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CHEMICAL INVESTIGATIONS
OF THE TOBACCO PLANT

IX. The Effect of Curing and of Fermentation on the

Composition of the Leaves

Hubert Bradford Vickery and Alfred N. Meiss!

Part |

INTRODUCTION

The process whereby the fresh green leaf of the tobacco plant is
converted into a form suitable for use in cigars consists of two main
operations. The leaves, either picked singly from the plant (*“primed”)
or harvested by cutting the stalk at ground level, are first allowed to cure
by being hung in specially designed barns or sheds with maximal exposure
to the air so that the greater part of the water can evaporate. A complex
sequence of chemical reactions which affect the entire composition of
the leaf accompanies the dehydration process, and it is with the details of
thess reactions as they are observed in Connecticut shade-grown tobacco
used for cigar wrappers that the first part of the present bulletin is con-
cerned. After the proper stage of dehydration and curing is attained, the
leaves are packed tightly together in large rectangular piles called “bulks”,
which are roughly 6 x 12 x 5 feet and contain 3,000 to 4,000 pounds
of leaf, and what is known as “fermentation” is allowed to take place.
The second part of this bulletin deals with the chemical changes that
then occur.

A widely different technique is used to prepare tobacco leaves of
certain of the varieties used for the manufacture of cigarettes. These
are usually cured in small square barns fitted with flues through which
the hot gases from oil or wood fires are passed. The temperature at which
the cure is carried out is carefully controlled and, at the point at which
the leaves have become yellow, is rapidly raised so that the cells are
killed. Nearly all of the remaining water in the leaves has been driven
off when the proper stage is reached. Subsequently, the leaves are re-
humidified and packed in hogsheads in which they are aged over a period
of one to two years.

1 Present address: Department of Soils, New Jersey Agricultural Experiment Station,
New Brunswick, N. J.
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There are many variants! of these two main methods for the curing
of tobacco, and both the curing and the fermentation or aging steps involve
broad experience and extensive practical knowledge if they are to be
successfully conducted. Failure to control the conditions properly at any
stage of the procedure is apt to diminish the value of the product and
may result in its complete loss.

The variety of Nicotiana tabacum known as Connecticut shade-grown
tobacco is produced on soils found mainly in the valley of the Connecticut
River and is raised under shade-cloth tents. It is used almost exclusively
for cigar wrappers. In the season of 1949, there were about 10,000 acres
of land devoted to this crop, and its care and management represent a
highly specialized form of agriculture.

The leaves are picked two or three at a time from each plant as
they successively reach a stage of development recognizable by experts
as technical ripeness. They are then taken to a curing barn and strung
on cords attached at each end to wooden laths. About 40 leaves are
suspended from each lath and the laths are arranged on racks of which
there are usually seven tiers in the barn. A single barn provides room
for about 20,000 laths or, roughly, 800,000 leaves.2

THE CURING PROCESS

The curing process consists essentially of the slow evaporation of
the greater part of the water associated with the organic and inorganic
solids of the living leaf. At the beginning, there are approximately 900
parts of water to 100 parts of solids; at the end, there are from 20 to 25
parts of water to 100 parts of solids and thus about 97 per cent of the
initial water content of the leaves is ultimately removed. The proper
management of this operation consists in establishing conditions in the
curing barn such that evaporation proceeds at a favorable rate. During
the early stages, it is customary to employ a moderate degree of artificial
heat in the form of charcoal or gas fires on the floor of the barn; this
is especially necessary in periods of humid weather. At the end of the
process, which requires about two months, a day is selected when the
humidity is high and the leaves are flexible and easily handled. Each
lath is taken down, the leaves are bound into “hands”, and the hands
are packed in cases for transport to the warehouse where they are sub-
sequently fermented in bulks, “mulled” in cases and graded. After being
sorted for length, they are finally compressed into bales for marketing.
The entire process usually requires more than six months in addition to
the time required for curing.

Although the evaporation of water is by far the major change that
takes place during the curing of tobacco leaves, at least in terms of the

! For example, Pennsylvania filler tobacco is stored for about a year after being
cured (“storage fermentation”), and is then brought to a carefully determined
moisture content and allowed to ferment for a number of successive periods in
bulks or cases in a warm room. This last process is allowed to go much further
than is the case with Connecticut shade-grown tobacco destined to be used as wrappers.
2 A typical barn is 32 feet wide by 160 feet long and will accommodate the crop
from about 5 acres of land, The fresh leaves will weigh about 36 tons and the cured
leaves about 4,800 pounds.
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quantity of material involved, it is only one of a complex sequence of
events. Evaporation of water is essentially a physical process; accompany-
ing it are other purely physical changes such as shrinkage and crumpling
of the tissue, and the changes in color from the brilliant green of the
fresh leaf to yellow and finally to a golden or light brown with occasional
leaves showing greenish or reddish tones. The cured leaf reaches a stage
at which it is remarkably responsive to variation in the humidity of the
air to which it is exposed. At low humidity, water is given up and the
tissue becomes crisp and easily broken so that it cannot be handled with-
out damage. At a high humidity, water is quickly taken up and the leaf
becomes soft and flexible, and is tough enough to be handled with ease.

These changes in physical properties are accompanied by a complex
series of chemical changes that occur within the cells of the leaves. When
the leaves are first hung up in the curing barn, they are still living
organisms; respiration is evidenced by a substantial loss of organic solids
which continues for a number of days, and the enzymes of the cells
continue to play their part in the stimulation of innumerable reactions,
although it is obvious that most of these reactions take place in the
direction of decomposition of the normal components of the cell. The
outstanding changes involve destruction of the pigments, losses of the
carbohydrates, extensive digestion of the proteins to water-soluble nitrog-
enous substances and various transformations of these which result in
the formation of amides and ammonia. Frankenburg (5) has recently
reviewed the literature of tobacco curing and points out that the com-
ponents of the green leaf and the changes they undergo during curing can
be conveniently discussed under three broad headings. The Static Group
includes components that change but little or not at all: included are
the cellulose that forms the cell walls and which represents the main
component of what is determined analytically as the so-called crude fiber;
the pectins and pentosans, which are substances allied to the carbohydrates:
a part of the ether-soluble components, which include a widely diversified
group of substances such as hydrocarbons and waxes, higher alcohols,
oils, resins, pigments, and phenols; and, finally, such other components
as polyphenols, tannins, glucosides, and doubtless many other kinds of
substances of as yet unrecognized chemical nature. Frankenburg includes
oxalic acid in the static group because, although it belongs chemically
with the other organic acids that can be extracted by ether from an
acidified sample of tobacco leaf tissue, it exists in the leaf mainly as
insoluble calcium oxalate and undergoes no detectable change during
curing.

The Nitrogen Group of Frankenburg includes the proteins together
with the amino acids, peptides, amides, and ammonia, the alkaloids,
the nitrate’ which often makes up a substantial fraction of the soluble
nitrogen in shade-grown tobacco, and a fairly small relative quantity of
nitrogenous substances in which would be included such known com-
ponents as adenine and choline together with doubtless a large number
of substances of unknown nature. Most of the substances in the nitrogen
group are extensively affected by the process of curing.

Finally, Frankenburg recognizes a Dynamic Group in which are
included the most reactive of the non-nitrogenous substances found in
the leaf. Perhaps the most important members of this group are the
organic acids such as malic acid, citric acid, and succinic acid, the trans-
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formations of which are today recognized as lying at the foundation of
our understanding of respiration, and the carbohydrates such as starch,
glucose, and sucrose. In addition, there is a substantial proportion of
substances of unknown chemical nature which must be placed in the
dynamic group because of the effect of curing upon them. According
to Frankenburg’s estimates based on a thorough survey of the literature
and of data secured in his own laboratory, the static group makes up
about 45 per cent of the solids of cigar-type green tobacco leaves, the
nitrogen group about 24 per cent, and the dynamic group 31 per cent.
The process of curing thus brings about chemical changes in more than
one-half of the organic substances in the tissues.

Unfortunately, few of the kinds of chemical changes that take place
in tobacco leaves during the process of curing can be detected and de-
scribed in definite chemical terms. Analytical methods that are both
specific and sensitive have been developed for only a few of the more
important components of the leaf, such as nicotine, and for protein,
asparagine amide, and ammonia nitrogen, for oxalic, citric, malic, and
succinic acids, and for starch and the ash components. Reliance is placed,
for the most part, on what may be called “group” methods or indirect
methods. Such, for example, are the methods for total nitrogen, for
amino and amide nitrogen, and for the simple carbohydrates that are
reported as glucose and sucrose, but which in fact are merely determina-
tions of reducing power under circumstances that make it probable that
these specific sugars are being determined. Even less satisfactory, with
respect to the possibility of precise chemical interpretation, are such
determinations as those of total solids, ash, soluble solids, and soluble
nitrogen, ether-soluble solids, and so forth. Although many important
inferences can be drawn from the changes in such factors, exact state-
ments that can be expressed in the form of chemical equations are for the
most part impossible.

Nevertheless, in spite of the uncertainties involved, it has seemed
desirable to study the chemical changes that occur during the processing
of tobacco in as much detail as possible in the hope that light may be
thrown on the nature of the events that take place. This is the more
necessary since the problem was first investigated in this laboratory some
20 years ago (41, 42, 43) with interesting results, but the inadequacy
of the methods available at that time was such that further work was
suspended. Today, with better experimental methods at hand, a recon-
sideration of the matter is appropriate.

OUTLINE OF EXPERIMENT

It was desired to learn as much as possible about the chemical
changes that occur when leaves of Connecticut shade-grown tobacco are
cured in a barn under customary commercial conditions and are then
fermented in a “bulk” along with a large quantity of similar tobacco,
stored under the usual conditions and finally graded and prepared for
market. To obtain this information effectively, three separate sets of
samples collected from a uniform stand of tobacco plants in the field
are necessary, one for the immediate study of curing, one to be cured
along with the first and then used for the study of fermentation and
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storage, and a third to be cured and fermented together with the first
two and then graded and prepared for market and used for the study of
the composition of the several grades.

The general technique employed for such experiments consists of
the collection of a group of samples of green Ileaves in such
a way that each sample resembles every other sample in the group
as closely as possible in initial chemical composition. One of the
samples is at once dried and prepared for analysis to furnish a base line
or starting point and the others are strung on laths in the usual way for
curing. Single samples are then removed from time to time, dried, and
prepared for analysis. When analytical data for the entire set of samples
have been obtained, it becomes possible to plot the composition of the
successive samples on a scale of time in such a way as to show the
behavior of each of the components for which analytical methods are
available. Interpretation in chemical terms of some of the changes then
becomes possible.

The analytical data for each separate sample are computed in terms
of one kilo of the fresh weight of that sample at the time of collection.
Only when expressed on such a common basis are the data for the
individual samples strictly comparable, for it was only at the time of
collection that the samples were identical in composition; and the only
experimentally determined datum that can be conveniently obtained at
the time of collection is the fresh weight. Other methods of expression
are possible; for example, the data may be computed in terms of a unit
area of the leaves. The disadvantage of this is that the determination
of the area of leaves is a troublesome and inaccurate procedure and,
moreover, has no special advantage over the determination of the
weight. Expression of the data in terms of a percentage of the dry
weight at each stage of the curing or fermentation is not a sound proce-
dure unless corrections are applied to allow for the change in the quantity
of solids that takes place during the process. Such corrections are difficult
to estimate (with accuracy) and apply, and lead to no clear advantage
over the method adopted in the understanding or presentation of the
data. Expression of the data in terms of a definite number of leaves or
plants is inappropriate in the present case,

Sampling Plan

The problem of collecting a group of samples of plant leaves in
such a way that each sample is identical in composition at the start is
manifestly a difficult one and considerable attention has been given in
this laboratory to the development of methods whereby the ideal of
precise identity in composition can be approached as closely as possible.
An analysis of the problem carried out by Dr. C. 1. Bliss (40) suggested
that errors in the results of chemical analyses of separate samples that
are presumed to be identical in composition arise from two main sources.
One of these is the normal variation in the results of the analytical
procedures in the laboratory. This can be estimated from the statistical
analysis of analytical determinations carried out in duplicate. Attention
must be paid to the technique of the analysis so that there shall be no
subconscious bias in the mind of the chemist, when making a titration
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for example, from the results of the titration of the previous duplicate
sample. Thus, duplicate analyses should be obtained by making single
determinations on each of a set of samples and then repeating the entire
set of determinations, preferably taking the samples in a random order.

The second source of error arises from actual variation in the plant
material itself. This may be studied by comparison of groups of samples
collected by different sampling technmiques. Analysis of the data, after
segregation of the analytical error, should then lead to a judgment on the
relative desirability of one or other of these sampling techniques.

In dealing with collections of leaves, it seems reasonable to assume
that variability between any two samples has a component contributed by
the individual plant and one contributed by the position of the individual
leaf on the plant, since the age of the leaf is a function of position. In
addition, there should be a random component dependent upon factors
other than the variation of the individual plant or that due to leaf posi-
tion. Accordingly, to collect samples of leaves that resemble each other
as closely as possible in initial composition, steps should be taken so
that each plant and each leaf position on the plant shall be equally
represented in each sample. Samples secured in this way will not be exactly
identical in composition because of the presence of the random component
of variability, but they should approach identity more closely than samples
collected on any other assumption of the sources of variation. The problem
can be reduced, therefore, to the consideration of methods whereby leaves
can be collected so that each plant and each leaf position are equally
represented in each sample.

A simple example of how this can be done may help in following
the more complex procedure employed in the present investigation. Sup-
pose that the problem is to collect five samples of five leaves each from
five plants. The five leaves to be taken are numbered in order up the
stalk and the five plants are also numbered. Then leaf 1 from plant 1
is placed in sample A, leaf 2 in sample B, leaf 3 in sample C, and so on
until all five leaves from the first plant have been collected. Then leaf 1
from plant 2 is placed in sample B, leaf 2 in sample C, leaf 3 in sample
D, and so on, leaf 5 being placed in sample A. Leaf 1 from plant 3 goes
into sample C, and so forth in sequence; leaf 1 from plant 4 into sample
D, and so on, and, finally, leaf 1 from plant 5 goes into sample E, leaf 2
into sample A and so forth. At the end of the process, there are five leaves
in each sample, one of which has come from each plant and one of these
leaves was taken from each leaf position. If it is necessary to have larger
samples, 10 or 15 or some other multiple of five plants can be used, or,
for other types of experiments, 10 or 15 leaves would be taken from each
plant according to a similar sequential process.

It is clear that the necessity of preserving an exact balance among
several factors restricts the relative numbers of plants, leaf positions,
and samples that can be used, for these must be numbers that are in
general integral multiples of some selected small number. This is no
great disadvantage, however, and the procedure is easy to design and
apply in any specific case.

From the mathematical point of view, the plan of collection is
based upon what may be called a systematized Latin square. It is systema-
tized in order to facilitate the actual picking of the leaves. An ordinary
randomized Latin square may also be used but is more difficult to apply
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in practice. A diagram of the scheme is as follows, the letters within
the rectangle, which is the actual Latin square, representing samples into
which each of the designated leaves is placed.

Plant 1 Plant 2 Plant 3 Plant 4 Plant 5
Leaf 1 .. ... A B C D E
Leaf 2 B C D E A
Leaf 3 ...... C D E A B
Leaf 4 ...... D E A B C
Leaf 5 ... E A B C D

In the present case, the number of leaves that can be conveniently
strung on a lath, namely 40, was the starting point in designing the
method of sampling. This was also a convenient number of leaves to
make up a single sample as it would yield approximately 125 gm. of
dry tissue which was estimated to be sufficient for the analytical studies.
It was desired to have the samples represent a typical “priming” of the
crop and the contribution of each plant should probably have been three
leaves. However, this number would not fit into the scheme of using
40-leaf samples and, accordingly, four leaves were taken from each plant.
At least eight samples would be needed to give a fair distribution over
the entire process of curing so that frequent samples could be taken in
the early stages when the chemical changes were going on rapidly. A
consideration of the possible numbers that could be selected for the
construction of the necessary Latin square finally showed that 10 samples
would be best, these to be taken from 100 plants arranged in a rectangular
block of 10 rows, each row being 10 plants long.

The plan of collection shown in Table 1 was therefore drawn up.
The symbols used for the designation of the samples, plants, leaf posi-
tions, and the order of the collection boxes in the rows are shown at
the top of the table. The system as a whole is based upon a 10 by 10
Latin square! which is shown in the lower part of the table. This gives
a completely randomized arrangement of the collection boxes used to
hold the samples of leaves.

In preparation for the collection, sets of labels for the plants are
prepared. These are conveniently made from shipping tags which can be
attached to the plants with wire pipe-cleaners. For each block of 10 rows
with 10 plants per row, labels are made with the numbers 1, 11, 21, . . ..
91, and also labels with the numbers 10, 20, 30, . . .. 100. These are used
for the plants at the beginning and end of each of the 10 rows. In addition,
a number of red labels are provided. At the time of collection, the
carefully selected block of plants is defined by attaching label 1 to the
plant at a corner of the block which is located well away from the wall
of the tent. An adjacent plant in the next row is labeled 11, one in

1 The characteristic property of a Latin square is that each of the letter symbols
occurs once in each column and once in each row. With this restriction, the exact
order in which the letters occur, except in row 1, is controlled entirely by chance.
In the 5 by 5 systemized Latin square mentioned above, the order in which the
the symbols occur in each row or column is the natural alphabetical order. That
is to say, the order of the symbols is not randomized.
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the third row 21, and so on across the rows of plants until the first
plants in each of the 10 rows have been defined. Then the individual
plants in each row are inspected, inferior plants or plants with damaged
leaves being marked with red labels attached near the ground level so
as to be readily noted when the actual collection begins. Finally, 10
perfect and uniform plants are counted off in each row and the end
plant in each row of the block is labeled with the numbers 10, 20, and
so forth across the rows. It is desirable that the marking of the plants should
be at once checked by another worker to eliminate possibility of error.

TABLE 1. SAMPLING PLAN FOR COLLECTION OF LEAVES FROM SHADE ToBacco

Plantsics sorenis s crpv it - aale 100 Samples indicated by capital letters

ROWSil et st oo o8 e vt .10 Plants indicated by numbers

PlantsipetitoWe wod -, i 10 Rows indicated by numbers

Samplessemay = cen o e e 10 Leaf positions indicated by small letters

Leaves per sample .......... 40 Order of boxes for each row of plants

Leaves per plant ............ 4 indicated by Roman numbers

Plants per sample .. ......... 40

Samples .......00000000 A B C D E F G H 1 J

Order of boxes ......... 1 Thos VIl v v VI VI VIII 1X X

Pick in order counting { ot b le 1d 2a 2b 2¢ 2d 3a 3b
1 T 3c id 4a 4b 4¢ 4d 5a 5b 5¢ 5d

Pick in order counting 6d 6e 6b 6a 7d Te 7b Ta 8d 8c
dOWH v siam ity s { 8b 8a 9d 9¢ 9b 9a 10d 10¢ 10b 10a

Rows Plants Samples N
1 12107 e A B C D E F G H 1 J
2 1512 OF wre s Sot D A G I J E C B F H
3 PR RN T B G A E H C F 1 J D
4 312405 J D E H B A 1 C G F
5 41-50 G I F B A D H J C E
6 S e e F E B G D 1 J G H A
7 Gl 0. C H J G F B E A D 1
8 71-80 I J D A G H B F E G
9 81-90 ...... H C 1 F G J D E A B
10 91-100 .. ... E F H J I G A D B C

|

The provision of labels for the 10 collection boxes is somewhat more
complex and the system employed was suggested by Dr. Bliss. Tt is
designed to avoid the possibility of error in the field at the actual time
of collection. The 10 collection boxes are conspicuously marked in order
with the letters A to J; then for each box, a pack of 10 tags is provided,
clipped together and held on a wire ring. The labels in the pack attached
to box A are marked with the Roman numbers I, II, III, VI, V, X,
VIII, TV, IX, and VII as shown in the vertical column under A in
Table 2. The labels for box B have the numbers II, VIII, 1, and so
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forth as shown in Table 2 in the vertical column under B. Packs of
labels marked in order as in the vertical columns in Table 2 arc provided
for each of the other boxes.

TaBLE 2. PositioN oF SAMPLE BOXES DURING COLLECTION OF
LEAVES FROM EacH Row

Collection boxes to be placed in order of Roman numbers | to X in cach succes-
sive row, the labels showing the set of Roman numbers for each row being exposed
before the boxes arc rearranged. The sample boxes A to J will then be in the order
shown in each row as in Table 1. The pack of labels attached to each box is so made
as to show Roman numbers in the order of the vertical columns.

Rows Plants A B C D E F G H L J
| T=E0 & e gn 1 IL I v vV VI VII VI 1X X
2 LERZ0E o s Il VI VIL 1 VI 1X 1 X 1V \Y
3 Z1-30: 5 = e 111 1 VI X IV VII 1T Vo VI 1IX
4 3140 ... ... Vi V Vil 1L 111 X X 1V VII I
5 41-50 ... ... vV 1V IX VI X 1 I VIl 11 VIII
6 51-60 ...... X III v \% 1L I VI 1X V1 VII
7 61-70 ...... VIIL VI I IX VIL ' v 1L X Ir
8 71-80 ...... IV VII vV 1L IX VIIL X Vi | 10
9 8190 ...... X X 11 VII VIIL 1V \Y I 1 VI

10

91-100 ..... VIl 1X X Vil 1 11 Vi1l A WY

At the time of collection, the boxes are placed, in the order of the
Roman numbers on the top label in the pack, alongside the plants in
the first row. This also places them in the alphabetical order of the lctters
A to J for this row. After the leaves from the 10 plants in row 1 have
been picked, the second label in cach pack of labels is exposed by turn-
ing the first label on the wire ring to the bottom of the pack. The boxes
are then rearranged in the order of the Roman numbers from I to X
that are thus exposed. The boxes as shown by the sample designations
will then be in the order of the letters in the second row of Table I,
namely in the order, D, A, G, I, J, E, C, B, F, H. After the leaves
from the second row of plants have been collected, the third label in
each pack is exposed, the boxes are again rearranged and the leaves from
the third row are collected. The process is repeated until the leaves from
all 10 rows have been collected.

Errors can be avoided in the ficld if the labels in each pack show,
in addition to the Roman number designation, the Arabic number that
indicates the row at which the box should be placed when that number
is exposed. The assistants, at the time of collection, can then quickly
check all exposed labels to make sure that all box labels show the same
row number.

The actual collection of the leaves requires the help of several assist-
ants. The sampling for the present experiment was made after the first
priming had been carried out so that the ground leaves had already been
removed. The four leaves at the bottom of the stalk were designated
a, b, ¢, and d as in Table 1. At the start of the operation, after the boxes
were in position, one operator, using Table 1 as his guide, calls out the
number “one” when the lowest leaf on plant 1 (leaf a) is picked and
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this leaf is passed to box I. He calls out the number “two” when the
second leaf (leaf b) is picked and this leaf is passed to box II, “three”
when the third leaf (leaf c) is picked and “four” when the fourth leaf
is picked, these being passed to the proper box. The assistant who is
picking then moves to plant 2 and when he picks the lowest leaf (leaf a),
the operator calls out “five” and the leaf is passed to box V, and so on.
The second leaf (leaf b) from plant 3 goes to box X, the third leaf
(leaf c) to box I, and the collection then proceeds in order for the first
five plants. At this point, so as to improve the randomization of the
collection, the leaves are picked from the last five plants in the row in
order counting downwards from the fourth leaf remaining on the plant. The
operator calls out “count down”, and the assistant picks the fourth leaf
from the bottom (leaf d). When he does this, the operator calls out
“one” and the leaf is passed to box I, for the third leaf from the bottom
(leaf ¢), the operator calls out “two” and this leaf is passed. The process
then proceeds along the row of plants to plant 10.

At this point, the top labels in each pack are turned to the bottom
of the pack and the boxes are rearranged in the order of the Roman
numbers exposed. The process then continues along the second row
exactly as in the first row. It is the responsibility of the person calling the
numbers to see each leaf as it is picked and to call the box number clearly.
One of the assistants passing the leaves makes it his responsibility to be
sure that each leaf is placed in the box that has been called. As a rule,
four or five other assistants are employed to pass the leaves to the sample
boxes. This avoids the necessity for much moving about among the plants
with consequent danger of damage to the leaves that are to be used.

As soon as the collection has been completed, the boxes are taken
to the edge of the shade tent, the number of leaves in each is counted
to make sure that no blunder has been committed, and the fresh weight
of each sample is obtained on a balance furnished with accurate weights.
The accuracy of this weight is most important, for it is used in the com-
putation of all subsequent analytical results on that sample. With samples
of 40 leaves, accuracy to four significant figures is easily attained.

Although this sampling process is undeniably complex, it has been
found that, even with inexperienced assistants, the routine can be carried
through quickly and without error. After a little experience has been
gained, a group of workers can complete the collection from a single
block of plants in about 45 minutes.

In order to illustrate the distribution, over the block of plants, of
the leaves that are placed in any one sample, Figure 1 has been prepared.
The symbols represent tobacco plants, the stalk being shown as a sloping
line terminated with an arrow head and the four leaves used for the
collection being represented by circles. There are 10 rows of 10 plants
each. Capital letters to represent the sample into which each leaf is placed
are entered in each of the circles. The letters are taken from the Latin
square in Table 1 and, for the plants in the first row, follow the order
of the first 10 letters of the alphabet, these 10 letters being repeated
four times since 40 leaves are taken from the plants in the first row. In
the second row of plants, the letters are in the order of the letters in
the second row of the Latin square, the sequence again being repeated
four times. Similarly, the sequence of the letters for each row of plants is
taken from the appropriate row of the Latin square.
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Diagram of a plot of tobacco plants 10 rows wide and 10 plants long as used
for the collection of samples by the statistical method. Each symbol represents a
single plant and the four leaves taken for the samples are represented by circles.
The sample into which each leaf was placed is denoted by the letter entered in
each circle. The order in which the sample collection boxes are arranged is taken
for each row of plants from the appropriate row of letters in the Latin square
shown in Table 1. All of the leaves that were placed in sample C are shaded in
order to show the distribution over the entire plot of the leaves that found their
way into this one sample. Examination of the diagram will show that an analogous
randomized distribution of the leaves placed in each of the other nine samples
was achieved.

All of the circles representing leaves that found their way into sample
C have been shaded. It is clear that, although each row of plants con-
tributed four leaves to sample C, the position of the shaded circles is
scattered over the whole diagram. The scatter is random save for the
restriction that no two leaves came from adjacent plants nor were there
ever more than two plants intervening between two plants that contributed
to sample C. Furthermore, within each row, one leaf was contributed from
each leaf position. Examination of the diagram shows that similar state-
ments are true for each of the samples. Thus, the 40 leaves in a single
sample came from 40 different plants, these plants being distributed over
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the entirec block and there were 10 leaves in each sample from cach of
the four leaf positions, this distribution being also scattered.

Another feature of the diagram is of interest. If all of the plants
numbered 1 within the rows are considered, only four leaves were taken
for sample C, one coming from each of the four leaf positions. This is
also true for the plants which bear the same number in all of the rows.
It happens that plants numbered 2 and 7 in rows 2, 3, and 4 each
contributed a leaf to sample C and a few cases have been noted (e.g.
sample B from plant 4 in rows 4, 5, 6, and 7) where four plants opposite
cach other in adjacent rows contributed leaves to the same sample.
Nevertheless, the randomization seems in general to be adequate, for, in
the actual case in the field, the plants which bore the same numbers in
adjoining rows were rarely exactly opposite to each other owing to ir-
regularities in the spacing within the rows or to the presence of occasional
inferior plants arbitrarily omitted from the collection.

Precision of Sampling

Data for the fresh weight of five collections of leaves made by this
sampling method are shown in Table 3. The spread in the coefficients of
variation from 1.3 per cent to 2.7 per cent is somewhat disappointing
but it seems clear that, in general, samples can be obtained by this method,
the variation of which is less than 2 per cent. The exaggerated variation
of the second set of samples in the table arises almost entirely from two
samples which were respectively unusually high and unusually low in
fresh weight. If these are eliminated, the coefficient of variation of the
remaining eight samples drops to 1.9 per cent with only a negligible change
in the mean fresh weight of the set. If analytical results on such a set
of samples showed marked irregularities referable to the two samples
of discrepant fresh weight, it would probably be justifiable to assign less
significance to them in the interpretation of the data as a whole.

TABLE 3. MEAN FrESH WEIGHT WITH STANDARD DEVIATION AND COEFFICIENT OF
VARIATION OF SETS OF SAMPLES OF ToBACCO LEAVES COLLECTED
BY THE STATISTICAL METHOD

Mean fresh Standard Coefficient

weight deviation of variation

Samples £m. gm. per cent
1949 (A1 — J1) 1371.9 #1197 1.44
1949 (A2 — J2) 1349.6 + 36.5 2,711
1949 (FA — FI) 1287.0 + 16.9 1.32
1950 (A — 1) 1147.6 + 18.0 1.57
1950 (FA — FJ ) 1156.8 + 280 2.42

3 The large coefficient of variation in this set of samples arises mostly from two discrepant samples,
one of which was high, the other low. Omitting these two, the mean of the remaining eight samples
was 1347.6 4 25.5, the coefficient of variation being only 1.9 per cent.

As an illustration of the improvement in precision of sampling intro-
duced by the use of the statistical method, results obtained from samples
of 60 leaves collected in 1935 may be mentioned. The individual samples
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for these sets were counted out from a large quantity of leaves, reliance
being placed upon random selection of the individual leaves from a large
mass to obtain uniformity. As computed from the data for seven samples
in each set, the coefficients of variation of the fresh weights were, respec-
tively, 4.6, 4.9, and 4.7 per cent. That this variability extended to the
composition of the samples is evident from the fact that the coeflicients
of variation of the total nitrogen were also greater than 4 per cent and
in one of the sets was 7.5 per cent, largely because of one sample of
widely discrepant nitrogen content.

For the present experiment, three sets of samples were taken by the
statistical method on the same morning from adjacent blocks of 100 plants
in the same field. Two of these sets were taken so that the data of the
curing experiment could be secured in duplicate if the variability of the
samples appeared to be excessive. The third sample was to be used for
the fermentation experiment.

The data for the mean fresh weight of these sets are shown in the
first three lines of Table 3. The differences in the mean fresh weight
furnish a striking illustration of the variability to be found in tobacco
plants in the field even when the samples are taken from a stand of plants
selected for the present purpose because of their apparent uniformity of
development. Even greater attention was paid in 1950 to the selection
of a uniform stand for the sampling and this time with a fair measurc
of success. Nevertheless, the leaves collected in 1950 were considerably
lighter in fresh weight than were any of the samples taken in 1949.

In addition to the three sets of samples collected for the present
experiment by the statistical method, a single sample of 400 leaves was
taken from the same leaf positions from an adjacent block of 100 plants.
This sample, which was designated FER, was subsequently cured and
fermented in the same manner as the other samples and was ultimately
employed for the study of the grades (see Part III).

Management of Samples

The samples were collected July 22, 1949 from a field at Windsor,
Conn., the property of the Imperial Agricultural Corporation.! The plants
were of the kind known as “Regular Cuban Strain” of the variety
Connecticut shade-grown, and were well developed and uniform. The
ground leaves had been primed a few days before the collection so that
there was ample room to work among the plants. The weather was cloudy
but bright, humid, and hot. Picking was begun at 10:20 A.M. and all
samples had been obtained and weighed by 1:45 P.M. The leaves were
at once taken to Shed 1 of Farm 4 of the Imperial Agricultural Corpora-
tion. Samples Al and A2 were dispatched to the New Haven laboratory
where they were dried for analysis, being placed in the oven at 3:45 P.M.
The remaining samples were strung on laths and the laths were placed

11t is a pleasure to acknowledge our indebtedness to the Imperial Agricultural
Corporation of Hartford for their courteous assistance in carrying out the present
experiment, in particular to Mr. E. Temple, Dr. P. J. Wijga, and Mr. Allen H.
Green. Throughout the entire process of collecting the samples, curing and ferment-
ing them, and grading and storing the final product, we enjoyed the closest coopera-
tion from these gentlemen. No small share of the success of the experiments was
due to their generous help.
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in the second tier of leaves in the barn and were marked with labels so
as to be easily located later, this operation being completed by 3:00 P.M.
On the days shown in Table 4, successive samples from the Al — J1
and the A2 — J2 series were taken from the barn to the laboratory and
dried for analysis. Descriptions of the appearance of the samples are
collected in Table 5. These descriptions are approximate only, but they
suffice to show that the individual leaves pass through the early stages
of the curing process at somewhat different rates, notwithstanding the
fact that these samples were collected in such a way as to provide for
the utmost uniformity in initial composition. To anticipate some of the
results of the chemical analysis of these samples, it may be pointed out
that respiration ceased to be significant after eight days of curing. It is
at this point that most of the leaves within the samples had become more

TABLE 4, INITIAL AND FINAL EQUILIBRATED DRY WEIGHTS OF SAMPLES OF
40 ToBacco LEAVES SUBJECTED To CURING

The dried samples were equilibrated with air at 50 per cent relative humidity and
75° F. (24° C.). Figures in italics refer to the duplicate A2 — J2 series of samples.

Initial Weight
fresh Time on removal Equilibrated Factor
Sample weight in barn from barn dry weight Al

gm, days gm. gm.
Al 1387 0 1387 129.30 0.9322
A2 1317 1317 119.15 0.9047
B1 1376 2 1056 124.95 0.9081
B2 1297 988.5 114.15 0.8801
C1 1354 4 741.9 115.25 0.8512
C2 1377 780.0 117.40 0.8526
D1 1358 6 509.4 113.10 0.8328
D2 1341 544.3 110.05 0.8207
E1l 1337 8 331.9 109.90 0.8220
E2 1389 323.0 112,45 0.8096
F1 1376 12 182.2 112.85 0.8201
F2 1358 145.6 108.45 0.7986
G1 1366 16 126.1 112.35 0.8225
G2 1336 118.9 106.30 0.7957
H1 1385 20 122.0 112.75 0.8141
H2 1418 123.3 115.25 0.8128
11 1408 32 119.7 116.45 0.8271
12 1342 110.8 108.15 0.8059
J1 1372 63 129.5 112.90 0.8229
12 1321 120.3 104.80 0.7933

1 Factor A is the factor by which the result of an analytical determination, expressed as a percentage
of the equilibrated dry weight, is multiplied in order to give the quantity of the component in terms
of grams per kilo of initial fresh weight of the leaves (see p. 21).
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TABLE 5. (GENERAL APPEARANCE OF 40 LEAF SAMPLES AT EACH STAGE OF
THE CURING PROCESS

Figures are numbers of leaves to which the description applies approximately.
Figures in italics represent the A2 - J2 series.

Sample B (&) D E F G H I J
Days cured 2 4 6 g8 12 16 20 32 63
Green: wilted: faintly mottled 35
35
Green: wilted: mottled: few yellow spots S5 9
5 I3
Green: patches of yellow 27 8
12 5
More yellow than green: trace of brown 4
15
Yellow and green: brown spots 8
7
Yellow and green: brown patches 10
10% of area: main vein turgid 15
No green: yellow with 20 to 30% of 0 8 9
area brown: vein mostly turgid 11 13 5
Yellow with 50 to 60% of area 12 11 7 1
brown: main vein collapsed 9 9 3 1
Brown 90% : yellow spots: mid vein dry 13 12 7 7
1 8§ 8
Brown: faint greenish tinge 6 17 10 10
11 15 11 11
Strong yellowish brown 6 22 23 23
10 24 21 21
Uniform brown both sides 35
35
Greenish brown 5
5

or less brown in color, and the onset of this change in color may therefore
be taken as an index of the death of the cells. The leaves had lost 75
per cent of their initial weight at this point, mainly through the evapora-
tion of water, and thus the concentration of the solutes in the cell sap
must have been increased by a factor of between 3 and 4. This situation
was manifestly incompatible with continuance of the life of the cells.

It cannot be assumed that the rate of evaporation of the water
from each of the leaves in an individual sample strung on cord and hung
in the curing shed was exactly the same in all cases. Some leaves may
have been so crowded against others, especially for the first day or two,
that an even flow of water vapor out of the tissue was impossible. Ac-
cordingly, the obvious wide spread in the rate of curing through the yellow
phase may in part arise from differences in the physical situation in which
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certain of the leaves or certain areas of some of the leaves were placed.
Clearly, it would seem to be desirable to study the exact rates at which
presumably identical leaves pass through this phase when the individual
leaves are handled in such a manner that uniform rates of evaporation
of the water may be assumed to have occurred. The information obtained
from such experiments would help materially in the interpretation of the
present observations. It is clear that the results of chemical analysis of the
present samples will reveal only the average rates at which many of the
changes occurred.

ANALYTICAL METHODS

Preparation of Samples

Inasmuch as the weights of the individual samples of fresh leaves
and the equilibrated dry weight of the material obtained from each of
them are quantities that are used in the computation of the analytical
results for each sample, conditions are established that permit the measure-
ment of these weights to four significant figures. The individual samples
of fresh leaves are weighed at the field using a beam balance of a capacity
of about 3,000 gm. and sensitive to 0.2 gm. The balance is set up and
leveled in a position completely sheltered from currents of air, and ac-
curate brass weights are used. The weighing is done immediately after
the collection of each set of samples is completed. Since samples of 40
leaves weigh from 1,200 to 1,400 gm., adequate accuracy is obtained.

After the samples have been subjected to the experimental treatment,
in the present case curing and subsequent fermentation, the treated samples
successively removed from the curing barn or from the warehouse are
taken to the Experiment Station laboratory in New Haven and weighed on
a torsion balance sensitive to about 0.1 gm. The sample is then dried
until the midribs are crisp in a Proctor and Schwartz tray drier provided
with forced circulation of air and maintained at 80° C. by thermostatic
control. The dry leaves are broken up and transferred to an accurately
weighed new one-gallon paint can and a rough weight is obtained. The
can is then tightly closed and is stored until the entire set of samples
has been collected and dried. The set of cans is then opened in an air-
conditioned room at 24° C. and 50 per cent relative humidity and rough
weighings (to 0.1 gm.) are made from time to time until no further
change in weight is noted. At this time, a final weighing is obtained
on a beam balance of 3,000 gm. capacity sensitive to 13 mg., on which
the weights of the empty cans had previously been obtained. Since the
dry samples weigh somewhat more than 100 gm., accuracy to four signifi-
cant figures for the so-called equilibrated dry weight is obtained.

After equilibration, the samples including the midribs® are ground
in the air-conditioned room in a small Wiley mill and are stored in screw-

1 The decision to include the midrib in the samples was made in order to avoid
subsequent complexities in interpretation of the results. Each sample represents an
isolated biochemical system that can be compared with each other sample. Many
of the advantages of the method adopted for the presentation of the data would
be lost if the lamina and midribs had been separated before preparing the samples
for analysis.
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capped glass bottles which are protected from dust by being enclosed
in one-quart ice-cream cartons. The samples are removed from the room
only when taken to the analytical balance for the purpose of weighing
out subsamples for analysis. They are returned as soon as possible. By
careful attention to these precautions, it is possible to maintain the moisture
content of the equilibrated samples unchanged indefinitely.

There is one exception to this routine. The samples which represent
the grades (derived from the 400 leaf FER sample) were separated into
lamina and midrib fractions before being dried and equilibrated. Accord-
ingly, the treatment of the analytical data from these samples is different.
Details of this treatment are given in a later section.

All analytical results on the cured or cured and fermented samples
are calculated as percentages of the equilibrated dry weight or, in the
case of the organic acids, in terms of milliequivalents (m.eq.) per 100
gm. In order to convert such data to the common basis of 1 kilo of initial
fresh weight of the leaves of the individual sample, it is necessary to know
what the equilibrated dry weight would have been if the initial fresh
weight had been exactly 1,000 gm. This is computed from the proportion:

Initial fresh weight : equilibrated dry weight — 1,000 : X
__ Equilibrated dry weight X 1,000
Nylience 2= Initial fresh weight

An analytical result expressed in percentage (say B per cent) or as milli-
equivalents per 100 gm. of equilibrated dry weight is then computed from
the proportion:

B: 100 =Y : X whence ¥ = B X X

100

where Y is the quantity of the component in gm. (or m.eq.) in the
dry material derived from 1 kilo of fresh leaves.
Substituting the value for X
Y — B Equilibrated dry weight = 1,000
e Initial fresh weight 100

Thus, the value for any analytical result in terms of grams per kilo
of initial fresh weight of the leaves that form the sample is calculated
by multiplying the percentage of the component by 10 times the ratio
of the equilibrated dry weight of that sample to its initial fresh weight.
This quantity is designated “Factor A” and is computed once for all
for each sample and tabulated as soon as the equilibrated dry weights of
the sets of samples have been obtained.

Moisture®

Experience has shown that rigid adherence to the following practices
is essential if reproducible and trustworthy results are to be obtained.

Samples of approximately 500 mg. are weighed to 0.1 gm. and
dried for exactly 4 hours at 110° C. The vessel used is a low form
porcelain crucible (45 mm. diameter x 25 mm. deep). All crucibles are

1 Most of the details of the following methods were developed by the late Dr. G.
W. Pucher and the late Mr. C. S. Leavenworth of this laboratory. The present
description includes changes that have been made since an earlier description (46).
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throroughly cleaned by being boiled for a few minutes with 0.25 N
hydrochloric acid and are then rinsed and dried in the oven before being
weighed, the weight of a lid being included in the tare. The same lid
is used with the whole series of crucibles, and is kept in the desiccator
in which the dried samples are cooled until transferred to the balance
pan. With determinations carried out in humid summer weather, the
crucible containing the sample is enclosed in a large weighing bottle to
prevent moisture absorption. These weighing bottles are 48 mm. inside
diameter x 28 mm. deep, with a 55/12 standard taper, hood-style cap.
The heaviest of a group of the bottles is used as a counter-balance in
weighing and is kept in the desiccator. The 4-hour drying period is timed
carefully. About 1 hour is allowed for cooling the samples in the desic-
cator before they are weighed, but the weighing is done as soon as possible
thereafter; overnight storage in the desiccator before weighing is avoided.
Determinations are usually run in sets of 12, including two pairs of
duplicates chosen at random out of a set of 10 samples.

Ash

After the determination of moisture, the sample is charred by heating
the crucible over a low flame until all volatile material has been driven
off. The tissue is then heated in the muffle for exactly 2 hours at
580 =+ 20° C. If any visible carbon remains, the sample is cooled and
weighed, but is then heated for 1 additional hour, and reweighed. The
ashed samples are allowed to cool in a desiccator for at least an hour,
but should not be allowed to stand overnight before being weighed. Samples
of tobacco leaf midrib tissue often ignite explosively even when heated
over a very low flame and must therefore be charred by careful applica-
tion of the flame of a micro burner to the top surface of the sample.
For precise work, it is desirable to allow about 2 hours for the muffle
to become stabilized at 580° before the crucibles are placed in it. Only
six crucibles are heated at one time, and are placed well back in the
chamber. One pair of duplicates is usually run in each set of six samples.

Alkalinity of Ash

A suitable quantity, e.g. 10 ml., of standardized 0.25 N HCI is added
to the crucible containing the ash, which is then warmed for 10 minutes
on the steam bath, being covered with a watch glass if necessary. A
small glass rod is provided for each crucible and the ash is stirred two
or three times during the digestion. The contents of the crucible are then
washed into a 150 ml. beaker, bringing the total volume to about 25 ml.
The solution is boiled 2 to 3 minutes to expel CO. and titrated, while still
hot, to the phenolphthalein end-point with standardized 0.10 N NaOH.
If Tashiro indicator is used, the solution must be cooled to room tempera-
ture before titration. Calculation:

(A—B) 100

55, G, gt R Sample wt. in gm.

where A = 10.00 < normality factor HCI
B = ml. NaOH X normality factor NaOH
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Nitrogen
Total Nitrogen

Reagents: Concentrated H.SO, (A.R. grade)
Iron powder (by hydrogen, low nitrogen)
Sodium sulfate solution, approximately 20 per cent by weight
of the anhydrous salt
Sodium selenate solution, 2.5 per cent of the anhydrous salt
Concentrated NaOH solution (18 to 19 N)
Standardized 0.02 N HCl
Standardized 0.02 N NaOH
Tashiro indicator solution

The apparatus employed is modified from that described by Folin
and Wright (4). The distillation tube has a spherical bulb trap (Kjeldahl
connecting tube) at the top. The receiving flask is set into a pan of
water through which cold water is circulated by suitable inlet and over-
flow tubes during the distillation.

A sample of about 100 mg. of nitrate-containing tissue powder,
weighed to 0.2 mg., is placed in a 300 ml. Kjeldahl flask: 12 ml. of distilled
water, 1.5 ml. of concentrated H,SO,, and a measured volume of iron
powder (approximating 300 mg.) are added and mixed thoroughly with
the tissue powder and the mixture is boiled gently for 5 to 10 minutes.
Then 5 ml. of 20 per cent sodium sulfate, 5 ml. of concentrated H.SO,,
and 2 ml. of the sodium selenate solution are added and the sample is
digested on the Kjeldahl rack, continuing the heating for 2 hours after
the digest is colorless. The flask is turned occasionally during the digestion.
A small glass bead has been found to be effective in controlling bumping.
After cooling the flask and contents, 50 ml. of water are added and the flask
is cooled and clamped at an angle of about 45° on a ring stand; 15 ml. of
concentrated NaOH solution are added so as to form a layer under the
diluted digest, and the neck of the flask is carefully washed down with
water, the upper portion being then wiped dry with a piece of filter paper.
The flask is turned to the vertical position and, after the addition of a small
quantity (roughly 50 to 100 mg.) of granulated zinc metal (to control
bumping), a short loose plug of glass wool or non-absorbent cotton is
placed in the neck of the flask and the distilling tube and receiver are
attached. The rubber stopper is roughened with sandpaper before each
series of distillations. A 250 ml. Erlenmeyer flask, charged with exactly 25
ml. of the 0.02 N HCI, is used as the receiver.

The contents of the Kjeldahl flask are thoroughly mixed by rotation
of the flask before starting the distillation, which is continued for 8 minutes
after the first drop comes over. With practice, one is able to control the
distillation rate so that the contents of the flask are just beginning to
bump at the end of 8 minutes. During the last half-minute of the distilla-
tion, the receiver is removed from the cooling bath and lowered so that
the delivery tube is well above the liquid level. The end of the delivery
tube is then washed carefully before removing the burner. The contents
of the receiver are made to an arbitrary standard volume of 80 ml., cooled
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to room temperature, and titrated with 0.02 N NaOH, using 10 to 12
drops of Tashiro indicator.
Blank determinations on the reagents are run frequently.

Calculation:
100 (A—B) 0.28—Dblank
Sample wt. in mg.

where A — ml. 0.02 N HCl X normality factor
B = ml. 0.02 N NaOH X normality factor

blank — mean of several determinations of nitrogen in reagents
calculated as mg. of N

Total N as per cent Eq.D.W. =

Il

Protein Nitrogen

Accurately weighed samples of approximately 200 mg. are wrapped
securely in 2-inch squares of fine cotton cloth (previously extracted with
alcohol) so as to form flat packets about 34 inch square. Each packet
with its accompanying small cardboard label is held together with a wire
paper clip. Groups of samples so prepared are placed in a stainless steel
wire-mesh basket and extracted for 16 hours (overnight) with 70 per
cent alcohol in the siphon beaker of the Nolan extraction apparatus
(17, 39). The 70 per cent alcohol is a mixture of 70 parts of 95 per
cent ethanol and 30 parts of distilled water; the hot vapor phase and
condensate contain between 85 and 90 per cent of alcohol. The alcohol-
extracted samples are dried for 1 hour at 110° C. and then transferred
quantitatively from the cloth to a 25 x 200 mm. test tube, using a
wide-mouth funnel and washing the particles from the cloth with water.
The transfer is best made by moistening the packet with water before
unfolding it; it is then spread out on the inside surface of the funnel and
a spatula is used to loosen the bulk of the tissue from the cloth and
to remove any particles that do not come off easily in the stream of
wash water.

The volume of water in the test tube is diluted to 20 ml., a stirring
rod is introduced into each tube, and the sample is extracted in the steam
bath for 15 to 20 minutes, being occasionally stirred. The extracted
tissue is centrifuged and the wash water is decanted through a paper
filter. The residue is then transferred quantitatively to a 300 ml. Kjeldahl
flask along with any partic