a larger 
number of VOC species at the same time than do the photoacoustic detectors. On the other 
hand, PTR-MS is a monitoring technique, which sometimes requires other tools, such as GC, 
to identify the observed compounds with greater certainty.

The fermentative behaviour and its effects on the fruit quality were described for 
apples of four cultivars (Elstar, Jonaglod, Granny Smith and Pink Lady). The preliminary 
results presented in this work show that application of PTR-MS detectors in fruit storage 
opens new possibilities for gaining insights into the kinetics of the metabolic processes 
relevant to storage conditions, fruit quality and basic physiology.
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A ppen d ix  5.1. The calculated sensitivities and detection limits achieved with the home-build PTR-MS at E/N = 101 Tdfor a number of  
compounds. For each compound is presented the product ion distribution (product ion mass with their relative abundance in brackets 
(de Gouw et al., 2003; Buhr et al. 2002)), the proton affinity in kcal/mol and eV, the calculated and measured (in the brackets) 
collisional rate coefficient (Lindiger et al. 1998; Su and Chesnavich, 1982) and the transmission factor.

Product Proton Affinity k Transmission Sensitivity Detection
ions factor limit

(amu) (kcal/mol) (eV) (10"9 cm3 s -1) (ncps/ppbv) (ppbv)
Hydrocarbons

Cyclopropane 43 (100) 179.3 7.7 1.51 0.77 11.23 1.53
C-C3H6 (1.5)
Benzene 79 (100) 179.3 7.77 1.91 0.367 4.65 0.76
CeHe (1 .8 )
Toluene 93 (100) 187.4 8.13 2 .2 0.366 5.34 0.25
c-C6H5CH3 (2.3)
Isoprene 69 (100) 200.4 8.69 1.9 0.49 6.17 0.38
CH2=C(CH3)CH=CH2 (2 .0 )

o
Aldehydes r -c -h

Formaldehyde
HCHO

31 170.4 7.39 3.4 0.99 22.32 1.78

Acetaldehyde
CH3CHO

45 (100) 183.7 7.97 3.7 0.73 17.92 2.8

1-Propanal
C2H5CHO

59 (100) 187.9 8.15 3.6 0.61 14.57 2.05

1-Butanal
C3H7CHO

55 (89), 
73(6), 
56(5)

189.5 8 .2 2 3.8 0.44 11.1 1 .02

Propenal
ch2=chcho

57 190.5 8.26 4.2 0.628 17.5 0.32

Benzaldehyde
QH5CHO

107 (100) 199.3 8.64 3.7 0.267 6.55 0 .1 2

Trace 
gas 

detection from 
ferm

entation 
processes...



Appendix 5.1. continued
Alcohols R-O-H

Methanol
CH3OH

33 (100) 180.3 7.82 2.7
(2.7)

0.997 17.86 1.9

Ethanol
C2H5OH
2 -propanol
C3H7OH

47 (50), 
29 (50) 

43 (100)

185.6

189.5

8.05

8 .2 2

2.7
(2.7)
2.7

(2.7)

0.713
0.997
0.7745

12.77

13.87

1.25

1.24

O
m

Ketones R-C-R
Acetone
CH3COCH3
2-Pentanone 
CH3COC3H7
3-Pentanone 
C2H5COC2H5 
3-Hexanone 
C2H5COC3H7

59 (90) 
43 (10) 
87 (100)

87 (100)

101  (10 0 )

194.1

199.0

2 0 0 .0  

201.5

8.42

8.63

8.67

8.74

3.9

3.9

3.9 

4.0

0.61
0.77

0.366

0.366

0.309

15.78

9.47

9.47 

8 .2

1.9

0.4

0.4

0 .2 2

0
n

Organic acids R‘C'°‘H
formic add 
HCOOH 
acetic acid
ch 3co o h
propionic acid 
C2H5COOH

47

61

75

177.3

187.3 

190.5

7.69

8 .1 2

8.26

2 .2

2 .6

2.7

0.713

0.587

0.416

10.4

10 .1 2

7.45

1.54

1.17

0.42

Esters R-C-O-r

methyl acetate 
CH3COOCH3

75 196.4 8.52 2.8 0.416 7.73 0.4

ethyl acetate 
CH3COOC2H5

89 199.7 8 .6 6 2.9 0.366 7.04 0.35

methyl propionate 
C2H5COOCH3

89 198.4 8.60 2.9 0.366 7.04 0.35

methyl butyrate 
C3H7COOCH3

103 199.9 8.67 2.9 0.295 5.68 0.14



Summary

This thesis presents novel interdisciplinary Physics -  Biology research work that employed 
Photoacoustic Spectroscopy and Proton-Transfer-Reaction Mass Spectrometry. Both 
techniques were used in biological studies of trace gasses emitted by crop plants and fruit 
under stress situations. The findings of this research bring to light essential new features 
in plant physiology.

A line tuneable (5 - 8 |jm) infrared CO-laser based photoacoustic detector was 
adapted to achieve fast, non-invasive and highly sensitive on-line monitoring of biological 
processes. The set-up was used to study alcoholic fermentation and concomitant processes in 
seedlings of various crop plants, notably of rice and wheat (Chapters 2, 3, and 4).

A major problem in arable farming is severe damage caused by waterlogging of the 
soil and deeper submergence, especially of small plants. The damage is often attributable to 
tissue anoxia that develops as a consequence of a reduced availability of oxygen. 
However, in the case of submerged rice it was by no means certain whether submergence 
damage and subsequent plant death are necessarily linked causally to oxygen deprivation and 
the associated alcoholic fermentation. To clarify the issue, the effect of oxygen shortage and 
of returning stressed plants back to normally aerated conditions has been studied in detail.

Chapters 2 and 3 present extensive studies of the dynamic responses of rice plants to 
submergence and to anaerobic, micro-aerobic and post-stress gas-phase conditions. 
Although all rice types are damaged by complete submergence, some unusually tolerant 
cultivars are known. Accordingly, a highly submergence-tolerant cultivar, FR13A, was 
compared with intolerant CT6241. In Chapter 2, the impact of oxygen deprivation under dark 
and light conditions together with the effect of a return to air, on the dynamics of 
fermentation products, ethanol, acetaldehyde and carbon dioxide, is described for 
submergence tolerant cultivar, FR13A. A notable finding was that on re-entry of air, the 
seedlings emitted a sharp post-anaerobic peak of acetaldehyde. This peak in acetaldehyde 
production was taken as a diagnostic marker of the existence of anoxic tissue in submerged 
plants prior to re-exposure to air and used to test whether or not anoxia is necessarily 
involved in submergence injury to rice. It was found that submergence in initially oxygen- 
containing water could damage rice seedlings in the absence of a significant post-anoxic 
peak in acetaldehyde when the plants were de-submerged. This suggests that submergence 
injury and the difference in susceptibility between FR13A and CT6241 are not primarily 
linked to effects of anoxia. The absence of a post-stress acetaldehyde peak demonstrates that
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internal O2 concentrations did not fall below the value needed to initiate fermentation under 
water. However, the occurrence of damage under these seemingly non-anoxic conditions left 
open the question of what caused the injury sustained by these submerged plants. 
Thus, further work was needed to confirm the findings and examine the alternatives, since 
these results did not help to resolve the basis of submergence tolerance in FR13A or to 
explain how non-anaerobic submergence damage could arise.

In Chapter 3, it was again examined whether the well-known superior tolerance of 
FR13A rice seedlings to complete submergence is related to anoxia tolerance and to the 
ability to ferment sugars at a more favourable rate than submergence-intolerant CT6241. 
In these experiments, rice seedlings were exposed to a wider range O2-deficient gas phase 
conditions (0 % - 0.5 % O2) while simultaneously monitoring the release of ethanol, 
acetaldehyde and carbon dioxide. These treatments represent more realistically the extent of 
oxygen deprivation during submergence in the field. One novel finding of this study was that 
no acetaldehyde and no ethanol emission was observed until external O2 concentration 
decreased to < 0.3 %  O2 in the dark. This quantified just how little external oxygen, in a gas 
phase situation, is needed to prevent anaerobic fermentation by any part of the rice seedlings. 
Detailed comparisons of the kinetics of ethanol, acetaldehyde and carbon dioxide by 
anaerobic seedlings revealed no marked difference in the anoxic responses of the two 
cultivars. These results confirmed that the greater submergence tolerance of FR13A does not 
primarily depend on a different fermentation response, and that submergence damage to rice 
is not necessarily anoxic damage. However, these cultivars were found to differ in their 
reactions to micro-aerobic conditions (notably at 0.05 % O2) where both during and after a 
micro-aerobic episode, acetaldehyde production rose strongly while ethanol production 
remained small. We have observed that this hitherto unknown effect is more pronounced in 
submergence-tolerant FR13A and can be linked to less lipid membrane peroxidation as 
corroborated by reports of slower ethane efflux. We suggest that less lipid damage in FR13A 
is an outcome of diverting more reactive oxygen species away from membrane attack and 
into enhanced production of less harmful H2O2 that serves as substrate in the conversion of 
ethanol to acetaldehyde.

In Chapter 4, acetaldehyde and ethanol productions in rice and wheat plants were 
compared. The novelty of this study is a simultaneously real-time monitoring of the trace 
gases emitted by roots and by shoots of intact seedlings, using the sensitive photoacoustic 
laser based detection system. This spatial separation was essential for assessing the relative 
contribution of above and below ground parts of the plant to fermentation. 
Alcohol dehydrogenase (ADH) and pyruvate decarboxylase (PDC) enzyme activities were 
also assessed together with soluble carbohydrates, starch and internal ethanol concentrations. 
Anaerobic treatment in the dark resulted in ethanol and acetaldehyde release from all tissues. 
Interestingly, 90 % of these fermentation products originated from the shoots. In rice, a much 
faster ethanol production (23 times) by shoots as compared to wheat shoots was observed. 
This faster fermentation was linked to twice the concentration of soluble carbohydrates and 
starch compared to wheat, and to four and ten times greater activity of the fermentative
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enzymes ADH and PDC, respectively. Light decreased anaerobic ethanol production in 
shoots by 70 %, presumably via photosynthetic oxygen. When, after the anaerobic treatment, 
the plants were returned to air in darkness, the shoots of both species showed a transient 
acetaldehyde peak, indicating prompt re-oxidation of ethanol. The post-anoxic acetaldehyde 
production was much greater in wheat than in rice.

If a large number of gases are monitored by the photoacoustic method, the time 
resolution of the system becomes very low. In addition, there is great interest in trace gases 
that cannot be monitored by photoacoustics. To overcome these drawbacks, 
a Proton-Transfer-Reaction Mass Spectrometer (PTR-MS) was designed, constructed and 
optimized. In Chapter 5 this PTR-MS is described together with its use in monitoring 
emission of various compounds (aldehydes, alcohols, acids, esters and C-6 compounds) 
related to fermentation and to fruit aroma and flavour, released by four apple cultivars 
(Elstar, Jonagold, Granny Smith and Pink Lady) under short anaerobic and post-anaerobic 
conditions. Detection limits similar to those reported in the literature were achieved with this 
system. For the first time, a comparison between PTR-MS and laser photoacoustics was 
made in order to ensure that fragmentation processes occurring during the PTR-MS 
measurements do not disturb the assignment of the ion-signals to the neutral compounds of 
interest. Simultaneous monitoring of alcoholic fermentation products from young rice plants 
by both methods gave comparable results for acetaldehyde. The preliminary results presented 
in Chapter 5 show that application of PTR-MS detectors in fruit storage opens new 
possibilities for revealing the kinetics of metabolic processes relevant to storage conditions, 
fruit quality and basic physiology.

This thesis is the result of collaborations with researchers from U.K., India, 
Hungary and Germany. The work was supported by the European Union “Rice for Life” 
project (ERB3514-PL95-0708), the European Union “Life Science Trace Gas Exchange 
Facility” (HPRI-1999-CT-00029), the Foundation for Fundamental Research on Matter FOM 
(02PR2082), and the Dutch Foundation STW (NNS00.2149).
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Samenvatting

Dit proefschrift beschrijft nieuw interdisciplinair onderzoek op het gebied van de 
fysica en de biologie, waarbij gebruik is gemaakt van twee technieken: laser spectroscopie 
met behulp van fotoakoestiek en proton-transfer-reactie massa spectrometrie. Beide fysische 
methoden zijn gebruikt om het vrijkomen van sporengassen uit voedingsgewassen en 
vruchten te bestuderen. Door de grote gevoeligheid van beide technieken en het feit dat zij, 
in hoge mate tijdsopgelost, gas emissies van plant materiaal kunnen meten, was het mogelijk 
om nieuwe inzichten op het gebied van de plantenfysiologie te verkrijgen.

Voor de laser fotoakoestische spectroscopie is een lijnafstembare infrarood 
CO-laser (5 - 8 ^m) aangepast om snel, niet-invasief en zeer gevoelig de gassen ethanol en 
acetaldehyde te meten zodat bepaalde biologische processen gevolgd kunnen worden. De 
biologische processen die in deze studie gevolgd zijn, zijn de alcoholische fermentatie van 
jonge rijst en tarweplanten, met de daaraan gerelateerde processen (Hoofdstukken 2, 3 en 4).

Een belangrijk probleem in de landbouw is de schade die aan zaailingen veroorzaakt 
wordt wanneer grond overstroomd of verzadigd raakt met water. Deze schade wordt vaak 
toegeschreven aan de zuurstofloze condities (anoxia) in het plantenweefsel als gevolg van 
een verlaagde beschikbaarheid van zuurstof uit de omgeving. Dat deze schade in rijst 
ontstaat, is verre van zeker. Een causaal verband tussen de overstromingschade, en het 
daaropvolgende afsterven van de plant, en alcoholische fermentatie door zuurstofgebrek is 
moeilijk aan te tonen. Om hierin duidelijkheid te verschaffen is hier een gedetailleerde studie 
verricht naar: i) de effecten van zuurstofgebrek op deze jonge planten en ii) het daarna weer 
naar normale zuurstofomstandigheden terugbrengen van de planten.

Hoofdstukken 2 en 3 beschrijven een uitgebreide studie naar de reactie van 
rijstplantjes op overstroming, naast een gasfasestudie met anaërobe, microaërobe en post
stress omstandigheden. Hoewel alle rijstvariëteiten schade ondervinden bij complete 
overstroming, zijn er bepaalde cultivars met een ongewoon hoge tolerantie tegen 
overstroming. In deze studie is de overstromingstolerante rijstcultivar FR13A vergeleken met 
de intolerante cultivar CT6241. In Hoofstuk 2 worden voor de overstromingstolerante 
planten de effecten van zuurstofgebrek beschreven in het donker en in het licht, zowel tijdens 
de anaërobe omstandigheden als bij terugkeer naar normale zuurstofcondities. Door de 
productie van ethanol, acetaldehyde en CO2 te meten kon de mate van fermentatie worden 
gevolgd. Een belangrijk resultaat is dat de zaailingen bij terugkeer naar normale
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luchtcondities een scherpe post-anaërobe piek in acetaldehyde emissie laten zien. Deze piek 
kan worden beschouwd als een indicator voor het optreden van anoxia in het weefsel 
voorafgaand aan het blootstellen aan normale lucht, en geeft derhalve aan of het optreden 
van anoxia betrokken is bij overstromingschade in rijst. Experimenten toonden aan dat 
wanneer rijstplanten ondergedompeld worden in zuurstofrijk water, zij wel schade opliepen, 
maar geen post-anoxische piek van acetaldehyde produceerden na opheffen van de 
overstroming. Dit suggereert dat de schade van overstroming en het verschil in resistentie 
tussen FR13A en CT6241 niet direct gerelateerd is aan de effecten van zuurstofgebrek. 
Het ontbreken van een acetaldehyde piek geeft aan dat interne zuurstofconcentraties niet laag 
genoeg werden tijdens onderdompeling om het fermentatieproces te starten. Dit geeft echter 
geen antwoord op de vraag waarom de planten dan toch schade ondervinden door 
overstroming.

Om de gevonden resultaten te bevestigen en om de oorzaak van de schade en van de 
resistentie van FR13A verder te onderzoeken zijn andere experimenten uitgevoerd welke 
staan beschreven in Hoofstuk 3. De grotere resistentie van FR13A-zaailingen tegen 
overstroming zou zijn oorzaak kunnen vinden in een betere resistentie tegen zuurstofgebrek 
en aan een mogelijk efficiëntere fermentatie dan in CT6241-zaailingen. Een serie 
experimenten is uitgevoerd waarin zaailingen werden blootgesteld aan verschillende lage 
zuurstofconcentraties tussen 0.05 %  en 0.5 %, waarbij de productie van ethanol, 
acetaldehyde en CO2 werd gevolgd. Deze concentraties komen overeen met de werkelijke 
zuurstofomstandigheden tijdens overstromingen in het veld. Tijdens deze experimenten 
kwam aan het licht dat pas in het donker bij zuurstofconcentraties lager dan 0.3 % ethanol en 
acetaldehyde geproduceerd wordt. Dit geeft aan hoe weinig zuurstof er, in gasfase, slechts 
nodig is om fermentatie in het weefsel te voorkomen. Gedetailleerde bestudering van de 
snelheden van afgifte van de drie gassen door beide cultivars bracht geen belangrijke 
verschillen aan het licht in de respons op anoxische omstandigheden. Dit bevestigt dat het 
verschil in tolerantie niet primair te maken heeft met efficiëntie van de fermentatie en dat de 
schade bij overstroming niet direct te relateren is aan zuurstofgebrek. Wat echter nog niet 
eerder is aangetoond, is dat onder microaërobe omstandigheden (en met name bij 
zuurstofconcentraties lager dan van 0.05 %) de productie van acetaldehyde sterk blijkt toe te 
nemen terwijl de ethanolproductie laag blijft. Dit kan worden toegeschreven aan een 
geringere peroxidatie van membraanlipiden, die wordt bevestigd door een lagere 
ethaanproductie onder deze omstandigheden. Het effect treedt bij FR13A prominenter op dan 
bij CT6241. Wij stellen dan ook voor dat in de tolerante cultivar minder 
membraanperoxidatie optreedt doordat schadelijke zuurstofradicalen worden afgevangen en 
gebruikt worden voor een hogere productie van H2O2, die de omzetting van ethanol in 
acetaldehyde bevordert.

In Hoofdstuk 4 wordt de ethanol en acetaldehydeproductie door rijstzaailingen 
vergeleken met die van tarwe. Hierbij is, aan intacte planten, afzonderlijk de gas emissie 
gemeten van wortels en scheuten. Daarnaast zijn de activiteiten van alcohol dehydrogenase 
(ADH) en pyruvaat decarboxylase (PDC) enzymen bepaald naast de interne concentraties
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van alcohol, zetmeel en oplosbare koolhydraten. De anaërobe omstandigheden in het donker 
hadden ethanol en acetaldehydeproductie tot gevolg in alle plantdelen. 90 % van de 
fermentatieproducten bleek uit de wortels te komen. In rijstscheuten bleek de 
ethanolproductie tot 23 maal sneller te zijn dan in tarwe hetgeen gerelateerd kon worden aan 
een tweemaal zo hoge interne concentratie van zetmeel en oplosbare koolhydraten, en een 
viermaal (AHD) tot tienmaal (PDC) zo hoge enzym-activiteit in rijst. Vergeleken met de 
experimenten in het donker, was de productie van ethanol in het licht onder anaërobe 
omstandigheden 70 % lager. Hierbij speelt de zuurstofproductie door fotosynthese 
waarschijnlijk een grote rol speelt. In het donker vertoonden beide (rijst en tarwe) een 
post-anaërobe piek in acetaldehydeproductie die toegeschreven kan worden aan directe 
oxidatie van ethanol bij terugkeer naar normale zuurstof omstandigheden. In tarwe was deze 
postanaërobe acetaldehydeproductie veel groter dan in rijst.

Wanneer met behulp van laser spectroscopie een groot aantal gassen tegelijk 
gemeten wordt, daalt de tijdsresolutie aanzienlijk. Daarnaast groeit de interesse in 
sporengassen die niet makkelijk met laser spectroscopie gemeten kunnen worden. Om deze 
omstandigheden te omzeilen is een Proton-Transfer-Reactie Massaspectrometer (PTR-MS) 
ontwikkeld. De optimalisatie van deze massaspectrometer wordt in Hoofdstuk 5 beschreven. 
Ook is een aantal experimenten beschreven aan gassen (aldehydes, alcoholen, carbonzuren, 
carbonzure esters en C6-verbindingen) die betrokken zijn bij de fermentatie, geur en smaak 
van vier appelcultivars (Elstar, Jonagold, Granny Smith en Pink Lady), die korte tijd in 
anaërobe toestand waren gebracht. Met het PTR-MS systeem zijn detectielimieten verkregen 
die vergelijkbaar zijn met die welke in de literatuur voor dit soort systemen worden gemeld. 
Voor het eerst is een PTR-MS systeem vergeleken met een laser spectroscopisch instrument, 
waarbij kon worden nagegaan of de fragmentatieprocessen van de ionen bij PTR-MS het 
toekennen van de gedetecteerde massa’s aan de oorspronkelijke sporengasmoleculen zouden 
verstoren. Gelijktijdige bepaling met beide systemen van de producten van alcoholische 
fermentatie in rijstplantjes leverde vergelijkbare resultaten op voor acetaldehyde. 
De resultaten die staan vermeld in Hoofdstuk 5 geven aan dat toepassing van een PTR-MS 
systeem bij fruitopslag nieuwe mogelijkheden biedt om de processen in het fruit te monitoren 
die van belang zijn om bijvoorbeeld de opslag te optimaliseren, fruit kwaliteit te garanderen 
en fundamentele informatie te verkrijgen over de processen zelf.

Dit proefschrift is het resultaat van een samenwerking met onderzoekers uit het 
Verenigd Koninkrijk, India, Hongarije en Duitsland. Het onderzoek heeft financiële 
ondersteuning gehad van het Europese Unie “Rice for Life” project (ERB3514-PL95-0708), 
de Europese Unie “Life Science Trace Gas Exchange Facility” (HPRI-1999-CT-00029), 
de Stichting voor Fundamenteel Onderzoek der Materie FOM (02PR2082) en de 
Technologiestichting STW (NNS00.2149).
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