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      While the making of sourdough bread is fundamentally simple, mastering great bread is another thing entirely. A
whole symphony takes place during fermentation as a baker guides the tempo evoking more, or less, from each of the
various sections at all the right times. This orchestra has a yeast section setting the rhythm with carbon dioxide from
alcohol fermentation; bacterial sections contributing flavor notes of lactic acid fermentation; and flours adding their
biochemical accompaniments to the music. Each section interacts with and plays off of the others, and the baker's role
is keeping it all synchronous in order to elicit something harmonious and pleasing. But conductor, or maestro; to me,
this is the distinction between baker and true artisan. Perhaps the only essentials are passion, experience and skill, all
wrapped up in a bit of natural talent. Discerning senses, and keen powers of observation coupled with good intuition are
sufficient without need for knowing any of the science. But understanding a bit about metabolic pathways just might
help you to reach new levels. It won't take away or even lessen the magic of a great loaf of bread. Knowledge enhances,
and learning more about the secret life of microorganisms can only add to the wonder.

Sugar Structure

As carbo-hydrates, sugars are made up of carbon (C) and
water, which is composed of hydrogen (H) and oxygen
(O). The hydrogen and oxygen atoms are arranged in
various configurations around a chain of carbon atoms
which form the structural backbone of the molecule. The
carbon chain may be various lengths, but sugars common
in bread fermentations are 5- and 6-carbon types, referred
to generically as pentoses and hexoses respectively.
Glucose and fructose are examples of hexoses. The
pentoses in bread are xylose and arabinose.

              
      Glucose       Fructose      Arabinose      Xylose  

Pentoses and hexoses can exist in the chain form, or in a
ring structure which forms when dissolved in water.
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         Fructose                              Suc rose

Single sugars, or monosaccharides, are often linked
together into larger carbohydrates of two or more units.
Disaccharides, containing two sugars, are important in
bread fermentations. Maltose, which is made up of two
glucose molecules, is the free-form sugar most abundant
in dough. Sucrose, another disaccharide present in flour,
consists of one glucose and one fructose.

–Sugars illustrated by Antonio Zamora. For a more complete
explanation, with diagrams of starches and pentosans, please see
his lesson,  “Carbohydrates - Chemical Structure” at: 
http://www.scientificpsychic.com/fitness/carbohydrates.html

What are metabolic pathways?

A metabolic pathway is a sequence of chemical
transformations in step-by-step progression. It is the route
from a starting point to a destination, but rather than how to
get from one place to another through a series of direction
changes, a metabolic pathway maps how an organism turns
one thing into another through a series of chemical changes.
The major pathways of sourdough fermentation start with
sugar and finish as various end-products, with several
intermediate compounds formed along the way. The changes
are incremental, and come mainly in the form of small
additions to, subtractions from, or simple rearrangement of
the molecules as one thing is converted to the next. Their
names look intimidating, but don’t let that deter you, because
knowing their chemical reactions and what all the compounds
are isn’t necessary here. What is important is recognizing that
although the process is very complex, the overall purpose is
simply to produce energy for the organism. Like all living
things, microbes need energy to perform the tasks that enable
them to live, grow and multiply.

Some pathways generate more energy than others.
Through respiration, glucose and oxygen are turned into
carbon dioxide and water via the Krebs cycle, also called the
tricarboxylic acid or TCA cycle. You may have seen it before
if you’ve studied biology, because it’s the same pathway we
humans use. It is aerobic, meaning that oxygen (O2) is

involved, and it generates far more energy than any
fermentation pathway. When oxygen is available, respiration
is favored by facultative anaerobes like yeasts, because
microorganisms are efficient, and they’ll use whichever
pathways benefit them the most overall in the prevailing
conditions. Fermentation is an important alternative, because
bread dough is anaerobic for the most part, and fermentation
doesn’t require any oxygen. When yeasts ferment sugars,
they produce alcohol (ethanol) in addition to carbon dioxide.
Fermentation produces much less energy than respiration, but
it allows microorganisms to carry on when no oxygen is
available; or they lack the ability to respire as is the case for
lactobacilli.

Bacterial fermentation of sugars is more varied than
fermentation by yeast. Bacteria produce organic acids that
contribute – for good, and bad – to the quality of bread.
Controlling acid balance and degree of sourness is something
that artisan bakers strive to do, so it may be useful to under-
stand where the acids come from and how their production
can be influenced by things that are within the baker’s
control. In yeasted dough, acids come in relatively modest
amounts from the yeast, dissolved CO2 forming into carbonic
acid, and from naturally occurring bacteria present in flour
and bakers’ yeast.1 By comparison, sourdough starters contri-
bute significantly more acid-producing bacteria.

There are many different species and strains of bacteria
found in various types of starters, and because they produce



All of the pathways in this discussion are glycolytic pathways.
Glycolysis is the conversion of glucose to pyruvate, which is the
springboard to both respiration and alcohol fermentation in yeast, to
lactic acid fermentation in LAB, and to many biosynthetic pathways
(manufacture of compounds used in other life processes). Oxygen is
not required, so glycolysis is especially important to microorganisms
that ferment sugars, like the yeast and bacteria which grow in the
anaerobic environment of sourdough.

Homofermentative lactobacilli share the same glycolytic
pathway with yeasts, the Embden-Meyerhof-Parnas, or EMP
pathway. But in contrast to alcohol fermentation, pyruvate is reduced
to lactic acid. In either of the two pathways here, the sugars are split
into smaller molecules—two identical 3-carbon units (glyceraldehyde-
3-phosphate) in the EMP pathway, or a 3- and a 2-carbon unit in the

heterofermentative pathway. The 3-carbon pieces all follow the same
path to become pyruvate and then lactic acid, while the 2-carbon
acetyl-phosphate on the other side of the heterofermentative pathway
can become either ethanol or acetic acid.

Glucose is not the only sugar that can be utilized. With
appropriate enzyme systems, other sugars can be converted into
glucose or one of the intermediates in the pathway such as glucose-6-
phosphate (or in the case of pentose sugars, ribulose-5-phosphate).
The ability to use other sugars varies by species and strain. Most
sourdough lactic acid bacteria readily ferment glucose, but Lactoba-
cillus sanfranciscensis is one exception. Instead, it separates maltose
into a glucose-1-phosphate and a glucose. The former is then
converted to glucose-6-phosphate to enter the heterofermentative
pathway, and the glucose portion is generally excreted from the cell.

lactic acid while fermenting sugar, they are called lactic acid
bacteria, or LAB. Lactic acid bacteria found routinely in
sourdoughs include members of Leuconostoc, Pediococcus,
Weissella and other genera. But by far, the most prevalent
species belong to the very large and diverse genus,
Lactobacillus.

Lactic acid bacteria are characterized by the way they
ferment sugars. Rest assured that while the terms may look
impossibly long and technical, they are really just self-
descriptive. Take homofermentative LAB for example.
Homo-, meaning all the same, refers to the end product of
fermentation (by lactic acid bacteria) which is only, or all
lactic acid. Heterofermentative then means different or mixed
end products. As lactic acid bacteria, heterofermentative LAB
produce lactic acid, but they also produce carbon dioxide,
alcohol or acetic acid as well.

Based on these two fermentation types, sourdough
bacteria are sorted into three groups: obligately homo-
fermentative, obligately heterofermentative, and facultatively
heterofermentative. Facultative means under some condi-
tions, but not others. The facultative heterofermenters aren’t
restricted (obligated) to one pathway as are the other two,
because they are capable of both. But which pathway they
use is dependent upon which sugars are available.

The nitty-gritty bits

Sugars that can be fermented, and their end-products, are
variable from one species of LAB to the next. But the key lies
in the structure of the sugar — particularly the number of
carbon atoms in the backbone of the molecule:

  P Homofermentative LAB can ferment only 6-carbon
sugars. In the homofermentative pathway, a hexose is
processed and split into two identical 3-carbon pieces
which are passed down through the reaction sequence
and transformed into lactic acid molecules.

  P In contrast, heterolactic fermentation is based on 5-
carbon sugars. Pentoses may be used directly, although
more often, a hexose is cut down by removing one of its
carbons. The extra carbon is cast off in the form of
carbon dioxide, and the remaining 5-carbon molecule is
split unequally into one 3-carbon and one 2-carbon unit.
The 3-carbon piece is turned into lactic acid via the
same route as in the homofermentative pathway, and the
2-carbon piece will become either ethanol or acetic acid.



Up to this point, heterolactic fermentation doesn’t
produce as much energy as homolactic, but it does give
heterolactic acid bacteria an advantage over the obligately
homofermentative LAB which cannot utilize pentose sugars.
Additional energy can be produced by turning the 2-carbon
piece into acetic acid, but it requires the assistance of another
substance. The term for this is co-metabolism, meaning that
two substrates are used simultaneously — a hexose for its
carbon backbone (the “carbon source”), and a co-substrate to
facilitate the generation of additional energy in turning the 2-
carbon fragment to acetic acid. In the absence of co-
substrates, the 2-carbon piece is turned to ethanol instead. But
there is an exception: when pentose sugars are fermented
(used as the carbon source), acetic acid may be produced
without co-substrates.2

Because they have a competitive edge in sourdough,
heterofermentative lactobacilli usually dominate traditional
starters — those refreshed frequently at ambient temperatures
to maintain leavening.3 The strictly homofermentative LAB
tend to fade away, being only transient in the initial creation.
They often don’t persist in established starters. Homo-
fermentation taking place in traditional sourdough is mainly
the work of facultatively heterofermentative species.

Connecting the dots

To make sense of all this technical information and put
it to practical use, let’s take a look at things from the bacterial
perspective. Heterofermentative LAB love co-substrates,
because with them they can squeeze more energy out of the
sugars they're fermenting. Sourdough bacteria have various
metabolic pathways that they utilize depending on type of
LAB and the raw materials present in their surroundings,
which for unenriched doughs, depend upon the flour and the
activity of enzymes. They’ll use the pathway which generates
energy most efficiently within their abilities and resources.
Heterofermentative LAB prefer the route to acetic acid
because it generates an extra ATP of energy. But it requires
the help of a co-substrate. If no co-substrate is available, they
must go a different route — the path to alcohol for obligately
heterofermentative LAB; and homofermentation for the
facultatively heterofermentative LAB. Keep in mind that
they're all heterofermentative, and capable of producing
acetic acid when they have the raw materials to do so.

But, where do co-substrates come from? Although
several things may be used to the extent that they are present,
not all species or strains can utilize all of them. This is

genetically programmed and variable from one organism to
the next. A co-substrate can be one of a number of things
including oxygen, citrate, malate, short chain aldehydes,
oxidized glutathione,4 fructose, and 5-carbon sugars.
However, most of these substances are not present in lean
white flour doughs in relevant amounts. While these are all
that I've come across so far, there may very well be others
that haven't been recognized yet or that I haven't read about.
Some of them, like citric and malic acids, are used as dough
additives or part of a conditioning mix. Although oxygen has
been found to increase acetic acid output in pure cultures
growing on laboratory media, it is largely unavailable to LAB
in real doughs, because yeast get to it first. The most
important co-substrate in lean, white-flour dough is fructose,
a simple sugar locked up in some of its complex carbo-
hydrates. But, how to unlock it ...

Now here is the interesting part. Yeast produce enzymes
which break down fructose-containing substances. Because
this happens in the watery space outside the cell membrane,
the sugar may also be taken up by other organisms in the
vicinity. This is why lower temperatures increase the ratio of
acetic acid to lactic acid. Not because heterolactic acid
bacteria grow faster at cooler temperatures – they don’t5 – but
because yeast are slowed less by cooler temperatures than
LAB relatively speaking. In retarding, bacteria ferment
sugars more slowly, which reduces their demand for
co-substrates. At the same time, because demand is going
down faster than supply, fructose is becoming more available
in proportion. That means even though fermentation is slower
overall, a higher percentage of the maltose can be fermented
to acetic and lactic acid; and less to ethanol and lactic acid, or
all lactic acid (homofermentation).

Low hydration works the same way — it slows the
bacteria more than it slows yeast. Yeast are less sensitive than
LAB to just about every other aspect of sourdough except
acetic acid concentration. But these factors have only an
indirect influence on acetic acid production because of the
way they affect fermentation rates of yeast and bacteria in
relation to each other.

To increase co-substrates more directly, look to rye and
whole grain flours. Whole grains have more fructose-
containing substances in the form of inulins and fructo-
oligosaccharides (FOS). And like rye, they are higher in
pentosans.6 Pentosans are chains of the pentose (5-carbon)
sugars – xylose and arabinose – similar in the way that
starches are chains of glucose. Pentoses can be used as
co-substrates by some of the common sourdough LAB.

You've probably noticed that your sourdough breads get
tangier when you add rye or whole grain flours. But it's not
just the inulins, the FOS, pentosans, and more natural
enzymes in whole grains to unlock them; these flours are also
higher in ash.

The influence of ash level should not be underestimated,
because it sets a ceiling on total acidity. Ash corresponds to
a flour’s mineral content as measured by the amount of
residue left after incineration. Mineral compounds form a
natural buffer system, and so buffering capacity of the dough
is directly related to ash content. The higher the ash level, the
more buffering capacity. The higher the buffering capacity,
the more acid the dough can hold before the pH drops to the
point that it slows or stops LAB and their acid production.
Your tongue registers acid by concentration; this is how you
sense degree of “sourness.” In contrast, LAB are sensitive to
the pH. Bacteria cannot produce as much acid in a low ash
flour as in a high ash one, because it is not as effective at
holding the pH while absorbing the acid. This is why ash
level is a limiting factor for lactic and total acidity. (Whereas,
Co-substrates are the limiting factor for acetic acid.)

Expanding the view

Contrary to myth, species that grow in sourdough
starters are not tied to geographic location, but rather to
traditional practices in different regions. Starter maintenance
differs from culture to culture and place to place depending
upon the types of flours available and style of breads that
evolved to complement the local fare. Several organisms go
into the mix, but the environment created inside the starter by
temperature and maintenance routines is what sorts them out.
In type I, or traditional sourdoughs (i.e., maintained by
frequent refreshment at room temperature), the obligately
heterofermentative species, Lactobacillus sanfranciscensis is
one of the more common — not just in San Francisco where
it was first discovered, but all around the world. And so it
deserves a closer look.

Lactobacillus sanfranciscensis is fairly unique among
the obligately heterofermentive lactobacilli in that it ferments
no pentose sugars. And unusual among lactic acid bacteria in
general, because it prefers maltose over glucose. But it does
utilize fructose along with maltose to produce acetic acid.
Lactobacillus sanfranciscensis turns maltose into a glucose-
6-phosphate to enter the heterofermentative pathway, and a
glucose which is excreted back into its surroundings. This is
a good arrangement for common sourdough yeasts, since



1. The yeast manufacturing and packaging process strives to maintain purity, but it isn’t possible to achieve perfection at such a grand scale. After instant yeast is dried, no more growth will occur
until water is added to bring it back to life. Fresh yeast can have more contaminants because the moisture content allows microorganisms to continue growing after packaging and being shipped from
the plant, albeit slowly at the recommended holding temperatures. And, whole grain flours carry more microorganisms than refined, because they are associated with the outer bran layer, which is
removed in the refining process.

2. These pathways consume a coenzyme called NAD+ (nicotinamide adenine dinucleotide), which is essential to the process and must be recycled in order for fermentation to continue. When a 6-
carbon sugar is fermented through the heterofermentation pathway, an NAD+ is consumed before the extra carbon is kicked out as CO2. Ordinarily it is regenerated when acetyl-P is directed down the
path to ethanol. Alternatively, NAD+ can be regenerated in the side reaction involving a co-substrate — to balance the books, so to speak, when acetate is produced. This is thought to be the co-
substrate’s real function in the process. Because fermentation of a 5-carbon sugar by-passes the first part of the pathway, there is no need to regenerate the extra NAD+.

3. Homofermentative LAB dominate industrial type sourdoughs, which are typically held at high temperatures over long ripening times. Yeast fade away under these conditions, and so commercial
yeast is added to doughs for leavening.

4. Note that oxidized glutathione (GSSG) in dough may be utilized as co-substrate during heterofermentation, in which case it is converted back to the reduced form (GSH) that interferes with
disulfide cross-linkage of gluten proteins. Its impact on rheology is probably more significant than acetic acid production; heterofermentation tends to slacken doughs.

5. Sourdough lactobacilli prefer wetter doughs a bit on the warm side, many growing fastest at about 90ºF or a little higher.

6. Because they occur mainly in the outer layers of wheat and other grains, inulins, FOS, pentosans and enzymes are largely removed in the milling of refined flours.

7. Many sourdough microorganisms are subject to something called glucose repression, a self-regulating mechanism which turns off fermentation of other sugars when glucose is present. So long as
enough glucose remains available, they’ll leave maltose alone.

maltose is the most abundant sugar in wheat doughs, and
many lack the ability to break it down for themselves. The
yeasts and other bacteria that can ferment maltose, generally
prefer glucose,7 and so by providing glucose to competing
organisms, Lactobacillus sanfranciscensis actually helps to
conserve the maltose for itself. This is just one of the ways in
which it (and a few others that share this behavior) get along
well with other sourdough microorganisms, and perhaps one
of the reasons it is found so often.

Alternate pathways are a recurring theme in the
microbial world, because microorganisms have less ability to

control their environment or to leave when conditions
become difficult. They sometimes have to switch gears to
survive. Within their capabilities and resources, lactic acid
bacteria utilize whichever fermentation pathways benefit
them most. In order of preference, the hierarchy seems to be
heterofermentation with co-substrates (forming lactic acid
and acetic acid), followed by homofermentation (all lactic
acid) and heterofermentation without co-substrates (lactic
acid and ethanol).

While traditional sourdough starters often support one
or more strains of Lactobacillus sanfranciscensis, it can fre-

quently be found in combination with the facultatively
heterofermentive Lactobacillus plantarum, many strains of
which can utilize at least one pentose sugar either as a carbon
source or as a co-substrate. But various other obligately and
facultatively heterolactic acid bacteria are also quite common.
Sourdough starters are sensitive ecosystems with complex
associations of lactic acid bacteria, and the combinations can
be highly variable from one starter to the next. Lactic acid
fermentation is as complex and varied as the organisms
involved. And that means that sourdough processes should be
optimized on a starter by starter basis.
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