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The loss of sugar from sugarbeets during storage is a sig-
nificant economic factor. Some factors which contribute to this
post-harvest loss include dehydration, decay, mechanical injury,
sprouting, freezing, respiration and sugar conversions. Although
quite variable, sugar losses alone have been estimated (6)" at
approximately 1 pound of sugar per ton of beets per day over
the normal processing period, which may be as long as 4 months
following harvest. Another estimate (2) places the average loss
at more than 40 pounds of sugar per ton of beets piled, excluding
processing loss. There is, therefore, great interest within the
beet sugar industry to minimize this loss by improving the
handling and storage techniques. Accurate assessment of the
various factors contributing to the overall loss is of paramount
importance in order to determine where improvement should
be made, if proven economically feasible.

Knowledge of sugarbeet respiration and factors which in-
fluence its magnitude may be of value in developing improved
handling and storage techniques. This study was initiated to
determine the influence of temperature, mechanical injury and
selected chemicals on the respiration rate of sugarbeets.

Materials and Methods

The sugarbeets (variety GW H-1) employed in these studies
were grown near Fremont, Ohio. They were harvested on October
16 and November 6, 1967. Those from the first harvest were
subjected to post-harvest chemical treatments, mecharical injury
and ethylene treatment. Beets from the second harvest were
employed for storage temperature and mechanical injury studies.
The beets for both studies upon harvest were topped manually
(cut just below the crown), and cleaned by a high pressure water
spray to remove the adhering soil. The chemical treatment
study consisted of 4 lots of approximately 30 beets each, fairly
uniform in size, which received a 15-second immersion in one
of the following treating solutions: 1) potassium azide - a res-

1 Michigan Agricultural Experiment Station Journal Article No. 4406.

2 Department of Horticulture, Michigan State University, East Lansing, Michigan,
Northern Ohio Sugar Company, Fremont, Ohio and The Great Western Sugar Company,
Longmont, Colorado, respectively.

8 Numbers in parentheses refer to literature cited.
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piratory inhibtor (3 1bs/100 gal water), 2) Merck HZ 3456 - a
morphactin® (1 1b/100 gal water), 3) Botran - a fungicide® (1.5
1bs/100 gal water), or 4) water only, which served as the control.
Within 6 hours of harvest, six samples of three beets from each
treatment lot (sample weight of approximately 3 kg) were weighed
and placed in the APRIL® system (4) to monitor the respiration
rate in air at 20°C. FEach sample was analyzed twice daily over
a period of 10 days. In addition to the above treatments, two
samples of four non-treated beets were cut in half lengthwise
to simulate mechanical injury and opposite halves placed into
two respirometer chambers. Two additional samples of three
beets each were gassed with 1000 ppm of ethylene in a CO.
free atmosphere for 12 hours at 20°C prior to commencing res-
piratory gas analysis.

For the temperature study, 5 replicates of three beets each
were placed in respiration chambers at 0, 10, or 20°C, and
respiratory analysis was commenced within 6 hours of harvest.
In addition, five samples of three beets each were maintained
at 0° C for b days prior to placement at 20° for respiratory
measurements. This was to simulate a change of temperature
effect on beet respiration. After 814 days beets maintained con-
tinuously at 0, 10 or 20° C, were momentarily disconnected
from the gas analyzing equipment and subjected to mechanical
injury. Beets in four of the five chambers at each temperature
were sliced into equal halves. All samples were returned to
the respiratory chambers and reconnected for gas analysis for
an additional 5-day period. Beets in the 5th chamber were not
cut. Manipulation of the beets in this manner increased the
surface area for gas diffusion and was designed to simulate severe
mechanical injury that may occur during the harvesting and
handling operation. The respiration data was processed by ap-
propriate programs on the CDC 3600 computer. Best fit equa-
tions were obtained by the least squares procedure. Cumulative
respiration data was obtained for various durations by integration
of these equations. In some cases, the cumulative CO. evolution
was obtained by approximate integration employing Simpson’s
modification of the prismoidal formula (8). Carbon dioxide pro-
duction rates were converted to sugar loss and expressed as sucrose
from the fact that 1 ml of CO, is derived from 1.274 mg of
sucrose, assuming all the CO. evolved arose from complete oxida-
tion of sucrose.

+ Methyl-2-chloro-9-hydroxy fluorene-9-carboxylate.
5 2,6-Dichloro-4-nitroaniline.
¢ APRIL - Automated Photosynthesis and Respiration Integrating Laboratory.
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Results and Discussion

The influence of various chemicals upon the respiratory rate
of harvested sugar beets at 20° G is shown in Figure 1. Little
difference was noted in the respiration rate of beets treated with
the Botran fungicide or the morphactin compound in comparison
to the non-treated beets. Similarity of respiration of control and
fungicide treated beets indicates that microbial activity did not
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Figure I.—Influence of post-harvest application of several chemicals
on respiration rate of sugarbeets.

contribute significantly to the respiration measurements during
the test period. The time-course change in respiration of non-
treated beets is typical of results obtained by other investigators
(7.10). The respiration rate declined sharply during the first
2 or 3 days following harvest after which a more or less steady
respiration rate was observed through the test period of 10 days.
The high rate observed for beets treated with potassium azide,
a potent respiratory inhibitor, is difficult to interpret. It was
presumed that the respiratory rate of potassium azide treated
beets would be much lower than the control. However, potassium
azide stimulated the respiration rate with the peak rate at approxi-
mately 114 days following treatment after which the rate de-
clined, reaching a steady state value after 5 or 6 days. By the
10th day following treatment the potassium azide treated beets
were respiring approximately 609 higher than control beets.
Similar data (not shown) were obtained for oxygen consumption
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for all samples, thereby showing that the various chemical treat-
ments were of no effect upon respiratory quotient. Had potassium
azide poisoned mitochondrial oxygen uptake, the respiratory
quotients would have been greater than 1. The pronounced effect
of potassium azide on the respiration rate is particularly interest-
ing since the beets had only received a 15-second immersion in
the treating solution. Further, it is unlikely that the chemical
penetrated much beyond the surface in contact with treating
solution. Microbial activity would most certainly be destroyed
by potassium azide at the concentration employed and, therefore,
cannot be considered as contributing to the measured respiration
rates.

Fitted lines of the time-course change of respiration rate
measured as 0, consumption are shown in Figure 2 for the control
and the potassium azide treated beets. A 4th degree polynominal
describes the data for the potassium azide induced respiratory
behavior (see footnote to Table 2). A 3rd degree polynominal
adequately described respiration of control beets and those re-
ceiving Botran or the morphactin.
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Figure 2.—Influence of potassium azide on respiration of sugarbeets.
The influence of these chemicals on the respiration rate ex-

pressed as cumulative respiration is shown in Tables 1 and 2.
In Table 1, the respiration rates have been calculated for the 8th
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Table I.—Influence of selected post-harvest treatments on respiratory activity of
sugarbeets,

Respiration rate (static)*20°C Respiratory
Trcatmcnt CO: prl:?&!rccd 02 consumed quotient

(ml./Kg/dd) )
Control 114 0.97
Potassium azide 3 1bs/100 gal lm 193 0.91
Merck HZ 3456 1 1b /100 gal 149 156 0.96
Botran 1.5 1bs/100 gal 127 138 0.95
Sawed (lengthwise) 441 495 (.89
Ethylene (1000 ppm-12 hr) 140 163 0.86

* Based on average respiration rate for the 8th through 10th day following harvest.
Beets harvested 10/16/67 at Fremont, Ohio. Variety GW H-1.

Table 2.—Influence of selected post-harvest treatments on respiration of sugarbects®.

Cumulative respiration Respiratory
Treatment CO: pro{luced 02 consumed quom:n[
(ml per Kg per 7 days at 20° C)
Control 1227 1408 0.87
Potassium azide 3 lbs/100 gal 2130 2526 0.83
Merck HZ 3456 1 1b /100 gal 1362 1554 0.88
Botran 1.5 1bs/100 gal 13490 1594 0.87
Sawed (lengthwise) 6942 7638 0.91
Ethylene (1000 ppm-12 hr) 1578 1815 0.87

* Beets harvested 10/16/67 at Fremont, Ohio. Variety GW H-1.

The following equations describe the respiration of sugarbeets in response to the
various treatments as a function of time following harvest and treatment. The time
variable (4 ) is expressed as the number of 12 hour cycles. Respiration rate (y) is ml of
COsz or Oz per hour. These equations apply to Figures 1 through 4.

Control:

CO: = u.oo-m-ixa + 0.1‘?51x’ ——2,3?1x + 16.15

0: = —«O.ﬂl’.}sﬁlx“ ot D.].’i-i*lx3 ~—2.312x + 17.72

Potassium azide:

CO:2 = 0.000144,5 —O,{]OSQQX‘ + 0.2044.3 ——2,043.-'1)(‘-' + 7.2813, + 11.28
Oz = 0,009184x5 ——0.01]54x‘ 4+ 0.2681 x* —2.??}05X'~' = 10,4(58x + 10.03

_Botr:m: .

CO2 = —0.003822,% -+ 0.160552 —2.306y + 17.26
Os = —0.0036933 -+ 016345 —2.5255 -+ 19.87

Morphactin HZ-3456:

CO: 0.00365Sx3 + 0.148142 —1.982, 4 15.36
Oz —0.003244x3 + 0.1385% —2.02y + 17.20

i

Control 4 FEthylene:

CO: 0.000815y*% —0.0423,% + 0.786142 —6.372, - 26.78
Qs OUOIIBGX4 —0. 0614% 3+ 1.140842 -—9.1’1% + 35.30

I

Mechanical injury:

CO= = 0.001215° —0.068235¢ -+ 1.3938,3 —12.008y2 + 35.40, + 46.03
Oz = 0.00129,° ——O.D?ﬁﬁ&x‘ + 147835 —12.6754* + 35.](ix + 58.99
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through the 10th day following harvest, a period of relative
stability of the respiratory activity. In Table 2, the data is cumula-
tive respiration during the first week following harvest.

The beets receiving a 12-hour exposure to ethylene at a con-
centration of 1000 ppm respired at a consistently higher rate
throughout the 10-day period following harvest (Figure 3). The
time-course change of the ethylene treated beets exactly paralleled
that of the control, indicating that no marked qualitative change
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Figure 3.—Eflect of ethylene weatment ¢n respiration of sugarbeets
as measured by CO, evolution.

in metabolism had occurred, but rather the general level of
metabolic activity was increased. The effect of ethylene was
maintained throughout the course of the experiment although
the beets had only received a 12-hour exposure to ethylene. In
fruit tissues, ethylene has been observed to induce a increased
rate of respiration which is sustained if ripening processes are
induced (1). This ethylene treatment was included since ethylene
is naturally produced by plant tissues. Furthermore, ethylene
may be a product of decay organisms developing on beets during
storage. In addition, it has generally been observed that ethylene
evolution is stimulated following wounding of a tissue (3). Ethy-
lene did not alter the type of respiration, as the respiratory quo-
tients are the same for ethylene treated as compared to control
beets. Cumulative respiration data for ethylene treatment is
also given for steady-state respiration, and respiration during
the first week following harvest in Tables 1 and 2, respectively.
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Mechanical injury caused by cutting the beets lengthwise in-
duced a drastic increase in the respiratory rate of sugarbeets
compared to uncut beets as measured by CO. production and
O. consumption (Figure 4). There was no effect or injury on
respiratory quotient throughout the time course of the experi-
ment, indicating that respiratory metabolism was not quali-
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Figure 4.—Influence of mechanical injury on respiration rate of sugar-
beets. Beets were cut longitudinally.

tatively altered from that of the control beets. Some of the
increase in metabolic activity may be the result of a wound
response at the cellular level, but only a small fraction of the
total respiring cells were actually injured. The equation that
best fits data for the mechanically injured beets is a 4th degree
polynominal for both O. and CO. (see footnote to Table 2). A
peak in metabolic activity was reached at approximately 1 day
following mechanical injury, after which the respiration declined
sharply reaching a steady rate of respiration at approximately
4 days. The steady-state respiration of mechanically injured beets
remained from the 4th through the 10th day at a rate approvi-
mately 4 times that of the control beets. This respiratory be-
havior in response to mechanical injury may be explained in
terms of a gas diffusion barrier. Cutting the beets exposes more
surface area for gas diffusion and, in addition, the newly cut
surface allows O, to gain entrance into the tissue very readily.
Microbial development cannot be ruled out as a factor contribut-
ing to the high respiration rate of cut beets since no provision
was taken to disinfect the beets. However, as noted earlier, beets
dipped in Botran after topping and washing respired at the same
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rate as control beets. Furthermore, potassium azide treatment
would essentially surface sterilize the cut surface of the beets
ruling out microbial activity as contributing to the respiration
rate. In fact, potassium azide stimulated respiratory gas exchange
as noted earlier. The rapid decline between the Ist and the 4th
day following cutting may result from dehydration of the cut
surface and creation of a less permeable diffusion barrier. It is
not known if wound healing due to periderm formation was re-
sponsible for the decrease in respiration rates during this period.
From the 4th through the 10th day following cutting, respiration
declined slowly, but paralleled that of control beets. The fact
that the respiratory rate of cut beets leveled out at a much higher
value than control beets is probably explained in that the dif-
fusion barrier at the cut surface, continued to be more permeable
than the uncut surface of the control. In addition, the surface
area of the cut beets was greater. The magnitude of respiratory
activity of cut vs control beets is clearly seen in the data of Tables
I and 2. The cumulative respiration calculated for the 8th
through the 10th day following harvest for the cut beets is
nearly four times that of control beets. When calculated for
the first 7 days following harvest the difference is even greater
in view of the markedly stimulated respiration during the first
4 days following the mechanical injury.

The influence of temperature on respiratory rate of sugar-
beets is shown in Figure 5. The time-course change of respiration
at 20°C for beets in this experiment paralleled, but was slightly
higher than that obtained in the earlier experiment. At 10°C,
however, the respiration declined more quickly following harvest
and by the 5th day had reached steady-state values. At 0°C the
respiration remained low and quite stable for a period of approxi-
mately 5 days, after which the rate declined and reached a
steady-state value by the 8th day. An interesting aspect of this
temperature data is seen in comparing 0 with 10°C respiration.
Note that between the 4th and the 6th day following harvest
the 10°C respiration is only slightly higher than that at 0°C.
At the 5th day the temperature coefficient (Q,,) is approximately
1.1 between 0 and 10°C and 2.35 between 10 and 20°C. At 114
days following harvest the temperature coeflicient between 0 and
10°C was 2.64 and between 10 and 20°C was 1.3. By the 8th
day steady respiration rate was apparent for beets at 0, 10, or
20°C and the temperature coeflicient between 0 and 10°C and
between 10 and 20°C was 1.41 and 1.46, respectively. One would
expect that the temperature coefficient would remain approxi-
mately constant through this 8-day period providing metabolic
activity was qualitatively the same. Since it did not, some inter-
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Figure 5.—Influence ol temperature, change in temperature, and
mechanical injury on respiration rate of sugarbeets as measured by CO,
evolution.

mediary metabolite may have accumulated at 10°C that acted
as a restraint on metabolism. Alternatively, conversion of oligi-
saccharides to readily metabolizable monosaccharides may account
for the relatively high respiration rate at 0°C, since sugars accum-
ulate in beets as in other storage organs at low temperatures (5).
Further evidence is the respiratory response upon transfer from
0 to 20°C. Beets maintained for 514 days at 0°C and then
transferred to 20°C exhibit markedly stimulated respiratory
activity in comparison to those beets not exposed to the low
temperature. Accumulation of readily metabolizable carbohy-
drates such as reducing sugars at the low temperature may be
responsible for this increased respiration rate at the higher tem-
perature. The decline in respiration at 20°C parallels, but re-
mains at a higher level for beets receiving a low temperature
treatment in comparison to those not.

Respiration data for mechanically injured beets at 0, 10 and
20°C are also given in Figure 5. The respiratory response to
mechanical injury at these three temperatures is further evidence
that gas diffusion may be a limiting factor to the metabolic
activity of sugarbeets. The metabolic demands for oxygen at
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low temperature is sufficiently low, however, that gas diffusion
is not a limiting factor in respiration. Furthermore, at the lower
temperature, a greater quantity of oxygen would be dissolved
in the tissue fluids. Therefore, as observed, beets cut at 0°C
should have a respiration rate similar to intact beets. At 10°C,
however, the cut beets exhibited a higher respiration rate than
uncut beets, and at 20°C the effect was still greater. This response
is what one would expect if the surface of the beet were acting
as a barrier to entrance of O.. The intercellular air space volume
of beets and other root crops is very low, being of the order of
0.5 to 2% of the total volume (9). In tissues with a low inter-
cellular air space volume, dilfusion of gases into or out of these
tissues is limited. The bulk of the gas diffusion must take place
in solution and the rate is much slower than in a gas phase.
Microbial activity may contribute to the respiration rates ob-
tained in the temperature study since no special precautions
were taken to retard their development. No visual signs of fungal
or bacterial contamination were evident.

It is interesting to note that the effect of mechanical injury
on respiration at 90°C was much less pronounced for beets har-
vested November 6 than for beets harvested October 16. For
the early harvest of October 16, the respiration rate of mechani-
cally injured beets reached a value of approximately 90 ml of
CO./kg/hr on the Ist day; whereas control beets at the same
time had a respiration rate of approximately 12 ml/kg/hr.
Mechanically injured beets for the second harvest (November 6,
reached peak values of approximately 16 ml/CO./kg/hr vs con-
trol values of approximately 8 ml within 1 day following mechan-
ical injury, then declined rapidly. Steady-state respiration values
were apparent in 3 days while those of beets harvested October
16 required 6 days. One marked difference between these two
experiments was, however, that the beets of the second harvest
were held for 814 days prior to mechanical injury. The respira-
tion rates of control beets at 20°C for both the first and second
harvest were similar (compare 20°C respiration rate in Figures
2 and 5) during the first 814 days. In fact, the effect of change
in temperature from 0 to 20°C for beets of the second harvest
induced a more marked respiratory response than cutting.

The marked difference in respiratory response to mechanical
injury of beets at these two harvests may indicate that gas dif-
fusion becomes less of a limiting factor on respiration rate as
the harvest season progresses. This may be a result of an increase
with growth in the amount of intercellular air space which
markedly increases gas diffusion in bulky storage organs. Greater
availability of readily metabolizable substrates in beets at a less
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mature state in development may be responsible for the marked
stimulation of respiration that is observed upon cutting. Further
studies are needed to estabiish the factors responsible for the
respiratory response to mechanical injury.

The similarity in the time-course change of respiration of
mechanically injured beets to beets receiving a post-harvest treat-
ment with potassium azide suggests an indirect effect of potassium
azide, perhaps upon the permeability characteristics of the beets.
The respiratory curves in both instances are described by similar
4th degree polynominals. Furthermore, the time required to
reach the respiratory peak and to establish steady-state respiration
are similar, differing in magnitude only. If microbial activity
was responsible for the high respiration rate of mechanically
injured beets, it is highly unlikely that the respiratory Kinetics
would so closely parallel that of the azide treated beets which
should be quite free of microbial activity. As mentioned pre-
viously, it is doubtful that the potassuim azide would affect the
bulk of the cells beyond the surface.

The effect of temperature on respiration rate of sugarbeets
at the various temperatures employed is summarized as cumulative
respiration in Tables 3 and 4 for steady-state respiration and
respiration during the first 7 days, respectively. In Table 3 it
is evident that temperatures much below 10°C are not greatly
beneficial in reducing the respiration rate; whereas, a temperature
change between 10 and 20°C is of considerable influence. This

Table 3.—Influence of temperature on respiration rate of sugarbeets following harvest.

Temperature o RCS[)irﬂlit_ln_ fai (sml.itf)"‘ Respiratory
(°C) CO: produced 2 consumed quotient
(ml per Kgm per day)
0 74 76 0.97
10 103 117 . 0.88
20 178 188 0.95

* Based on cumulative respiration for the Gth through the 8th day at the various
temperatures following harvest. Harvest made on 11/6/67 at Fremont, Ohio. Variety
GW H-1.

Table 4.—Influence of temperature on respiration rate of sugarbeets during first
week following harvesi®,

Temperature Cumulative respiration Respiratory
(°C) _L'O:_pmd\it:ud "0 consumed quotient
; (ml per Kgm per 7 days)
0 684 683 1.00
10 1054 1099 0.96
20 1896 1980 0.96

* Beets harvested 10/16/67 at Fremont, Ohio.
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may have bearing on the practicality or design of low temperature
storage facilities for sugarbeets since it would appear that pro-
visions to maintain temperatures much below 10°C are not
necessary. Maintenance of temperatures near 0°C, which is diffi-
cult since beets are stored out-of-doors and are, therefore, exposed
to widely varying temperatures, does not appear to be warranted
from this short-term storage temperature and respiration data.
The influence of various treatments calculated as sugar loss
is given in Tables 5 and 6 for the steady-state respiration period
and respiration during the first week following harvest, respec-
tively. The magnitude of sugar loss, particularly with mechanic-
ally injured beets is rather striking with respect to the initial
sugar content. An industry estimate of 1 Ib of sugar lost per
ton of beets per day from all sources during the storage season
may be conservative. At 20°C (Table 5) beets may lose 14 Ib.
of sucrose per ton per day from respiration alone. Beets, however,
are not stored at this high a temperature during the bulk of the
storage period. Rather, temperatures are generally below 10°C

Table 5.—Influence of selected post-harvest treatments on loss of sugar from sugarbeets.

Daily sugar loss at 20°C#

_gins_o!' sucrose 3 pounds of sucrose
Treatment 'I\'grﬁ “of beets p[‘r_ﬁ tons of beets per day
Control 0.141 0.282
Potassium azide 3.0 lbs/
100 gal 0.223 0.446
Merck HZ 3456 1.0 lbs/
100 gal 0.190 0.380
Botran 1.5 Ibs/
100 gal 0.162 0.324
Sawed (lengthwise) 0.562 1.124
Ethylene (1000 ppm-12 hr) 0.178 0.356

* Based on average daily €Oz production from the 8th through the 10th day following
harvest.

Table 6.—Influence of sclected post-harvest treatments on loss of sugar from sugarhbeets.

Sugar loss (first week)#

E‘m of sucrose poulids of sucrose
Treatment ‘kgm of beets ‘ton of beets
Control 1.563 3.126
Potassium azide 3 1bs/100 gal 2.739 5.478
Merck HZ 3456 1 1b /100 gal 1.785 3.470
Botran 1.5 1bs/100 gal 1.770 3.540
Sawed (lengthwise) 8.844 17.688
Ethylene (1000 ppm-12 hr) 2.010 4.020

* Based on cumulative COz production during first week following harvest at 20°C.
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through much of the storage season. However, warm harvest
period temperatures of 20°C or higher are encountered. Further-
more, temperatures greater than 20°C are possible within the
beet piles due to the heat of respiration.

Mechanical injury undoubtedly is a significant factor con-
tributing to respiratory loss of sugar from sugarbeets. The damage
to beets in the harvesting and handling operations may be ex-
tensive. 'The increase in surface area of beets as a result of
mechanical injury (breakage, cracking, topping or chipping)
markedly increases the respiration rate as seen in Figures 3 and
5, and in the sugar loss data of Tables 5 and 6.. Possibly, suitable
artificial diffusion barriers such as waxes or synthetic materials
could be utilized to reduce gas diffusion, and thereby partial
restriction of the respiration rate without causing fermentation,
and, therefore, be of value in reducing respiratory losses.
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