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Abstract:

The metabolism of glucose and the acids produced from glucose were studied in non-stressed and
stressed anaerobic digesters. The utilization of glucose and the acids, acetate and propionate, were
observed by 13C-nmr spectroscopy. Rate constants were obtained for both stressed and non-stressed
fermentations. The rate constants obtained for propionate utilization suggested that propionate
oxidation was a limiting factor in the anaerobic fermentation of glucose.

The observed carbon flow from 13C-1-glucose to the acids indicated that a major portion of the glucose
was initially converted to lactate which was subsequently metabolized to either propionate or acetate.
These studies confirmed an earlier suggestion that under high energy loads a major portion of the
glucose was converted to reduced acids e.g, propionate. Under these conditions, these investigations
indicated that approximately 70% of the glucose fed was converted to propionate. Thus, the
methanogenic bacteria obtained a limited suppply of acetate rather than a saturating level. Possible
metabolic intermediates of propionate catabolism indicated that both the acrylate and randomizing
pathways had been utilized.
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ABSTRACT

The metabolism of glucose and the acids produced from glucose were
studied in non-stressed and stressed anaerobic digestors. The
. utilization ﬁ glucose and the acids, acetate and propionate, were
observed by ~“C-nmr spectroscopy. . Rate constants were obtained for
both stressed and non-stressed fermentations. The rate constants
obtained for proplonate utilization suggested that propionate oxidation
was a 11m1t1ng factor in the anaeroblc fermentation of glucose.

The observed carbon flow from 13C—l—glucose to the ac1ds indicated
that a major portion of the glucose was initially converted to lactate
which was subsequently metabolized to either -propionate or acetate. -
These studies confirmed an eariler suggestion that under high energy
"loads a major portion of. the glucose was converted to reduced acids
e.g, propionate. - Under these comditions, these investigations
. indicated that approximately 70% of the glucose fed was.converted to

propionate, Thus, the methanogenic bacteria obtained a limited suppply
" of acetate rather than a saturating level. Possible metabolic
intermediates of propionate catabolism indicated that both the acrylate

and randanizing patiways had been utilized.




. ]I\TIRCDUCTION

Today, with much erﬁphasis being placed én the diminution of our
energy resoufces, greater attention is. béing directed towards the
explo;atidn of altérgativg $6urces for energy. Anaerobic treatment of -
waste for the production of methane gas is one such alternative.
McCarthy (45) has estimated tHat tweﬁty éercent of the natural gas.
consumed in the United States could be: prdv_ic_ied from the anaerobic
treatment of municipal sludges and refuse, animal wastes and crop
.residues.
| . Since the nineteeth century the process of anaercbic digestion has
been employed for the prqduction of energy (40). To date, however, its
widesbread application haé been limited by a lack of resolution of tﬁe
optimum conditions for the production of methane. Kroeker (40 has
suggested that the key to the feasibility of this alternative energy
source lies in'thé undérStanding of the bioéhemical aspects of the
process and their relationship to the stability of the system.

‘The production of methane via' anaerbbié digestion is accompliéhed
through aih eqosystém comprised of about tﬁenty—five species of non-
spore forming bacteria (67). These bacteria have been‘classified- into
three major groups (some authors have divided the microorganisms into
only two groups (20,30,40) whereas some authors have referred to four.

groups présent in the process (17)). Bryént_: (13) has classified the -




2
three major groups as the fermentative, acetogenic ané methanogenic
bacteria. The production of methane results from the intefactions of
| thése- three groups of anaerobic bacteria. | |
The first step in the. anae.robic procéss involves a group. of
faculative‘anaerobic bacteria known as the acia formers or the
fermentaﬁvé group, During this stage of the procéss no meﬁhme is
produced, however, the importance of this step lies in the process by
which complex organic material is converted into usable substrates for
thé methanogen;s. | |
The funct_:ional role of ’thé fermentative gfoup in the overall

anaerobic digestion Qroeés's is the cénverg;ion of the polymeric
substances ir_1to simple organi'c acids, alcohols, H,0 and COy which can
be utilized by the methanogens. Substrates which'are Iyarolyzgd by
this group inciude polysaccharides; lipids and proteins. The poljzmers
can be convér_ted int§ such compounds as butyrate, acetate, propionate,
ethanoi,' Hy and CO,. A repres’entétive metabolic pathway is summarized
in Figure 1. .The polysaécharide is hydrplyzed tc; glucoée which is th,en‘
| metabolized to pyruVate by the glycolytic éathwaf. The. fate of
pyruvate is deterro;ined by metabolic interactidns 'of the eptire
anaerobic ecosystem. This will be elaborated upon in the section
" entitled ﬂmc_tmn of Hza.' Ecosysten Intemgizmﬁp Pyruvate may be

converted, by the fermentative group, to acétate, COp, Hy, ethanol,




sugars-glucose

Fermentative
Group

propionate, butyrate
Ethanol, Lactate
Acetate, Ho

C02 Formate \_/Acefogenic
- Group

Methanogenic \
Group CHg4+COy

Figure 1. The three stages involved in the production of methane (13).
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butyrate or proplonate. 'I'he general metabollc scheme of the
fermentatwe bacterla is shown in Flgure 2. '
The ﬂz_MuQ;ns_AC.e.tmem& Bacteria | |
| Some products of the fermentatlve process are not substates of the
_methanogenlc group. Tnere is a seoondary process wh1ch must occur that
utilizes the pr_oducts,‘ other than acetate, €Oy or H2, - This process
invo1\(es the oxidation of ‘propi'onat'e and butyrate to a._oetate -which can
be utj_.iized by the metllanogens._':."l‘he 'group‘ of | microorganisms responsi-
ble for this step"are the acetogenic bacteria. .

The thermodynamics of these acetogenic processes'are unfavorable.
In Table 1 the reactions - that have been proposed (13) for the aoetogens
are llsted. The ab111ty ror ox:,datlon of proplonate and butyrate has -
.been ratlonallzed by a syntrophlc ass001at10n between the aoetogenlc _
- ) and methanogemc populatlons. Bryant 13, has explamed thlS assocla-.
" tion by the malntance of a low H2 conoentratlon, thus permlttlng the
. ox1dat.1.on of the substrates, e.g. proplonate to produoe acetate and By
: (see Table D). Studles by Bryant have demonstrated that syntrophlc
assoc:.atlons between ethandi catabolizing (10,12) and butyrate catabo- ‘
) 11z1ng (13) bacter;l.a with methanogens exist. It has also been showr
(46) that simiiar -associati'ons exist between lactate catabollzlng
bacteria' and the. methanogens. There has been no direct evidence (13)
supportlng any assoclatlons between the proplonate catabollzmg

aoetogens and methanogens. It has been shown by Smith (59) that

-




Glucose
2H
e pyruvate —» Oxaloacetate
He ™\, 2H CO, l

Lactate

COz \ succinate
Acetyl-CoA

4H Acrylyl-CoA
.]/ i
Ethanol Acetate \4H 2H propionate

Butyrate

Figure 2. Pathways utilized by the fermentative bacteria (13).
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Table 1. Proposed Reactions for the Acetogenic Bacteria

Propionate-catabolizing acetogenic bacterium (13).
CH3CHpO00™ + 3 Hp0 > (CH3000” + HOO3 + H' + 3 Hy
AG® = +76.15 KJ/reaction

Butyrate-catabolizing acetogenic bacterium (13).
CH3CHyCHpC00™ + 2 Hp0 > 2 CH3C00™ + HY + 2 H,
AG® = +48.12 KJ/reaction

Lactate-catabolizing acetogenic bacterium (61).
CHyCHyO000™ + 2 HpO > CH3(00™ + HOO3 + H' + 2 H,
AG° = -4,2 KJ/reaction
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- propionate accumdlates when Hé is. added. ' Research by DeMeyer .and Van
Nevel (25) dex_nohstrated that when methanogenic activity is inhihited;
propionate accumulates. ' Th_ese ‘studies indirectly ,suppor't an -
association between. the'propionate 'cata'bolizing acetogens and

- methanoéens (13). However, addition of H2 to dlgestors or inhibition
of H2 utlllzatlon in dlgestors may stimulate the productlon of
proplcnate. It is dlfflcult to assess whether one or the other process

was prlmlarlly responSLble for proplonate accumulatlon. '

The. thlrd and fJ.nal step 1n anaeroblc dlgest.lon is the productlon
of methane. The methanogenlc bacterla are responslble for th1s stage
of the process. The methanogens are obllgate anaerobes Wthh use H2 as
the electron donor to reduce 002 to methane . (60). Aoetate, formate,
methanol, methylammes or methylmercaptan ‘can also be reduced to
: methane (5). The methanogens are one of the few genera whlch can grow
~on H2 as the. only electron donor= The absence of cytochromes', flav:Lns '
and qu:l.nones ha., presented problems in ‘the understandlng of the |
mechanlms by Wthh ATP synthe51s oceurs. The Me_thaxmag_term
_thg;mgauu_qph;gum has been ‘shown to grow in the absence of: any organic
componnds, 1nd1cat1ng that ATP synthes1s could not -occur by substrate
level phospho’rylation' (61. - It has been Suc__jgested that’ theformation

. of.'ATP- occur s by electron-transport.p_hosihorylation v ,61) .
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The coenzymes, .F426' M and Factor B, also make the methanogenic
group unique. These coenzymes are. 1nvolved in the reduction of - 002 to
CHy. Coenzyme Fgo0 is 1nvolved in electron transfer. . It is a low
molecular welght (630), fluorescent electron carrier Wthh is Lroteln
bound in the reduced form, but 1s protem-free and non-fluorescent in
the oxidized form. Coenzyme M (2—mercaptoethane—sulfon1c ac1d-HS-CH2
CHy- SO3) is a growth factor in all methanogens (6. Coenzyme M is a
'methyl carrier group 1nvolved in the reductlon of methyl- groups to CH4.,
The thlrd coenzyme, Factor B, is involved in the production of methane
. from coenzyme M (13). .i |

Methanogens differ trom other bacterla in that they contain 16 S
ribosomal RNA and lack the peptldoglycan that is usually found in the
cell walls of procaryotes (5)._ This does not allow the methanogens to
be str1ctly class1f1ed as elther eucaryotlc or procaryotlc organlsms
- (5,7) |

In Table 2, the energy sources ut111zed by the methanogens are
summarlzed.. In the anaeroblc treatment process 51xty--f ive to seventy |
percent of the _methane 1s__' derlved from acetate (35). However, even
with large amounts of acetate present in the system the '-methanogens'
multibl"y slowly on this substrate because of the'small amount of free |
energy avallable from the. reactlon (see Table 2) (13). 'I'he remaining

fractlon of methane produoed is generated from the ox1dat10n of

~ hydrogen. °
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2)

3)
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Table 2. Energy Sources for the Methanogenic Bacteria (13)

4 H2 o+ HCI)S + H+ (______ CH4 + 3 Hzo

AC®
2 HCOO™ + Hy0 + HY > CH, + HOO3

AG®
CH3(ID— + Hzo S CH4 + ng

AG®

4 CHy0H > 3 CHy + HOO3 + H' + Hy0

AG°

- =135.5€ Id/rection

-30.96 KJ/reaction

-30.96 KJ/reacation

-314.64 KJ/reaction
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Function of Hy-Ecogsystem Interactions

The interactions of the three groups of microorganisms described
above result in the final products, Q0 and CHy. As shown in Table 2,
the energy sources required by' the methanogens are primarily acetate,
Hy and 00p. The metabolic processes carried out by fermentative and
acetogenic ¢roups must result in the neececd substrates of the
methanogens in order to obtain the desired product, methane.

The key to the control of the quantity and the particular types of
products resulting from the metabolic processes of the fermentative and
acetogenic groups has been suggested by many investigators (11,61,67)
to be dependent on the concentration of H, present in the system. The
concentration of Hy is of importance because the utilization of Hoy
directly affects the activity of the first two stages of anaerobic
fermentation (67). The reaction which associates the Hy concentration
with the formation of the various products is shown below.

Reaction (1) - NADH-linked formation of H,

S U +
NADH + H . Hy + NAD
AG® = +17.99 KJ/mol

The mechanism describing the transfer of electrons is shown in Figure
3. The mechanism shown has been proposed (54) for the S organism
(vbich ferrents ethanol to acetate and Hy) and involves NADH-linked
formate cehywrogenase, MNADH-ferredoxin oxidoreductase and ferredoxin—

dependent hydrogenase.
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NaDt Ferredoxin i i
(reduced)

NADH + H' Ferredoxin Hy
(oxidized)

Figure 3. Scheme for electron transfer from NADH to Hy.

In the anaerobic process the removal of Hy is associated with the
formation of methane by the methanogenic group (see Table 2). As the
concentration of H) decreases the Hy forming reaction becomes

thermodynamically more favorable. Many studies have demonstrated

(16,19,34,57,58,67) that in co-cultures of fermentative bacteria

with methanogenic bacteria, the products resulting from the
fermentative process proceedec towaras the procucticn of acetate, @,
and Hy; as opposed to the production of the more reduced acids, viz.
lactate, propionate, succinate and butyrate. An increase in the Hy
concentration within the system results in the accumulation of NADH,
which results in the production of the reduced acids (13). Kaspar and
Wuhrmann (36) have demonstrated that the presence of high
concentrations cf hydrogen inhibits the oxidation of ethanal and
propionate to acetate. Thus, the addition of hydrogen into the system
results in the accumulation of the more reduced acids. These results
further support the importance of Reaction 1; and suggest that the

presence or absence of Hy in the system acts as a regulator by product
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inhibition. When Hy is present, in quantities greater .than 0.005 atm,
the acetogens are unable to oxidize tpe pmopionate to aceﬁate, and when
the concentration of H, is iesé than 0.005 atm the propionate is
oxidized to acetate and methane production'occu;s.

The interactions ¢f the férméntative, acetcgenic and methanogenic
groups based on the hydrogen pquuction are summarized in Figure 4.
The fermentative bacteria produce Hy via Reaction 1, from NADH derived
from Stage II of glycolysis, i.e., clyceraldehyde 3-phosghate
proceeding to 1,3 bigéhqsphoglycerate. Hydrogen is.also produced from
the NADH independent pyruvﬁte: fe;redoxin oxidoreductase involved in
pyruvate conversién to acetyl-CoA. The methanogens utilize this H, .
and deplete the H, concentfation in the systenLA The low cénoentration
of Hy allows‘Reaction 1 to favor‘the product NADY. The availekility of
NAD' results in tine formation of oxidized products e.g., acetate. If
the H, concentration kuilds up in the s'steﬁ, the availability of'NADf
decreases, and the NADH which results may cause the formation of the
reduced products, e.d. butyrate, ethanol or propionate, of the
fermentative procesé. Thus, higﬁicbncentratiéns of Hy can both

stimulaﬁe reduced acid prdduction and inhibit reduced acid utilization.

Production and Utilization of Acetate
The generation of acetate by the fermentatiave bacteria is of

major importance in anaerobic digestion for the production of methane.
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Sugars
70% 7% 23%
\
pyruvate other products propionate
ethanol and butyrate
pyruvate Oxidation, Hz-formation, acetogenic bacteria
dehydrogenation
pyruvate: ferredoxi
xidoreductase
2 L )
i Caa o
16 ¢5 ’/’ -~ '/’ o '
53 \

Acetate Splitting 4 Hy + HCX)} + H,
by methanogens by methanogens

72.2%

27.7%
4

Figure 4. Substrate flow in a steady state anaerobic digestion with H,
production included (obtained fram reference 36).
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Acetate provides approximately 70% of the methane produced by the
anaerobic digestion process (35). The metabolic pathways which are
known to result in acetate, the microorganisms responsible for the
generation of acetate, and the pathways by which the acetate is
utilized will be discussed in this section.

There are six reactions which could possibly result in the product
acetate. These reactions are summarized in Table 3. Evidence (13,46)
has shown that the reactants, pyruvate (acetyl CoA), lactate,
propionate, ethanol and butyrate could or do exist in the anaerobic
digestion process. The two other reactions have been included because
the starting materials, succinate and 0, are end products for groups
of microorganisms which have been found in the anaerobic digestors.

Acetate is considered to be principally derived from pyruvate
(13,37). Most all of the fermentative bacteria are capable of
producing acetate via this route. The acetyl CoA produced from
pyruvate has been shown to involve the enzymes pyruvate: ferredoxin
oxidoreductase or pyruvate formate lyase, which are found in anaerobic
organisms (61). The pyruvate: ferredoxin oxidoreductase involves the
electron acceptor, ferredoxin, which can be utilized for the production
of Hy. The acetate and the synthesis of ATP are derived fram the
reactions shown below (61).

Reaction (2): acetyl-CoA + P; > acetyl-P + CoA

AG® = 49.0 KJ/mol
enzyme-phosphotransacetylase
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Table 3. Possible Reactions Which Can Produce Acetate.

1) CHCHOHCOO™ + 2H)0 > (CH3000  + HOO3 + H' + 2 Hy (61).

AG® = -4.2 KJ/reaction

2) CHyCH,000 + 3 HyO > (CH3000 + HOO3 + HY + 3 Hy (13).

AG® = +76.15 KJ/reaction

3) CH3CH)CH)O0O™ + 2 B0 > 2 CH3(00  + H' + 2 Hy (13).
AG® = +48.12 KJ/reaction

4) CH300C00” + 2 H)O ——> CH3C00™ + HOD3 + H' + Hy (61).

AG® = -47.3 KJ/reaction

5) TOOCCH,CH,000™ + 4 By0 > CH3000” + 2 HCO3 + H' + 3 Hy
AG® = -55.96 KJ/reaction

(calculated fram free energy values obtained fram reference 61).

6) 20, +4H —> CH3000 +H" + 2 Hy0 (61).

AG® = =95 KJ/mole
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Reaction (3): acetyl-P + ADP > acetate + ATP
AG® = =13.0 KJ/mol
enzyme—-acetate kinase

The production of acetate from lactate has recently been
demonstrated by McInerney and Bryant (46). They have shown that
lactate is completely degraded to methane and Q0,, anaerobically, by
syntrophic associations of Desulfovibrio vulgaris and Methanosarcina
barkeri, The mechansim for the production of acetate from lactate was
not demonstrated.

The acetogenic bacteria are responsible for the conversion of
propionate, butyrate and ethanol to acetate. However, the species
which are involved are largely unknown (13). A syntropic association
between an acetogenic species which is believed to degrade butyrate to
acetate, and Methanospirillum hungatii has been shown (12). Ethanol
was shown to be degraded by syntropic associations of Desulfovibrio
species and methanogens (12). The S organism has been shown by Bryant
(10) to oxidize ethanol to acetate and Hy. There has been no direct
evidence indicating that propionate is fermented to acetate which could
be, degraded to methane, by syntrophic associations with methanogens
(13).

Succinate, has been included in this section as a possible source
of acetate, although no evidence has been found showing any syntrophic

associations between succinate utilizing organsims and methanogens.
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The succinate, which is an intermediate in the production of
propionate, has been shown to be the end-product of the fermentative
species ~ Succinvibrio d ie0] id 3 odian

id lifial s R ] caci Qo
amylolytica (67). The succinate produced by these species is an extra-
cellular product which is ut_ilized by the propionate-producing species
(see section Propionate: Production and Utilization).

Some species of Clostridia are known to reduce 00, to acetate (61
by the reaction shown in‘Table 3. Mackie and Bryant (47) have recently
reported that 1.4 to 1.7% of the acetate produced in mesophilic
fermentors appeared to be resulting fram the reduction of Q0,.

The acetate produced by the reactions listed in Table 3, provide
the source for 70% of the methane produced. The reaction shown in
Reaction (4) is for the degradation of acetate into CHy. This reaction
has been referred to as "acetate splitting”.

Reaction (4) - "Acetate Splitting"

CH3000™ + Hy0O > CH, + HOO3
3 4 AG® = -30.96 KJ/reaction

The presence of Hy plays a role in the acetate production and
utilization. It has been demonstrated (10) that the S organism, which
oxidizes ethanol to acetate and Hy can be inhibited by H). Baresi et
al. (6) have suggested that the effects of Hy, may have a more complex

role than just the inhibition of acetate formation. They have
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suggested that in sysi_:ems where aoetaté and H2‘ utilizing methaﬁogens
: are‘present'there exists "complex regulatory reactions involving as yet
unknown soluble factors..." The same year, Kaspar and Wuhrmann (37)
investigated the kine_tics of propionate oxidation, acetate splitting
and the formation of methane from H, and CO2 They suggested that the
conversion‘of acetate to meti'lane was the rate limiting step. However,
the estimated maximai rates were 0.23 mmole‘l"l'h_l, 0.63 mmolesllepl
and 103 mmole’l™Y*h™! for -propionate, acetate and Hy .utilization,
respectively.. Kaspar and Wuhrmann (36) earlier reported that product
inhibition frém high concentrations of H, or acetate halts either
ethanol or propionate oxidation. Hansson .(33) and Khan et al. (38)
have recentiy demonstrated that HCOS_or.(Dz have. inhibitory effects on

the conversion of acetate to methane. .

The metabolite, propionate, which results from the ferméntative
proceés, is of major concern to the production of methane. Propionate.
appéars to have an adverse éffect'én the formation of methane. Andrews
and Pearson ‘ (3) have d'emonstrated ..that_: pr.ppionate-' accmﬂatai
in stressed fermentors. Varel et él. (64) reported that the
accumulation of other volatile acids occurred after propionate had
accumtilétéd in stressed fermentors}. It has been shown by Macl.z et al.

(48) and Wallnofer and Baldwin (65) that .propionate formation provides
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an alternative to the fqrmatioh of Hy as an electron sink. The
productiion of propionate regenerates NAD' from NADH.

There are two péthwayé invo;ved ih the production of propionate.
These pathwayé, knowﬂ as the randomizing pathway and the acfylate |
pathway, are shown in Figurés 5 and 6. Scheifinger and Wolin (57) have
shown that when bellulose is fermented the primary patlway of
propionate formation is via the randomizing pathway. The acrylate
pathway is used to form propionate wﬁen starch is fermented, however,
the randomizing pathway is alsd employed during starch fermentation.

It has been suggested by Bryant (13) that lactate and succinéte,
intermediates in thé acrylate and randomizing pathways, ' respectively,
may be of importance, as these intermediates may serve as substrates in
the formation of. propionate. Lactate, .has‘been shown to be fermented
by Peptostreptococcus elsdenid. (8,9), and by Selenomonas ruminantium
(52), to propionate. The end-product of succinate has been shown to be
produced by the S_ugg;mnmaa and Bag_temdea species (see page 17).

The randomizing pathway, which utilizes the symmetrical
intermediates, ‘succinate and fumarate, has been shown to result in C-3
and C-2 labelled érépionate arising from the fermentation of C-1 and
C-3 glucose and lactate, respéctivély (48). 'I’he microorganisms which
have been demonstrated to utilize this route of proplonate productJ.on
are Bacteroides fragilis (48) Selengmonasmmmauum in a
syntrophic association with mc_tem;dgs'gugc_mgg_ems_ (57).
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phosphoenolpyruvate + ADP + (0, £EE CArboxvkinase, oya1oacetate
+ ATP

oxaloacetate + NADH + gt malate dehvdrogenasg.-j te + NADH

malate fumarate hydratase,rimarate + Hy0

fumarate + NADH + gt fumarate reductase,c ccinate + NAD'

succinate + propionyl-CoA succinyl-CoA + propionate

transferase

succinyl-CoA mmwmmmmuylnalonylfoA

R-methylmalonyl-Coa Bethylmalonyl-CoR,s metiy1malonyl-CoA

racemase

S-methylmalonyl-Coa Rethvlmalonyl-CoA .. ,:iony1-CoA + 0,

rboxylase

Figure 5. Propionate production via the randomizing pathway (from

reference 48).
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pyruvate + NADH + gt lactate dehydrogenase,;..tate + NaD*

lactate + acetyl-CoA lactyl-CoA + acetate

transferase

lactyl-CoA,
lactyl—-CoA dehydrase crylyl-CoA + HyO

acrylyl-CoA + NADH + H* propionyl-CoA + NAD*

Butyryl-CoA 5
dehydrogenase

propionyl-CoA + acetate propionate + acetyl—-CoA

transferase

Figure 6. Propionate Production via the acrylate pathway (from

references 9,65).
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The acrylate pathway, which contains no symmetrical intermediates,
utilizes the electron acceptor acrylyl coenzyme A. The microorganisms
which have been demonstrated to utilize this pathway to produce
propionate are Peptostreptococcus elsdenii (9), Bacteroides ruminicola
(65, and Clostridium propionicum (see reference in (65)). The
propionate, which results from the fermentative processes of anaerobic
digestion, is thought to be oxidized to acetate via the reaction shown
below, by propionate catabolizing acetogenic bacterium (13).

Reaction (5) - the oxidation of propionate to acetate:

CH3CHy00  + 3 Hy0 > CH3000  + HOO3 + H' + 3 H,

AG® = +76.15 KJ/reaction.
The thermodynamics for this reaction are unfavorable, however, Lawrence
and McCarthy (41) have demonstrated that when proper environmental
conditions are maintained in the digestor, propionate is oxidized at a
greater rate than acetate. Kaspar and Wuhrmann (36) concluded, “...
that the limiting factors for complete anaerobic mineralization of
biodegradable organic matter in digesting sludge are to be sought in

the boundary conditions for the exergonic oxidation of propionate."

There are other aspects of the anaerobic digestion process which
are not directly involved with the biochemistry in the process. These

factors are associated with the mechanics of process operation. The
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importar_lce of uriderstandiﬁg these oper.;ational factors is to érevént any
operational 'problenis to interfere with the biomeﬁicd aspects which
are under investigation. - L . - |

The stability _in ﬁ.le"ana_erpb'ic process is a function of the
" balance which exists between the thfeé groups of microorgaﬁiéms.
" McCarthy (44), described this balance in terms of the methanogenic
population in its abili.ty to .r.‘émqve the acid products produced ioy the
, fermenﬁative and acei;oge_nic éroﬁps as raﬁidly és they are forméd,
- Instability in the system is evidenced by the 'accumuiétion of volatile
acids, e.g. butyraté; ‘propionate (40). This volatile acid accumﬁlation
indicateé that -the methanogem}é' or the acetogenic groups are not in-
equili_brium with the chef groups in this syétem.

The operatiénal féctor"s whiéh are associated with thé disruption
of this ecosys‘;:em are 1) loadiﬁé rates:,- 2) tem'peratl‘lre, 3) ApH, 4)
acciimatization of new subétrates’, and 5) thg resence of t'o#ic
materials. These factors are not separate entities from one
another, since they interact 'v-vith each other. However, the
optimization of each factor must be addressed in order to ;tabilize
the process. |

'Ihe 1oa_1ding ;éte is a function of the retmﬁon time and the
conoenf.ration of waste. Retention-time RT) is the ‘average  turnover
rate of the material in the system. Converse (24) reported that a’

minimum of a fifteen day RT w&.th a percent of solids which did not
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exceed 6-8% provided optimum gas production, Varei et al. (64)
demonstrated that a decrease 1n r_nethane‘p'roduction is associated with
shorter retention times. (such as 3 d). 'fhe retention times which are
utilized must be chosen based on the temperauxre and the percentage of
total solids of raw waste used in the system (24,55). Thus, the
optimum RT must be_ chosen with regard to these factors. Converse (2.4)
reported that in mesophilic conditions the percent methane .was greater
but the amount of gas produced was less, than in thermophilic
conditions, with hiéh,er than'no'rm'al'loads., Varel et al. (64 found
that the highest methane. production occurred with a RT of 3 d at 8.2%
solids. ' Robbins et al. (55) reported that optimum methane yields were
obtained from ferrnentor's receiving 5% solids and 3% added carbohydrate
on a 16 d RT at 37°C. It has been shown (41) tha_t. changes in t_he_RT
can affect the acetooenic and methanogenic -pobtiiations. ' A very.short
RT (3 d or less) .pr'esents a _disadvantage to the_ population, growth of
these two -g'roups. The petcentage of . solids added, however, does not
appear to affect these two groups spec1f1cally but has an effect on the
kinetics of methane production reflected by the entire system.

Rapid temperature fluctuations in the-anaerobic system have  been
associated with instability and failure in the process (40) since the
microbial population grquth is dependent on temperature- (64)... It has
been shown (49) that there are. three temoerature zones possible in the _

anaerobic digestion process: 1) the thermoghilic (above 42°C), 2) the
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mesophilic 'region (28‘-42°C), andl 3) -the temperate region (below 28°C).

The common temperature which has been utilized has been in the

': mesophilic region. Operations occurring at lower temperatures have

been shown to require very long (greater than 20 d) RT"s. Chen et al.-
(18) have demonstrated that? temperature changes occurring without
proper adjustments in the RT, causes instability to occur. These
temperature changes tend to be more critical 1n systems operating with
short RT's. Buhr,and An‘drews-(14) ‘have presented results indicating

that small deviations: in temperatures of digestors operating in the

.thermophilic range results 1n mstability.

‘The effect of pH on the stability of the system is related to the'
increase in volatile a01d production 4. The pH is a function of the
bicarbonate and C02 concentrations as 'well as the volatile acids
concentrations and [NH4] present in the system. The methanogenic

population is affected by slight fluctuations in the pH (34), and an

" acidic pH.results in an .unfavorable environment for:the methanogens.

'The optimum pH for methane production_is at-neutrality (49), howeyer, )

production will occur in a pH range of.6.0-8.0. Deviations from this .

range,. causes a decrease in methanogenic activity and. process

_ instabiltiy coul'd result. ‘The introduction of different substrates

1nto the anaerobic digestion system results 1n the growth of different
microbial populations (43). Such a result could cause an upset in-the

balance of the ec_:osystem. Kotze (39) indicated that adaption of
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fermentors to new substrates requires an acclimation"'period, The'
period which was éstimated for. the.acijust:ment of enzymatic activity was
five weeks. L - |

Toxic materials~preserllt in the system have been known to result in
the instability of the anaerobic digestion process (40). These
materials include high concentrations of -vol.atile acids, e.g. butyraté
and ptbpionate,’ ammoriia, ‘alkaline earth inetals, heavy metals and
'sulficies (40). The bioc'hemii:a;l,'impact of these materials, however, is
. not well understood. The theories which have developed in regards to
the effects caused by these toxic.material_s have begn reviewed by
Kroeker (40). The effects of the volatile acid propionate have been
previously described. | - | | ' - | ‘
| , The following operatioh;al "fag:tors wkiith appear to provide optimum
conditions for methane protluction are: a loading rate in the range of
16-25 d with 5-8% total solids, a temperature in the range of 28-42°C.

and a pH. in the 6.0-8.0 region.
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STATEMENT OF THE OBJECTIVES

The wbrk of G-‘:hosh.and Klas_s‘ (3D indicated that éel;ulose
hydrolysis was the rate limiting stép in the overall process of
nonmethanogenic diges.tion.. A iogic'al éxfention of this conclusion
might be to pretreat waste materiéls with the hydrolyéis of céllulose

to soluble sugars. Preliminary work in this laboratory and the studies

‘of Cohen et al. (20) ihdicated that problems could result from. such

pretreatment. In our laboratory, digeétors which were pfesented with
feed stock containing high cqnéeﬁtrations of soluble'sugar, i.e.
glucose, converted a large portion of the sﬁgar to reduced.acids,
principally p;opionate,, In Ehe sbucﬁés of Cohen et al., a large amount
of the glucos;e' was converted to lactate, buty'rate_, ethanol .and
propionate. _Thése .compour"lds, howevei:, are not substrates for the
methanogenic group.. The studies indicated that a large portion of the
microbial work load under these conditions was shifted to tlfxé
acetogenic group. Thus, the production bf methané percursors was du<_e
principally to th_e acétogenic rather than the .fermentative_ bacteria.

~The consequences of increased produc;tiqn of feducéd_ aciaé under
these condit"ions emphasizes the importance of the relative rates of |
acetate prodﬁction froﬁ the réduoed-aciijs versus acetate utilization.
If the production of the aoeﬁate exceeded.it;'s utilization, then the

methénoge_nig: -metabol_ié activity would be the rate limiting factor.
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Conversely, if acetete utilizetion were greater than its production,
then the acetogenic metabolic ectiVitQ would be the'rate limiting
factor.' The importance.of'resoiving'this question, is that it would
exp11c1t1y define the problem wh1ch confronts digestion efficiency and
thus approprlate measures could be taken to 1mprove dlgestlon
efficiency. The evidence wh;ch is known is that the ‘principle reduced
acid, propionate, accumulates rn stressed fermentors. However, the
researcn which has oeen condncted on the rates of probionete and
acetate'utilization are not in agreement (36,37,41).. Thus, the primary
oojective in this investigation was to evalnate rates of propionate and
acetate utilization in stressed or high performence digestors.

The reasons stressed fernentors Were'chosen for study were: 1)
The‘highest'methane yieid could -be determined under these oonditions
and 2) the metabollc stress p01nts would be most ev1dent under th1s
mode of operatlon, Prev1ous experiments were concerned with l) the
'energy levels(glucose) Wthh caused instability to occur 1n
fermentatlon, and 2) whether the failure of the stressed digestors
(high glucose concentrations?.was.due to either an excess or a lack of
acetate. In the first series or experrments, digestorstwere operated
with manure feeds containing 1-6% additional solids as glucose,
Digestors receiving 1-3% additional glucose.were stable and tnose with
tne 4—6% glucoee'were unsteb;e and digestor failure occurred within 8-

16 d. In the second series, digestors receiving 6% additional glucose
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were comparedl with those receiving 6% glucose plus 1% acetate as
additional solids. Thcse digestors recei\}ing the added 1% acetate were
~ stable indicating that an‘.excess of acetate was not a source of
fallure. The dlgestors recelv:mg the 6% addltlonal glucose, aga:m,
failed w1th1n 8 d. The results obtalned from the 6% ‘glucose and 6%
glucose plus 1% acetate dlgestors indicated that an investigation
comparing utilization i:at’es and metabolic activities in the first 5 to-
8 d of férmentaticnv would be 'wartanted since this was lshown to be the
period of destabilizat‘ion. An investigation 'of this type could provide
insight to the destabilizatioh of the process and thus more clearly

define the problems confrohting high performance digestors. -

The Avenues of Investigation ‘
To investigate the production and utilization of acetate and
| propionate and glucose utﬂization in ariaerobic digest"ion, 13¢ nuclear
- magnetic resonance (nmr) was. employed.; 13C—nmr was the todl chosen for
this study because of the quallty ‘and accuracy of the data which is
obtained through a rapid and non—lnvaswe technlque. .
Proton nuclear magnetlc résonance. has been applied to metabollc
studies (50,51), however, 13C--mnr provides information on the fate of
J~3C labeled carbon substrates, as only metabolites contamlng the 13c~
label are observed. The methqd most commonly,used in studies of

metabolic pathways has beeh.through the use of radioactive tracers. A
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comparison of'vl‘4C tr‘acer techniqi:es. and 13C—nmr, was recently
investigated by then et al. (23). "Ihi.s study demonstrated that 13c-
nmr has a greater accuracy over the 14C tracer technlque. 13C'
spectroscopy has been shown (15,21,22,23,26,27,28,63) to be a very

informative technlque'for observ1ng metabollc mthways. These studies

" have demonstrated that this technique provides a rapid and non-invasive

method to study metabolism. .13C-'nmr bas been used in metabolic studies '
of intact cells (15, 21 22,23,26,63), amoeba (27) and cockroaches (28).
This technlque has also been applled to kinetic studies of glucose

utilization in yeast. cells (26). In a recent study, it has been

" demonstrated by Runquist et al. (56) "that 13C-rmr has useful

appllcatlons to the anaerobic dlgestlon process.

The potentlal appllcatlon of 13C—nmr to the anaerobic digestion
process and the overall intent of thlS study to 1nvest1gate the rates
of acid utlllzatlon in th1s system has mduced the following
objectlves- " |

1 to demonstrate that l:?é—nmr spectroscopy can be utilized as a
method of investigation of the metabolism of glucose in the anaerobic
dlgestlon process in the productlon of methane. : | |

2) To 1nvestlgate the relatlve rates of glucose utlllzatlon in

fermentors receiving high "concentratlons of glucose and in fermentors

. receiving acetate plus high concentr'ations- of glucose by 13C¥mnr.
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3) .To investigate'th_e major metabolic pathway or 'patklways ‘which
are utilized in"the- -production 6f propiohﬁte and acetate from glucose
in the anaér_obic' digesti_on process and the éossible effect H, may have
on the'production' of propionate and acetate.

4) To inve‘stigate the relative rates of acetate utilization in |
ferméntors receiviné high cdncgntfations of glucose and in fermentors
recei(zing high c':oncentrati'ons' of glucose and acetate.

5 To in;ze'stigaite the’ .r.elative rates of proi)ibnate utilization in
ﬁerméntors reéeiving high glucose cqncentfations .and compar';ng them to

fermentors receiving’ high glucose concentrations plus acetate.
. ] N . \ 3




MATERTALS AND METHODS

Manure

| The cattle mgnure_utilized in all of the experiments was obtained
from the Montana State University .dairy. :The manure collection and
analysis have been descfibeé previously (55). The manure was collected
| from-a holding' area within two hoxl:rs" éfter depoéition. The cattle from
which the manure had been collected had been fed on a 40% grain mix and
60% hay diet. The grain' mixture wés 50% barely, 25% wheat, 10% soybean
meal, 10% sugar beet pulp ahd 5% 'Iﬁustard meal. Thé manure composition
is shown in Table 4. Total solids and volatile solids. were determiﬁed
by standard méthods (2), Fibe;_étheht was determined by the method
described by Goering and'Vén -Soesf (32) and t'he.-Kjeldafll method was

used to determine .the. nitrogén content. The manure was diluted with

tap water to 5% total Solids content.. It was then blended for 30 s in
.a 3.8 1 Waring blendef, and packaged in 1000 ml plastic bags which were

frozen. The feed was théwed and stored at 4°C as needed.

JInoculum

The digest which was used to ipbculate the fermentors was obtained ‘
from a 3.2°1 wofking voltume ‘an.aerobic fermentor which had been |
niaintaine.d'for over three years on a 16 day retenﬁon time (RT) on

manure feed with 5% total solids, at a temperature of 37°C. .
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Table 4. Composition of Dry Matter of Dairy Cattle Waste (55).

Volatile Solids
Ether | extract -
Cellulose -
Hemicellulose

Lignin

Total Nitrogen (crude protein)’

Ammonia
Volatile Acids
Acetic |
.- Propionic .

Other

% Dry Matter

83
2.5-2.8
31
12
12.2
2.0
.5

.01

Trace .
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Fermentors .

Fermentors which were usgd for ﬁhe 13c-nmr éxperiménts we.re
constructed from 100 ml wide mouth flasks: wﬁich-were sealed wiﬁh a #9,
three hole rubber ‘stopper. The fermentors uséd fér the enzymatic assay

.experimenfs were constructed from 250 ml Efyiemeyer flasks which were
sealed with a #6%, three hole rubber stopper. For each type of
fermentor, one of the hol_gs in the rubber stopper was f itted with a y- |
| tube to be -uée‘d for gas collection and gas sampling: . Gas was colleclzted
in calibrated tubés that were submerged in 0.1 M .HCl‘ éolutioru_ The
second hole was fitted with a glass' tube to which plastic tygon tubing
was attached. A polypropylene, female joint (9 mm in diameter) was
inserted into the tygon tubing. This pr'O\lrided a point of attachment .
for 10 ml syringes.; IDisposalble plastic syringes, which had Ehe hub
drilled out to provide a 8 i dié:ﬁetei.holey were used, This provided
adequate means by which the digesf could be removed and feed added,

: quantat,ively,-' on a dai.ly. basis. This aléo provided the ﬁ)oinf of entry
for addifibnal feecis, é é.-glu'cose. A screw ciamp was used to _

seal the tygon tubing. The third hole was plugged. The working volume
of the fermentors used. in the 13C-mmr experiments was 64 ml, and

in experiménté_ for 'chemical.alnalysis', of glucose, the digestor working
volume was 192 ml For both types of, fermehtors, hthe same regime was

- Lised (discussed in the next section). A diag'ram illust;ating the 100
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ml fermentor is shown in Figure 7.

Feeds Used

6% MW '.[he fermentors in these experlments
received 0.333 M concentratlon of glucose in the feed on a daily basis.
The amount. of glucose (720 mg in the 192 ml fermentors and 240 mg in
the 64 ml .fe’_rmentors). resulted in ‘an additional 6% solids in the feed.
'l'he concentration of glucdse in the fermentor which resulted upon
addition was 1/16 of the .333 M value; -ca. 20 mM. .

24% only" Experiment — The fermentors in these experlments _
reCelved 0.22 M concentratlon of glucose in the feed on a daily basis.
The amount of glucose (158 mg in a 64 ml fermentor) resulted in an
addltlonal 4% solids in the feed.

2% 9Bl¥_ Esmmem'& The fermentors in these experlments
~ received 0.11 M concentration of glucose in the feed on a daily basis.
The amount of glueose- ('7'19 mg in. a 64 ml fermentpr) resulted in an |
additional 2% solids{ in the feed. . .

"6% and mmm;s - The fermentors in these experiments
received 0.33 M conoentratlon of glucose plus 0.17 ™ conoentratlon of
'acetate (magneswm salt) J.n the feed. The amount of acetate (437 mg in
the 192 ml fermentors and 77 mg in the 64 ml'fermentors') resulted in an
| additional 1% SOlldS 1n -the feed, in. addltlon to the 6% supplementary

solids from the glucose. -




36

. Gas samplin
Feeding Septum e

Port
: ACHERARP A0 St gt
Syringe_ | ' / J[ Collector
{aes

Clamp :m

Stopper—|| -

e}
——

gt = ]

Sl Dilute
4] Acid

Figure 7. A 100 ml fermentor.
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The fermentors were ma.mtalned on a 16 d RT w1th the 5% total
sollds, manure feed at 37°C in a water bath. The fermentors were
maintained on the manure feed only untll' the_ pH and gas compositions
obtained were similar to the_oontrol{ | indicating that the fermentors
had stahiliz'ed. Gas compo.sit.i'ons were determined by‘-.gas chromatography
on a Carle-Model. 800 gas,chroma_tdgraph and a Dohrmann SC 852 recorder.
The experi"ménts_, m'hich'wi_l'l be subsequently desc':ribedp were bequn after '
- the fermentors had stablized Each day of the 'experiment (Day 1
indicated 'the first time the fermentor received the specified feed) the
fermentors were switled to suspend the particulates, and 4 ml or 12 ml
in the 64 ml fermentors and 192 ml fermentors respectlvely, of the
dlgest were removed. The spec1f1ed feed was added with 4 ml 12 ml) of
the feed MANUL & The fermentors were then sealed and agaln, sw1r1ed to
mix the feed and dlgest. The dlgest PH was determlned on a Cornlng PH
meter—-model 125 No adjustments of pH were made durlng the

experlments.

Glug_qse BAssay Rm&uze

' The enzymlc assay experlments were performed on Days land 3

in fermentors recelvlng the "6% only" feed. Two ml. samples were
‘collected for each.of the samnling periods designated for each day of
the experiment. The"samplin_g per‘iods-are listed in Table 5. When the
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Table 5. Sampllng Periods Used for Glucose Utlllzatlon via the
Enzymic Method.

Day 1 - Samples were taken at the tlmes shown below, after glucose had
been fed to the fermentor.

Time (h)

. 0.17

e o

ocowNNJoaanU AW
L[]
LouTouviouiuTowm

[
.

Day 3 - Samples were taken at the times shown below, after glucose had
been fed to the fermentor.

Time (m1r1)
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samples were removed, -they were placed in a boiling water bath for 10
‘ min to stop further metabollc act1v1ty., The samples were then frozen
~and stored until analyzed. |
The analysis of gluoose' im{dlved the following reactions which
resulted in a specific assay for glucose. | |

. Reaction (6). glucose + ATP hexokinase gludose 6-phosrhate + ADP

glucose-6~phosphate
dehydrogenase

Reaction (7) glucose%_—pﬁosphat.e + NADP"T
¢ lactone + NADPH | | N
The procedure used for the assay has been described by Peterson and
Young (53). |

The assay‘r'equired '_fhree' cemponents; 1) the digest sample, 2) a
cocktail. solution and 3) an enzyme solution. The coektaii'solutidn,
which contained ATP and NADP P ,was mlxed prlor to the assay and- frozen
in 50 ml containers untll needed. This solution contalned 0,001 M of
both ATP and NADP , dissolved in a buffer. The buffer contained
0.01 M ,tu.s—hydroxymethyl, amino methane, dlssolved in d1st111ed water,
and gla01al acet:Lc acid was added until a pH of 7.5 was obtalned. The
enzyme solution was prepared each ‘time the assay was: performedo Tnis
. solution conta:med 100 unJ.ts of glucose—-6-phosphate dehydrogenase and
200 un1ts of hexokinase. The ammonium sulfate suspens1ons of glucose-

6-phosphate dehydrogenase and hexoklnase were: centrlfuged on an
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Eppendor micrcrcentrifage - Model 3260 for 3-4 min.- The érécipitate
was dissolved in-l ml of the,;risrﬁydroxymethyl, amino methane buffer.
The 2 ml dlgest sanples, descrlbed above, were centrifuged in the
mlcro—centrlfuge for 5-'6 mln. The. clear supernant was removed and 0.2
ml were diluted in 3.8 ml of distilled water and,mixed well, resulting
in a twenty—fold dllutlon._" . | o |

The reaction was monltered at 339 nm on.a Varian Techtron Ultra-
Violet and Visible Spectrophotometer-— Model 635, with a Sllt of 1 nm.
Disposable, standard 12 x 10 mhxcurvettes were used. 'In each'curvette
0.1 ml of enzyrﬁe solutieh, 0.2 .ml_ of the sample and 2.7 ml of cocktail
solution were'added. ﬂhe'latter was éipetted forcefully to provide
adequate miking. Immedlately upon the addition of the cocktail
solution the absorbance was recorded. Twenty mlnutes after the 1n1t1a1
reading the absorbance was again recorded. The-change in absorbance
was,used'in'the.calculation below to determine the glucose
concentrarion. |
Equatibn -(1),: HDetermir.latiorﬂl of glucoae' concentration: -

- ABg3

9 :
C= "o X 15 x 20

where c = concentration of glucose in mmoles
AAq39 = change in absorbance at 339 rm
15 = dilution ﬁactor in the curvette

20 = dilution factor of the-digest sample
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6.22 = mM extinction coefficient

~ The :'L?’C-nmr exper iments performed utilized the fellowing '
procedures to transfer the digest-to the ._J'.nst‘rument',. obtain spectra .and
identify resonances. | _

Two ml of digest from 'a.fermentor was transferred to a 10 mm
diametet nmr tube co'ntaining the 13c-labelled .compound used in the-
prescrlbed experlment. The tube was flushed with Q, or. a C02, CH4 gas
mixture (50:50) to exclude 02 and thoroughly mixed to dissolve the
added compound. A sealed coaxial tube, 7.5 mm, containing Dy0 and
dioxane was then inserted into the 10 mm tube. The coaxial tube served
a three-fold pu'rpese:' to seal tirie 10 mm tube containing the digest; the
D,0 provided a aeutetium lock signal; and the dioxane served as a
. reference to tetramethylsilane in the carbon spectra. The spect_rdneter
was then programmed to monitor the system. | |

The 13c-nmr spectra-at _62..53 MHz were obtained :Ln a fourier
transfer mode on a Bruker WM—."ZSO MHz NMR spectrometer. The temperature
was maintained at 37°C. 'I‘he spectra- were fourier transforms (with a
line broadening factor of 10 Hz) of the accumulations of a number of
| radlo frequency pulses. The L.arameters and number of ..,cans used for
the experlments described are listed in Appendix 1. Four or eight K

data points were.used for éach free induction decay depending on the
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sweep width used. - The chemical shifts were assigned relative to
tetramethylsilane as was dei:érmined from the external feferénce,
dioxane. | | |

To identify ;:he metaboiités of .glucose, the chemical shifts of the
possible J'ntermediétes and éroducts of glucése metabolism were’
identified by spikirg the digest with the compound and observing the
chemical shifts from the natural abundance 13C nuclei. The compounds
for which spectra were obtained were acetate, lactate, pyruvate,
propionate, butyrate, acrylate, malate, succinate, bicarbonate and
ethanol. Care waé taken to maintain the PH near 7.5, the value
normally encountered in the digest, since the chemical shifts are pH
dependent. The chemical shifts for the compourxd;s listed above are

reported in Appendix 2.

Glucose Utilization Menitored by 3¢ mir Spectroscopy

The information on glucose utilization determined by 13C—nmr Wer'e
obtained froxh-fermentors’ thét had received: BC—l—glucosea The 1-3C-'n‘m_r'
experiments were performed on Days 1, '3’and 5 in fermentors that
received the "6% only" and 6% and 1%"feeds. Separate fermentors were
assembléd fof each day. The fermentors were maintained on the déily
procedures which héve been previously déscribei On the designated
days of 13c-rme spectroscopic analysis of the "6% only" and "6% and 1%"

fermentors, 2 ml of the digest v}as transferred to the 10 mm nmr tube '
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and 7.2 mg of the 13c-1-glucose was added to provide a 20 mM
concentration. The nmr procedures were performed as previously .
described. The micro—programs used for each of the three days on the

spectrometer are outlined in Appendix 3.

from 139411;9953-

The fermentor used in this experiment, was on the feedihg regime

of the "6% only" fermentors §reviously described. The fermentor had
received the "6% only" glu®se two days prior to the 13C-nmr
experiment. On the Ehird day, 4 ml of the digest were removed and 14.4
mg of 13.C—l—glucose was added £o provide a 20 mM poncentra’ciom Two
hours after the addition of the‘ 13C-glucose the 4 ml of digest
(containing t‘he 13vC—gl'ucose) was cehtfifuged in a Sovall RC2-B
Refrigerated Centrifuge at 3020 x g for 5 min, to remove t;,he cells and
particulate matter. Two ml.of the supernant was removed and uséd to
observe the 13C-nmr resonances. The resonances obtainéd from this
spectra would be those of excreted prqdugté from the metabolism of |
glucose. The procedurés u.sed to obt':ain‘the spectra have been
previously discussed.

mmmiwmmmenm
mgnatg@ndmgtm;e

. Twenty ml of digest was boiled for 5 min to destroy any living

*See Appendix 4
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microorganisms. Equal concentrations of propionate (potassium salt),.
acetate (potassium salt) and lactate (lithium salt) were added to the
digest. The concentration used was.0.1 M. The pH was adjusted to
7.33. Two ml of thé solution was transferred to'a 10 mm nmr tube. The
‘spectrum c;btémed Wés. from 2125‘. rédio frequency pulses. The parameters
used are listed in Appendix. l ; | '
Comparisons of "2%. 4% and 6% only" Feméntors by 13C Spectroscopy

A comparison__of glucose utilization and the metabolite profiles
in "2%, 4% and 6% oniy“ fermentors were studied byll?’c—nm.i:° These
fermentors were maini:éine_d on thé appropriate additional feed and the
daily procedures whiqh have.be'en previously des.cribed. The 13C‘—nmr
experiments usin:g l3C-'--l—'_c_;'.'L.uG.o_se were performed on Day‘3 for eaéh‘

fermentor (2%, 4% and 6%).

Acetate Utilization Monitored by 13c-nmr Spectroscopy
The information on acetate utilization determined by 13c-rmr were

obtained from fermentors that had received 13c-2-acétic acid, The L3c-
nmr experixﬁents wére perfdrmed_on Days 0, 1, 3 and 5 in fermentors £hat
had received thé "6% only" and "6% and 18" feeds. On day 0, the
fermentér r_ecei.ved the_feéd ménhre only. Se;ara.te. fermentors were used
for each day. - ;o ‘ | R ' o

' On day 0, the 2 ml of digest was removed and placed in the 10 mm

-nmr tube to which 1,1 of ,13C—2—aézetic acid was added to provide a 10
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mM concentration. ., The snbsequent nmr procedures have.- been described.

On day 1, the' following protocoi was used in hoth the "6% only"
arid "6% and 18" fermentors. ‘Ten hours prior to the nmr experiment the
fermentors r"eceived the feed -Inanqre and “6%" glucose. After the. ten
hour period, 2 ml of digest was removed,' placed in the nmr tube to
which the l3C—acetJ.c acid (1 1) was added

On days 3 and 5 the protocol used differed from that on Day 1 in
that the.time period from the administering of the "6%" glucose and ° |
manure'feed to the addition of the .13C—aceti'c_ acid was only 2 hrs as
opposed to 10 hrs. |
Propionate Utilization Monitored by 13¢-nmr Spectroscopy -

Propionate utilization .was studied by addition of l3C—3-sodium
pr'opionate.. 'i‘he' 13C—nmr experiﬁients- were performed on Days 0, 1, 3, 5
and 12¥% in fermentors that had received the “6% only" and "6% and 1%
- feeds. On 'day 0, the fermentor received the feed. manure only. :

Separate fermentors were assembled for each day.

On day 0, 2 ml of digest was’ removed and placed 1n 10 mm nmr tube
- after the daily feeding (manure' only) had‘ been completed; 13C--3-

sodium propionate (‘1,9' mg) 'was .-added to ._provide -'a 10-mM'c.:oncentratiom.

On day 1, the'followind érocedure was used in both the "6% only" and

*L3c_nnr experiments were performed in Day 12 -in only the "6% and:
1%" fermentors .
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"6% and 1%" fermentors. . Ten ho_urs prior to- the ‘nmr experiment the
fermentors réceived the feed manure and the aaditional feeds ("6%"
glucose or "6%" glucose plt_lé'l%" acetate). After the ten hour period,
2 ml of the digest was removed and placed in the nmr with the Be-
propionate. On days 3, 5, -and 12 the protocol used diffefed. from that
on Day 1 in that the Eimé period from the administering of the "6%"
glucose (or "6%" glhqose and "i%:"' acetate) and -manure feed to the
addition of the-13ijropionaté wés only 2 hrs as _opposed. to 10 hrs.

The nmr procedures were the same as described previously.

Investigation of Metabolites Resulting from 13¢-propicnate

This s.,eries. of experifnents involved two fefmentors, one which was
" stressed with glucose, propiona't;e and aéetate ‘as additional' fle‘eds* and
the second beihg_ a fermentor wﬁich had been maintained on the manure
- feed pﬁly. The sﬁressed fermentor had been stabilized on the maﬁure
feed (as previously deséribed); The firét nihe days ‘this fermentor
received ‘12.3'mg of propidna_te (sodiuxﬁ salt) feéul_ting in a 0.320 M
propionate conéentration 1n the feed, 66 mg of acetate (potassium
salt) resulting in a ,169 'M cqncentration of acetate in the feed and 4
ml of manure feed. 'On the tenth day the fermentor received 240 mg of

glucose. (a .333 M glucose concentration in the feed corresponding to 6%

*the stressed fermentor was part of a series of experiments
performed in our laboratory (unpublished results).
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" additional solids), in addition to the propionate and acetate. .The
fermentor was maintained on the feedings described above for eighty-
five days. On the eig_htf-siz_cth day' a 13C—propionate nmr experiment was
‘performed. Two ml of the digest was removed aft.er the fermentor had

' received the 4 ml of the manure feed, and transferred to the 10 mm nmr
tube to which 1.9 mg of l3C—3—sodium propionate was added. The nmr.
procedures used have been described prev1ously. The spectrum obtalned
- in this experiment was a free 1nduction decay containing 6,394 radio
frequency pulses. : _

The fermentor Wthh had been mamtained solely on the manure feed
was subjected to the same protocol used on the stressed fermentor_ on
the eighty-sixth day. The spectrum which was dbtained. was the result
of 10,394 radio frequency 'pul_ses in the free induction decay.

‘Ihe Assay - The hexokinase, gluoose—G-phosphate dehydrogense,
adenosine triphosphate,;niootinamide ade.nine. dinucleotide phosthate and
the tris hydroxymethyl, amino me.thane--(_Trizma) ‘were obtained from
Sigma Chemical Company a.nd used without further purification.

- Additional Eeeda The glucose was obtained from Eastman Chemlcal
Company. The magnes1um aoetate and potass;.um aoetate were obtained
from J. ', T Baker ,Chenical Company-. The glucose and acetate were used

without further purification. The sodium propionate was made in our
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laboratory (the procedure is unpubllshed research). . It was shown te
be chrcmatographlcally pure. '

l3§:lanell.ei£9mmmd§ - The 13c-1-glucose was a gift from Dr.
Jack Nordin,'Depértmept of quchemiStry,:University of Massechusettes°
Spectfa obtained indicated that Ehe sample was pure and was used
‘w1thout further purlflcatlon° The 13C—2--acetlc acid -and 13C—3—sodlum_
propionate were obtained from Merck, Sharp and Dohme Chemlcal Company.
The spectra obtalned on each sample indicated that they were pure and

were used without further purification.
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| 'I'he'results. which have bgéh 6b£ai'ned will be reported in two
sections. Tﬁe first éectibn, titled Majbr.Results, will incllibde‘ those
results wﬁich are per'tinént‘ to the objectives which have been stated in
this thesis.’ 'i‘he second section, titled Minor Results, wiil be thosé
results obtained from the data ﬁli'ch are _not. directly associated to the
ojecfives of this thesis but have 'implicationé to the application of

13C-nmr_ spectroscopy to the study of the anaercbic digestion process..

' Section 1 -~ Major Results

| The "6% only"'fermentations- for this experimélili: were ‘exequted_as
 previously descx_:ibéd (pg. 37) to ascértain gluéose :utili'zatiion as é
function of time on days 1 and3 The results are shown in Figure 8.
There was a significant changeln the time period‘ iﬁ which glucose was
utilized on.the first 'day c',ompared .to: the ‘third. day. Glucose wés
utilized within 11 h the Ifirst day, ‘and on the fhird day glucose was
depleted within 2 h. On th,e' first day there were two diéf_inct rates of
utilization. In thé first 6.5 h after féeding the glucose utilization
rate was glowér, .a rate constant ‘(obtained from first order rate laws)
of 0.02 h‘i was obtained.'_ In the 6.5_.to 11 h périod, a faéter rate of
utilization was .obséwed, the rat;é constant calculated was 0.25 h™l.
The raté constanf for glucose utilization onI"Day' 3 was 1.20 h‘l' (see

Table 6).
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Figure 8. Glucose utilization: enzymic and 13c-mr methods compared.
Glucose concentration as determined by chemical analyses (@), ;-glucose
(O) and ®—glucose @ as determined by NMR: in fermentors receiving
glucose the first time. The latter are relative concentrations (peak
intensities). Inset: Glucose utilization in fermentors receiving the
third feeding of glucose. The graphic symbols are the same.
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Table 6. Rate Constants for Glucose Utilization
‘6% Glucose Feﬁnentations

13¢ Method

. _ Enzme.c Assay
xwh , k r
Day 1 . Day 1
£=0-6  0.02 .76 t=0-6  0.020 ..96
t=6-11 h 0.31 .98 t=6-11 0.25 .96
Day 3 1.09 .98 Day 3 1.20° .95
Do 5 . | .. a2, .
£=0-.833 h  0.96 ~ .98
t=.833-2 h 0.18 '."80
6% Glucose plus 1% Ac'étate Fermentations
] k r
Day 1
t=0—405 h ool ‘ .80
t=4.5-9 h 0.58 .92
Day 3 0.96 .99
Day 5 4.64 . -*

*Only Z'boints used to célculate
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Glucose Utilization From the'3¢-nmr Procedure
'The "6% only " and "6% and 1%". fermentations were designed and
conducted as previouSly described (pg 42). Metabolic activity _was
observed ‘on days 1, 3 and 5. -A representative stacked spectra cbtained

by th:Ls technlque is shown in F:Lgure 9. The spectra shown in th:Ls

flgure represents a "6% only" fermentation which had recelved ‘the Jf?’C—l—

'glucose on day 3. The chancjes in the intensities of the g -'-l-gluoose

and o-l-glucose at 96.8 ppm and 93.1 ppm respectively, are shown as a
functlon of time. 'I‘he results of the gluoose utilization .on days 1, 3
and 5 obtalned by the 13C—nmr method are summarized in Figure 10. The

rate oonstantr. obtained. for gluoose utlllzatlon by this method have

" been summarlzed in Table 6 These rate constants were calculated in

the same manner as used 1n the enzymic experlments.

The rate constants Wthh were obtained for. the 6% only"
exp'erlments show that on Day 3 ‘and 5 (from t 0-50m) were nearly the”
same. However, after. t—50m on Day 5 the rate at which’ glucose was ’
utJ_’llzed was slower by a factor of 5. In the "6% and 18" experlments,

the glucose utilization rates were similar in pattern to the "6% only"

-experlments, except for Day 5 where the utilization increasd by a

factor of 5 -(from".Day 3 to Day 5)..

Metabolites Resulting From 3c-Glucose

The resonances o;E 'metabolite.s produced from 13C—‘l—gluco'se are
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Figure 9. Time sequence of NMR spectra from 20 min to 130 min after
feeding. This stacked spectra represents a 6% glucose fermentor which
had received glucose for the third time. Gg and Gy, = resonance
positions for 8 and a of 1-glucose 96.8 and 93.0 ppm, respectively;
D = resonance of dioxane at 67.4 ppm and L = resonance of the methyl
group of lactate.
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Figure 10. Glucose utilization in 6% glucose fermentations on Lays 1,
3 and 5, as determined by the nmr technique. Peak intensities
represent relative concentrations. B-l-glucose (*) and o-l-gluccse
(o).
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shown in Figure 11. This spectrum was obtained 1 h after addition of
labelled glucose. The products resultmg from gluoose fermentation
were acetate and propionate. The label frqm the glucose was found to
be in the methyl Carnons of -acetate and'-propionaté at 24;1 ppm and 10.8.
PP, respectivély. Labellad' mathylene of propionate was also detected
at 31.2 pbm, In this spectrum it'nas evident that the resonance from
the C-2 of proplonate was less 1ntense than the resonance ‘'of the C-3-
propionate. In a spectrum of natural abundance 13¢ of propionate.the -
CH3:CHy intensities ratlo was 1.16:1. ‘The ratio of mtenmtles in the
spectrum shown was 5.25:1. |

In a similar experiment bnt ap'pa:oximatelf 1.5 h after the addition
of 13C—1—glucose, an additional netabolite_, lactate, was detected.
© The spectrum. obtained is. shown in FJ.gure 12. The label of giucose was
Getected in the methyl of the -llactate ‘at‘20.8 ppm. . Lactate was an
immediate an'd major product of glucose metabolism '-.(see f‘igure 14).
However, in the 12 h spectrum (Fic'_;L.n:e_. 115 the lactate "resonance nad
disappeared indicating that tné lactaﬁe' was an intermediate matabolite
in the farmentation of thé glucose to the produét bropionate;

The res_ulfs from -the §pin41attice (Ty) feiaxation,- experiment
demonstrated that the raﬁio 6f peak he'ight. intensities of the'.methyl
groups of lactaﬁe, _ propionate and ace't;ate were found to be 4:3:2,

respectivel_y, with equal c_onoentrations of each.
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Figure 11l. l3C--nmvr spectrum obtained 12 h after the addition of 13c-1-

glucose. A = methyl group of acetate, 24.1 ppm; P-2 = methylene group
of propionate, 31.2 ppm and P-3 = methyl group of propionate, 10.8 ppm.
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P3

Figure 12. 13¢-nmr spectrum obtained 1.5 h after the addition of B¢~
l-glucose. A, P-2 and P-3 designated the same as stated in Figure 11;
and GB' Ga and L. designated the same as stated in Figure S.




58
acetate. _

The supernant of the digestor which had received the 13¢i1-glucose

- (described on Pg 43), provided information regarding the end products

in the fermentation of glucose, which had been excreted into- the

medium. A spectrum obtained from the snpe'rnant ie shown in Figure 13.

~ The resonances detected 1n th1s spectrum were the methyl groups, of

acetate, lactate and proplonate at 24,1 ppm, 20.8 ppm and 10.8 ppm,
respectively.
The concentfation ©of glucose and metabolites as a function of time

are depicted in Figure l4. These resdits demonstrated that lactate was

produced almost immediately after the 13C-1-glucose was administered.

As lactate was utilized, propionate and aoetate._began to accumulate,
IE can be obse.rved frem' this' figure that the maximum relative
concentratiens of lactate to propidnate to acetate were. 1’0.25:7.,8:3.6,
respec_tively. In anotheh exper'iment p'erfqu_ned in our laberatory the

concentration of Hy in soll'.ltion. was monitored by gas chromatography as

a function of time after glucose had been fed to "6 % only" fermentors

(unpnblished results). The reSults of this H, experiment are shown in
Figure' 15. It was evident from Flgures 14 and 15 that both the lactate
and H2 conoentratlons increase v1rtually 81multaneously and both begin

to increase 1mmed1ately after the addition of glucose.
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Figure 13. Spectrum of the supernant obtained from a 6% glucose
fermentor on Day 3, 2 h after the addition of glucose. A= methyl group
of acetate 24.1 ppm; L = methyl group of lactate 20.8 ppm; P = metlyl
group of propionate 10.8 ppm and D = dioxane at 67.4 ppm.
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Figure 14. The relative concentrations of glucose and metabolites as a
function of time obtained by the nmr technique. The graph repesents a
6% glucose digestor which had received glucose for the third time.

The relative concentrations of the propionate, lactate and acetate were
determined from the peak intensities which had been corrected for Ty
relaxation effects (see text).
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Figure 15. A plot of the H, concentration as a function of time after
the addition of glucose. Tﬁis represents a 6% glucose digestor which

had received glucose for the third t;ime.
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Acetate Utilization as Observed by 13Q_.nm.t

The "6% only" and "6% and l%" fermentatlons were conducted as
previously described (pg 44). Days 0, 1, 3 and 5 were used to obtain
acetate utilization_tates._ The resonance intensities were used as
relative conoentrations of the 13¢-2-acetic acid to describe the-
acetate utilization as a function of time. The rate 'oonstants and the
half-life of acetate utlllzatlon for each day in the "6% only" and the
"6% and 1%" are shown in Table 7. These rate constants were obtaJ.ned

from appllcatl'on of the flrst order rate _1aw to acetate utilization.

Propionate thmzam,on as msemed bx Bepme.
'Ihe "6% only" and "6% and 13"’ fermentatlons were conducted as

described (pg 45).- Days 0, 1 3 5, and 12* were used to obta1n

' proplonate ut:.llzatlon rates. . Again, the resonance J.ntens1t1es vere

used as relative ooncentrati_ons of the 13C—3-propiomte. The rate
constants and half-life of -pr'o'piona'te utilization for Days 0,.1, and
12** in the nG% only" and "6% and 18" '_fermentors are summarized in .

Table 8. The rate constants weré calculated as described for acetate

*Day 12 the 13C':—nm'r_experiment was performed only on the "6% and
1%" fermentor,as the “6% only" had undergone failure by this time.

*%The rate constants and half-life for Days 3 and 5 have been
omitted in both the "6% only" and "6% and 1%" fermentations. This
point will be ‘taken up in the discussion section.
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Table 7. Rate Constants and the Half-life of Acetate Utilization

© 6% Glucose Fermentations

Day 1 .- Day 3 ' Day 5
k@D 0.19 0.07 ~ 0,05
g,(h) 3.63 ©  9.24 © 13,59

r 97 . .86 - .92

i 6% Glucose plus 1% Acetate Ferpentations

Day 1 Day 3 Day 5
k(1) 019 0.14 .- 0.44
t, (h) . 3.66  4.87 - . .1.57-

X - 085 < 070 084_ .

‘Day 0 - manure feed only.
k@h - 0.19
£, () ©3.67

..r " C 098 . c
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Table 8. Rate Constants and Half-life - Propionate Utilization

Day 0 — manure feed only

k =0.10 b1
£, = 6.60 h
r= ,9
Day 1
' é% Glucose . ' 6% Glucose plus 1% Acetate
k() 0.02 o 0.06
ty, () 325 . - 11.18

r ' .97 L .89

‘Day 12 - 6% Glucose plus 1% Acetate
k = 0.02 hL |
t% = 34,62 h

r= .80
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utilization. :
| | Section 2 - Minor Results
Metabolite Profiles in “2%. 4% and 6% only" Feimentors £rom 13C-l-
The "2%, 4% and 6% only“ fermentors used in these experiments ivere
constructed and maintained as. described on: pg. 44 . The results of
these experiments, from Day 3 only, are summarized in Figure 16. The
1nten51t1es of glucose, acetate, lactate and propionate have been
plotted as a function of time, a.fter the 13C—l--glucose had been
administered to the digestor. In general,‘ the profiles of glucose and
lactate were virtually the same for _each concentration ef glu'cose.
However; in the "2% only" fermentation there was no appearance of

propionate which' was evident in both. the "4% and 6% only" fermentors.

Metab&lites ina Nsm_si;rsssﬂ Eermemgr fr_Qm lﬁg_igmgmuate

| The fermentatlon was conducted as described prev1ously (pg 46).
' The spectrum “obtained, after the 13C—3-propionate had ‘been added is
shown in Figure 17. The resonances.‘: _nrnich nave been identified are
bicarbonate at 161.0 ‘ppm, C-2 propionate at 31.2 ppm, probionate at
- 10.8 ppm. The methyl and,'methylene region of the previouS'spectrum was
expanded.’ As a result the C-3 of lactate at 20.8 ppm was also detected

in this region,
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Figure 16. A profile of 2%, 4% and 6% glucose anq the resulting
metabolites as a function of time as observed by 3c-nmr. The g o
glucose (+) and lactate (O) profiles were virtually the same for all
three concentrations. The propionate (®) for the 4% and 6% glucose
concentrations are as shown.
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Figure 17. A spfgtrum of 10,394 radio frequency pulses obtained after
the addition of “~C-3-propionate to a non-stressed fermentor. HCDS =
bicarbonate, 161.0 ppm; D = dioxane, 67.4 ppm; C-2-P = methylene group
of propionate, 31.2 ppm and C-3-P = methyl group of propionate, 10.8
pPHm.
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Propionate Metabolites in a Stresged Fermentor from 23c-3-Propionate
The fermentation was conducted as described previously (pg; 47).
The spectrum _obﬁained after thg l3'(:.—3-.propi:onate had been added is
shown -in Figure 18, the ﬁlethyl aﬁd methylene region have beén expanded
and is shoWn in'Figure i9. 'The.resonan'ces which have been tentatively*
identified are C-1 propiorﬁte at 185.0 ppI-n., C-1 acetate at 182?0 ppm,
C-2 malate at 40.4 ppm, C-2 butyrate at 38.3 ppm, C-2 succinate at 29.9
ppm, 3 pYru\)ate at-27.8 ppm and'C—é bufyrate at 14.0 ppm. Tﬁe
fesonances which have been identified. with certainty are C-3 propionate
at 10.8 ppm-, C-3 lactate at 20.8 ppm, C-2 acetate at 24.0 ppm and C-2

" propionate at 31.5 ppm.

*ppm +1.0 ppm
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Figure 18. A spigtrum of 6,394 radio frequency pulses obtained after
the addition of ~-3-propionate to a stressed fermentor. C-1-P =
carboxyl group of propionate, 185.0 ppm and C-1-A = carboxyl group of
acetate, 182.0 ppm. The graphic symbols C-2-P, C-3-P and D same as in
Figure 17.
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IO R oM

Figure 19. The 10-40 ppm region of previous spectrum (Figure 18)
expanded. C-2-M = C-2 malate, 40 ppm; C-2-B = C-2 butyrate, 38 ppm; C-
3-Py = methyl group pyruvate, 27 ppm; C-2-A = methyl group acetate,
24.0 ppm; C-3-L = methyl group lactate, 20.8 ppm and C-4-B = C-4
butyrate, 14 ppm. The graphic symbols for C-3-P and C-2-P are the same
as in Figure 17. The other resonances are unidentified at this time.




" DISCUSSION

Glucose Ht;l;zatton Bates. _

‘Glucose utlllzatlon rates were obtained for' 6% glucose and 6%
glucose plus l%‘ acetate fermentation's., The rate constants which are
: showh in Table 6, indicated .-t'hat' the pattern of glucose -consumption m

. . é .
both of these fermentations were similar. In these fermentations the

' rate constants obtained for Day l, mdlcated that there were two

separate rates of utlllzatlon. The f1rst rate constant was for the
fJ.rst six hours of fermentatlon after the l?’C--glucose had been

' admlnlstered. After the f1rst six hour perlod the rate constant
obtained for the ut111zat;on of glucose increased by a factor of 15 and
60 for the'6%lgluco_se and 6% glucose plus 1% acetate, respectively.
The rate constants obtained for .Day' 3 increased by a factor of 3.5 and
1.6 over the rate constants obtained in the 6-11 h period on Day l, for |
the 6% glucose and 6% glucose plus 1% acetate fermentatlons,
respectlvely. On Day 5 the rate constant obtained for the 6% glucose-
plus’ 1% acetate lncreased by a factor .of 5 over Day 3. However, the
rate'constants obtained for the .6% glucose fermentation on Day 5
remained 51m11ar to Day 3 for the flrst 50 min of the fermentation

. 'perlod. After thlS perlod the rate constant decreased by a factor of
5.

The fact that_the rate of glucdse utilization increased from Day 1
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to Day 3, and the conoentfation of "glu'cose was th;a same for each
suggested that there was aﬁ'en;:icﬁ}nént of the fermentative bacterial
population. Since g],ucose_uti‘liéétion was.found to be a first ord_ez.'
rate equation this .sugc_‘;es_te:d that population éﬁanges did not occix
during the time of observat'i_on. on a given day. .

Since both the. 6% .gl'ucos‘e and 6% glucose ﬁlus 1% acetate
fermentations on'Day 1 and 3. were similar, ‘with regard to glucose
utilization, it sugéested that the ferment-ativé bacteria metabolic
activities were éimilar. This .implied that the instability and |
failure, as s,eer'l in previous é% glucose experiménts was not due to the
utilization of glucose by the fermentative group.

The results obtained on Day 5 frbm these two fermenfations were
not similar. The -utilizétion Qf glﬁcose in the 6% giuqose fermentor
did not increase over Day 3 as obserVéd in the 6% glucose plus 1%
acetate ferment.or. The rate of gluco;se utilization incrt—;ased up to
Days 3 and 5, in the 6% Qlﬁcoée fermentations, théreaffer decreasing
whereas, -in the 6% glucose plus 1% acetate ferr_pentation the gludose
ﬁtilizatio,n raté_ cpntinu;éd EQ increase. These oﬁsei:\}a;tions élong with
{:he fact that glucose is t.:he'.'major energj éukBtrate for the _
fermentative bacteria suggesteé that .the differences oObserved in these
two fférmenta.tiqns on Day 5 ‘in the rates of .glucése utilization may be
due to either changes in the ..éc.et.;égenic' or metﬁahogenic groups of

possibly both.
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Comparison of Glucose Utilization by Both the C-nmr and Enzymic

Both, 13¢ spectroscopj‘ and‘t':h"e enzymic assay téchniques were
employed. to monitor the gludose utilization in a 6% glucosé fermentor
on Day 1 ahd 3. - The éufpose was 'to detér'm'ine.whether there was a
corr._elat;.ion bgﬁween these two.' techniques. An example of the time
sequence of glucose utilization coméared by these two methods is shﬁwn
in Figure 8. 1In the 13C-mr 'fechnique, the relative glucose
concentration was reflected by the peak intensities, Peak intensities
do not representi_ the é.bsolute.'conoentration_ (21,26,63;), however, a plot
of intensity vs time (13c-rmr) should‘ correlate with éqncentrat‘ion NS -
time, Figure 8 shows .the gluéose L_1t'ilization_on Days 1 and 3 were also
' calculated froz'n“both techni&;ﬁes; As 's.;een in Table 6 the rate constants
obtained by the enzymic aséay of Peterson and Young' (53) ébrrela'ted
. well with those obtained 'f'rom, nmr mgaSurements.' These cbservations .
dempnstratéd that '13_C—nm1; spectroscopy can be employed as a
useful methbd in the study of anaerobi_c digestidh in general, bui; also
as a method by which rate &ta. can be obtained. o

There are two major pz;lthways in thé anaerobic digestion process by
" which propionate can be préduqed. The first, being the randoxﬁizing

pathway, where a label from l-glucose would résult in randomization of
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the label in the methyl and methylene of proplonateo The second
pathway, the acrylate pathway would produce methyl labelled propionate
from 13C—l-glucoseg.- In‘Flgure_..ll, the peak. mten81t1_es of the
methylene and methyl pﬁ pr_obio_nate resulting' from 13C---l—glucose are
ehown. The intensity ef 13¢-3 propionate in this spectrum was
approximately 5 times -greater then the l??'C_—Z'propio-nateg. This result
and the re_su}t obtained from naturai abundance '1.3C' Fropionate, where
the CHjy:CH, ratio yvas 1.16:1, 'indica'ted that the .acrylate pathway was.
the predominate pathway 'for‘ propiohate production. This conclusion is
further supported by the presehce of lactate, an intetmed’iate ih the
acrylate pathway (see Figure 6). Lactate wh‘ich"Was observed early in
the ferrhentation of glucose. (see Figure 12) .but was absent later in
fermentation (see Figlire 11 suggested- that lactate served as a
precusor of propionate. ' . |

There'are. six poesible reaetions'in the. énaierobie digestion

process which could result in acetate (see Table 3). The metabolites

.which resulted from the fefmentatioh of 13C—1—gluc'ose- are shown in

Figure 14. The metabolites shown are acetate,. lac_ta'te and propionate.

It can be seen that as the peak intensity of lactate starts to

decrease, both the acetate and propionate peak intensities begin to

increase. . This suggested that the product acetate as well as the

- propionate (as has been 'suggested previously) was derived from the

intermediate lactate. - This suggestion is further supported by the
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results (see Figure 14) v\;hich illustrated that the maximum relative
concentration of lactate, propionate and acetate were 10.25:7.8:3.6,
respectlvely, These results 1mp11ed that the amount of 13¢ label in
the methyls of both the acetate and proplonate accounted for most of |
the 13¢ 1label present in the methyl of lactate and thus, the 13c-1-
glucose which is converted ‘to acetate is result_mg from. the
intermediate, lactate. | o | |

The spectrum of the supernant (shown in Figure 13) showed that,
lactate, acetate and propionate arising from the 13C-1—glucose, were
products which had been excreted. These results indicated that
lactate, was a product for one group (or groups) of microorganisms
which served as a substrate for other. microorganisms. Lactate could

then be utilized to produce -either the acetate or propionate. )

~Hy Eﬂ&t&mmmww

The results shown in FJ.gure 14 and 15. demonstrated that lactate
and H2 bng.n to 1ncrease 1mmed1atd.y and s1multaneous1y upon the

addition of glucose. It has been demonstrated by Kaspar and Wuhrmann

' (36) that high concentratJ.ons of H2 present in the. system 1nh1b1ted the

oxidation of proplonate to acetate. i They have suggested, that the

presence of H, results in the accumulatibn of reduced acids. These

results suggested that the 1ncrease in 1actate (a reduced ac1d) is not

a direct result of the increase in Hzo‘ If ‘HZ were the cause of

'
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increased lactate production one.'w‘ould expect ‘that the lactate
concentratlon would 1ncrease after the :mcrease of Hy. However, as
both the H, and lactate product:Lon proflles were v1rtually identical,
it strongly argue,s that the ,lactate was produced due to the limited
supply of NaDt, ‘
application of 3C-WR to Anaerchic Digestion

The ut111ty of 13C—nmr spectroscopy to the study of amaerobic
dlgestlon has been supported in the previous sectlons. It can be seen
from Figures 8,9,10,11 and 12 that both glucose utilization rates and
the metabolites of glucose can be monltored The supernant results
(F:Lgure 13) and the results 1n Figure 14 demonstrated that with this

method thé interactions of microorganisms which comprise the ecosystem

can be conveniently studied One advantage which this technique has

over others is- that it allows one to study a relatlvely complex system

non-1nvas1vely and obtaln 1nformat10n on the mteractlons of the entire

system in a short perlod of tlme., 'Ihls is of partlcular 1mportance to

the anaeroblc dlgestlon process, ‘where the mteract:l.ons which occur .

-among the three groups of microorganisms are greatly dependent on each

other (13).

 Utilization of Acetat

The observations 'of the utili_zation of acetate (seée Table 7) _ '

indicated that the reaction was a tirst' or.der rate.equa'tion,' The data
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obtained from Kaspar and Wuhrmann (36) for acetate. utilization also
fitted a first order rate equatlon with a correlatlon of 0.99., The
rate constants obtalned from the 6% glucose fermentatlon have shown
(see Table 7) that the rate of acetate ut111z_atlon decreased from Day 1
to ﬁay.S. " In -the 6% glucose plus 1% ‘acetate fermentation (Table 7)
there was an inc_rease in the rate of acetate utilization from Day 1 to’

Day 5. These results suggested that in the high energy load fermentors

(6% glucose) the methanogenic activity of acetate utilization h'ad

diminished. as the experlment progressed whereas, the utilization of
acetate in the 6% glucose plus’ l% acetate fermentations increased as
the experiment progressed.. These results and those of preliminary
experiments, _where it -was-demonstra'ted that the presence of acetate had -
a sparing effect (prevented digestor tailure) sugcj'ested that -the
addition of acetate allo;ved enrichment of ‘the methanogenic population.
The fact that acetate util'iiation was observed to fit a first -order
rate equation implied that the.ch'ange in rates was dependent on the
population of the. acetate utiliz’ing orc_:janisms, 'I‘hus, one tentitive‘
conclusion which could be drawn is that the decrease in the
methanogenic act1v1ty 1nvolv1ng the utlllzatlon of .acetate in the 6%
glucose fermentatlon-and the. 1ncrease in the 6% glucose-plus l%‘ acetate

fermentation was a result of a change in the methanogenic population..

_ These results suggested that acetate 'splitting ‘was not a rate limiting-

factor. This contradicts the conclusions of Kaspar .and Wuhrmann G36),
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" where acetate splitting was suggested to be rate limiting.

The utlllzatlon of proplonate was shown to be a first order rate
' equatlon (see Table 8). The data on proplonate utlllzatlon obtalned
' from Kaspar and Wuhrmann (36 also f1t a first order rate equatlon
with a correlation of 0 98. The rate constants Wthh were obtaJ.ned for
both the 6% glucose and 6% glucose plus 1% acetate fermentatJ.ons
suggested that proplonate utlllzatlon was greater in the fermentation
which contained the‘ additional 1% acetate. From 13C-l—gluoose
experiments in Day l, it 'was observed that-little propionate was
produced. This suggested that the 10mM 13C-3—prop10nate which had.
been added was a large peroentage of the . propionate in the digestors
during the l3C—mnr experlments on Day 1., One mlght assume that the
rate oonstants obtalned for proplonate utilization on. Day 1 for both
fermentatlons would be smllar to that of the non—stressed fermentor
(see Table 8 - Day O—manure feed only) as was observed for the rate
constants of acetate utlllzatlon. "However, thlS was not observed.

The rate constants ‘f-or propmnate utlllzatlon rates for Days 3-and
5 were yirtually undetectable'or very small. A logical‘explanatio‘n for
these obseryations might be that since propionate oxidation was’
observed to be slow -(rate constant was —0.10 bl with a half-life of

6.6 h) in the -non—stressed fern'x_entors',\ and since propionate had
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accumulated in the stressed fermentors (80—120mM), the added 13C—
propionate (10mM) would- have reflected approx1mate1y 10% the actual
rate. Further, the large pOSltlve 4G° for propionate oxidation (see
Table l) would 1ndicate that a_ large AG° of activation would be
requireo"l° Thus, the observations for Days 3 and 5 for propionate
. oxidation were unpredicted. -
Due to the difficulties encountered with reproducibility in
: éropionate utilization'in. the non—stressed ferinentors, ‘and the 13c-
propionate experiments from llay 1 for .both fermentations, no firm
| ' conclusions can be drawn on proplonate utilization rates. However, it
is of interest to note that the rate constants for propionate :
utilization in the 6% gluoose plus 1% acetate fermentation was found to
" be ..approximat'el'y 2 times slower-:on .Dayul than the non-stressed
fermentor. ' | |

The‘.rate' constants for éropionate utilization on bay 12 were
obtained-for 6% glucose plus 1% acetate (fermenta.tion. The rate ‘ '
co.nstant' was shown (see Table 8) to .be approximateliz 5 times slower
than the rate constant Obtained .for. the non-stressed (Day 0) fermentor.
This result did not fit the results from the previous e‘xperirnents where
the propionate which haci accumwated in this fermentor (6% gluoose plus
1% acetate) had stated to decrease by Day 12. These previous results
suggested that ‘the rate of propionate oxidation had. increased greatly’

in order to have utilized the large amount of the propionate which had
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accurhulated. Thus, one would have expected the rate of propionate
utilization to have been similar or faster than the rate observed in
the non-stressed fermentor. A pOSSlble explanation for the de\uatlon
in the results. obta:med and those Wthh had been hypothesmed, could
have been that the 13C-proplonate (lOmM) added may have been 20% of the
total amount of propionate whlch, could have been present. From.
previous experiments it has been' shown that on Day 12 the'con'centration
of proplonate could have been between 0-—50mM° 'I‘here is need for further
' smdy of proplonate utJ.llzat:Lon to clarify the utilization of

propionate in stressed fermentors.

Wﬂﬂmmmww

The results of proplonate and acetate utlln.zatlon on Day 0 (see
Tables 7 and 8) and the glucose utlllzatlon on Day 1 (see Table 6)
showed that the glucose and proplona.te utlllzatlon are relatl-vely
similar in the first sin hours. .However, after the'first 6 h, Qluoose
utlllzatlon was greatly enhanced whlle the proplonate utilization
_ remained the same. A comparlson of the rate constants’ for propmnate
and acetate utlllzata.on showed that proplonate utlllzatlon was slower
by a factor of 2. Acetate _and gluoose rate oonstant_s, after the first
6 h of fermentation were sfmilar. ‘These results suggested'that
propionate oxidation after the first.-6 h period on Day 0, was a slower

- process than either the rates of glucose or acetate utilization. - This
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.suggested that propionate oxidation was the rate 'limiti'ng proc'ess.'

These results are inconsistant' with the conclusions of Kaspar and
Wuhrmann (36) where acetate spl1tt:|.ng was. suggested to be rate

lJ.mJ.tlng° , However, more research is warranted to further clarlfy the

- utilization of proplonate in, stressed fermentors.:

ﬁluccseﬁementatmsgﬁ&éiahdﬂﬁlmse

The results from fermentatlon of three dlfferent glucose '
concentrations are showh_ in Figure 16. ~ The general proflles of glucose
and lactate -in'the 2%, 4% and 6% glucose fermentatj,ons did not vary
significantly. The propionate', proflles, however, did show .'variations
within the three concehtrations of glucose. No appreciable amount of
proplonate was produced in the 2% glucose fermentat:.om In the 4%
glucose fermentatlon proplonate was produced, but the proplonate
concentratlon wh1ch dld bulld up, decreased 5 h after the 13C—l—glucose
had been fed. The accumulated prop:.onate in the 6% glucose
fermentatJ.on did not decrease. '

These different proflles seen for the proplonate in the 2%, 4% and
6% glucose fermentatlons are cons1stent ‘with the previous results from
this laboratory. These results shcw_ed.that the 4% and 6% glucose
digestors, propionate accumulated and vfailure occurred wit‘hin‘ 16 d
whereas, 'in the 2%. glucose .fermeritation, Iittle propionate accmnulated

and the fermentor remained productive, . Tt appears from Figure 16 that
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the 2% dlgestor was able to utilize the propionate as it was beJ.ng
produced (or that llttle proplonate was produced from the glucose).
. The 4% and 6% gluoose fermentor showed that either more proplonate was
produced from the glucose, or 1t was utilized slowly (or it could be
the result of-hoth) ThlS prov1ded some insight into the failure wh1ch
occurred in these dlgestors, and supports the tentative oonclusmn
drawn in the previous sectlon that the utJ.llzatlon of propionate
appears to be a very crj.'tical step in the stability of the anaerdbic

digestion process.

The results (not shown) from the proplonate utlllzatlon
experlments demonstrated that ‘the 13C—3—proplonz:1te which was - |
admlnlstered to a dlgestor resulted in a small amount of the label was
present in the methylene carbon of . the propl'onate. These observations
prec1pated the study of the catabollsm of proplonate.l - o

The results of the addltlon of proplonate in..both non-stressed and
stressed fermentors (see Flgures 17, 18 and 19) showed that the 13C
label of the m_ethyl carbon m-proplonate has been randomized. This
randomizing tesulted in the 13C label in the methylene of the |
propionate_. - _ .

The presence _of' the 113C 1abel in the methylene of the propionate

" indicated that .the ran'domizing' pathway has been reversed. The spectrum
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shown in Figure 19 with :the tentative assignments of succinate (not
showng and malate, intermedlates in the randomizing pathway, indicated _
that the randomizing pathvvav- was erﬁployed. The .presence of lactate, an
intermediate .in the acrylate pathway was also present in both the non-
stressed and stressed fermentor mdlcated that the acrylate pathway had
also been reversed. | '

_ These results- suggested that both the acrylate and randomlzmg
pathways Wthh can be used in the anabollsm of propionate were used to
catabollze the proplonate, to the product acetate, The absence of a
resonance for the C-2 of lactate suggested that there are at least two -
different species mvolved in the proplonate catabollsm. The C-2 of
lactate would have become labeled if there had been one speCJ.es
utlllz:mg both the acrylate and randomlzmg pathways. The absence of
the c-2 labeled lactate also suggested that the randomized prop:onate
and succlnate had not been excerted as products into’ the -medla.
ThJ.s would have prov1ded randomlzed proplonate avallable to the -

’acrylate utlllzlng spec1es result:.ng in 13C—2—1actate. 'I‘nese results

. are in need of further 1nves_t1gatlon,




- SUMMARY

The application of 13C;-’nmr ‘s;‘Jectrosocpy has been shown to provide
a useful method to study the metabollsm of glucose in the anaerdbic
dJ.gestlon process. Acetate, 1actate and proplonate, metabolites of
glucose were observed to be Lgoduced frcm the 13c~1-glucose. Kinetic
data on glucose utilizatio‘n_ which was-_obtained cogreséonded well to the
kinetic data from the enzymic.'p'rccedur.es also used. The rate data
obtained on glucose utiliza’tibn was shown to be a fiL_'st order.rate
equation. . The changes obseived in the raté constants in both the 6%
glucose ._and 6% glucose 'plus 1% acetate fermentations indicated'that
enr‘ichment had.occurred in the fermentative ;ﬁopulat‘i‘ons.’ 'Ihere were

no significant c:hanges in the glucose utilization rates between the two

-types of fermentatlons used unt:Ll Day 5. It was observed on Day 5 that

there was 11tt1e 1ncrease in the fermentatlve populatlons in the 6%
glucose fermentors. ThlS suggested that in these fermentatlons ‘that
glucose utlllzatlon had been affected by e1ther changes in the
acetogemc or methanogemc activity, or both.

The metabolic pathways used for ‘propionate and acetate productlon

- were 1nvestlgated. ‘It was found that the acrylate pathway (utlllz:mg

- the intermediate lactate) was predommant in the prcductlon of o

propionate, and acetate was produced from lactate. The production of
lactate from glucose did not appear to'have been a' result -of the
increased H2 concentratlon in ‘the system but was assumed to be due to

the lack of avallable NAD"' ps:esent.
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The relative rates of acetate. utillza‘tion were investigated in 6%
glucose and 6% glucose plus 1% acetate. It was shoWn that acetate
utilization was a first order 'rate equation. The decreasing. rates
obtamed in the 6% glucose fermentatlons over the f ive day experlmental
period suggested that the methanogem.c activity' in these fermentor had

greatly diminished. - However, the 1ncreas1ng rates observed for the 6%

_ glucose plus 1% acetate fermer_ltation indicated that the addition.of

acetate provided enrichlhent of the methanogenic population anc that
acetate splitting was not rate limitihg as suggested in previous |
studies (36). o

The rate' of éropionate util'ization ‘was lnvestigated and was. found
also to be a first order'rate equation. However, the rates which were
obtalned for Day 1 in the 6% glucose -and 6% glucose plus 1% acetate,

and Day 0 allowed no firm conclusmns to be drawn at the esent time

concern.mg proplonate utll‘lzatlon in stressed and non—stressed

fermentations. |

. Acetate anc proplohate ut.i..lization were coaupared in a uon—stressed
fermentor; 'onl-y. -It”was' shown that. the oxidation of propionate . was
slower by a factor of 2 than the acetate spl:.tt.mg. ‘I'hese conclusions
and the results of the rates of glucose utlllzatlon suggested that

proplonate ox1dat:Lon 1s a rate limiting factor in the anaeroblc

digestion process. 'I'h1s would suggest that thlS is part of the problem

whlch confronts dlgestlon eff1c1ency in the productlon of methaneg




The spectra which were obtained after the addition of 13¢-3-
propionate, showed 'the C—Z—propionate, C—3—1actate, succinate and
malate resonances. 'I'he presence of these metabolltes 1ndlcated that
' both the acrylate and randomlzmg pathways had been ut:LlJ.zed in
proplonate catabollsm. Absence of the C-2-lactate resonance suggested
| that there are at least two dlfferent spe01es 1nvolved in the

utlllzatlon of propionate.




APPENDIX 1

130 nvr Parameters o

The experimental ‘pa.réx'nevtes listed below were used in all of the
-13C—§lucose nmr .experiments described in the Materials and Méthods
Chapter. |
sweep width - 20,060 Hz
pulse delay - 1.8 s
pulse width - 10.0
pulse angle - 41° .
receiver galn - 800 -
broad band proton decoupllng, low pass frequency fllter (rejects 250
MHzZ) .
deuterium external lock
data po:.nts used - 8K

The number of scans used, varled for each day of the experiment.
Day 1 experiments scan number was 2520 Days 3 and 5 experlments scan
number for-the first two hours after the 13C—gluoose was - admmlstered
were 280, the following lO.h the scan number were 1680.

The experimeptal pa;ameters.liéted below were used in. all of the

' 13C-aoetate' mr experiments
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sweep width - 20,000
pulse delay — 0.6 s
pulse width - 15.0
pulse angle - 61°
receiver gain - 800
broad band proton decoupling, low péss frequehcy.‘fil.ter (rejects
250 MHz) . |
deuterium extérnal lock
data points used - 8K
scan number - 1000

The experimental pérameters listéd below were used in all of the
13c-propionate miur experiments.
sweep width - 5,000
pulse delay - 0.6 s
pulse width - 15.0
pulse angle - 61°
receiver gain - 800 _
borad band prbton decoupling; low pass frequency filter (rejects 250
MHz) . .

deuterium external lock

" data points used - 4K

scan number 1333 '

| The experimental parameters used in supernant, NOE, and propionate
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‘metabolite experiments were:

sweep width - 20,000

pulse delay - 1.8 s

pulse width - 10

pulse angle -~ 41°

receiver gain - 600

broad band proton decoupling; low pass frequency filter (rejects
250 MHz). | | | o
dueterium external lock-

data points used - 16K °




APPENDIX 2

Chemical Shifts in ppm

Acrylate - CH, = CH - (00~

| 56.7 62.6 135.0 =
Eihangl - Ci3 - CHyOH B

| 17.7. 58.4 -

Butyrate - Ci3 - CHy - éHZ -,CbO
© 13.8 19.3 38.0 nd
Propionate - Cly - Ciiy ~ C0O™

10.8 31.2 185.0
| Acetate - G - 0007 |
- 24.1 182.0 _
Lactate - CHz - CHOH - COO* .

. 20.8 69.4 - 183.3
* Pyruvate - CHy - 00 = C00”

27.1 nd nd
Succipate - ~00C - CH, = CH, =.CO0”

nd - 30.5 nd

Malate - ~0OC - CHOH - CH, — €00~

nd  67.5 39.6 nd
Bicarbonate -~ HOO3
© 161.0




APPENDIX 3

MJ.cro-programs used on the spectrometer.

The following mlcro-program was used for the glucose experlments,

with the parameters llsted 1n Appendlx 1.

' Day 1 - program ZE - zeros the number of scans

GO - 'starts to accumulate the FID*

WR FILE - write the FID onto disk - '

IF FILE - 1ncred1ments the flle

101 TIMES X~ collects FID for X tlmes

Day 3 and 5 programs
1
2

PJ PARA Reads parameters for flrst 2h perlod

~-IF PARA - Increments parameter table to the

parameters for last 10 h perlod

ZE -~ Zeros the FID-starts st 2 h perlod

.-GO - starts the accumulatlon

WR FILE - writes the FID in a FILE-
IF FILE - increments the FILE
LO 3 TIMES X - collects FID for X times in the 2

h period

RJ PARA -~ reads the parameter listing for 10 h

. period

ZE — zeros the FID
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11
12
."13

- 14
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GO - starts accumilation
WR FILE - writes the FID

IF FILE - inCrements the FILE

IO 9 TIMES Xl‘— loop to step 9; X times = collect

" . FID for X times in 10-h period.

EXIT - stops the program

The following microjproér.am was used in both the 1:”C—pfopionate and

13C—-aoe£até experiments.

1
2

3

%E — zeros the FID
Dl - a delay period
GO - starts the accmnuiatibn .

WR FILE - WRITES the FID onto the disK -

| IF FIIE - incrediments the FILE:

L0 1 TIMES X -~ loop to step 1 to start the -

acb;uistions of the acéumulatipns

' -*Ff[b - free inductioh decay - a sum: of radio_eruency pulses.




- APPENDIX 4
The Nuclear Overhauser Effect-

. The nuclear Overhauser effect (NOE) is the intensity change of the

. nmr signal which occurs when carbon nuclei are in close proximity to .

proton nuclei which have been perturbed by 1rradiation (66). The
maximum 1ncreased enhancement of a 51gnal which can result from the NOE

is 2.987 in a 3¢ proton decoupled spectra. However, the enhancement

‘due to the NOE on different carbon resonances ‘can’ vary depending on the
‘relaxation mechanisms present and the 1nternuclear distance. For the '

'maximum NOE enhancement, the internuclear distance must be short and

the relaxation mechanism present must be only that of dipole-dipole
interactions (29).

Carbon nuclei possesses two relaxations processes. D spin-lattice

"(Tl) relaxation and 2) spin—-spin (Tz) relaxation. These relaxation

processes allow the spin populations in the B¢ nuclei, which have been

perturbed by an electronic pui,se in a magnetic field, to return to

their equilibrium state. .The Ti ,process affects the' z.-'component of the
magnetization process and'Tz aiifects the x and y components of t‘he
magnetization (29). 'I-he. Ty relaxation processes are of' primary concern
to the NOE, therefore this d1scuss1on will mclude only Tl mechanisms
which .are of most concern to the NOE.

The two pr1nc1ple mechanisms which contribute to the Tl relaxation

process and affect the NOE are. 1) dipole—dipole and 2) spin-rotation.

The principle relax'ation mec_'hanism in carbon atoms ‘containing directly
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bonded protons is the dipole-dipole mechanism (1). The NOE is
dependent on this T; relaxation mechanism (42). The spin-rotation
relaxation mechanism is important in small symmetrical molecules. When
the spin-rotation mechanism is the principle T, relaxation process, the
overall relaxation time increases and the enhancement from the NOE does
not occur. Signals arising fram 13C nuclei affected by this relaxation
mechanism are usually lowered in intensity (1).

The enhancement of the NOE is a result of an increase in the spin
populations in the lower energy levels in the 13¢ nuclei (E2 and E4 see
Figure 20). When 18 nuclei are fully irradiated, the population in the
higher energy levels, El and E2, are increased. The transitions Wy and
Wy fram E2<«—E3 and El<—>E4, respectively, are normally forbidden in
absorption irradiation. However, when dipolar—dipolar relaxation
mechanism is present (which is a radiation independent mechanism) the
Wp and W, transition are possible. These transitions (Wp and W) allow
the populations of the E3 and E4 energy states to increase. Thus,

enhancement of the carbon signal due to the NOE will result (66).

Figure 20. Representative energy levels in 13¢ and 18 nuclei.
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