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Abstract The present work was undertaken with an
objective to evaluate the impact of temperature on respi-
ration rate of fresh black carrot using a non-linear enzyme
kinetics approach. Two different models viz. Arrhenius
equation (temperature effect) and enzyme kinetics (effect
of temperature and headspace concentration) have been
compared for predicting the respiration rate of black carrot.
The respiratory behavior of black carrot was assessed using
closed system technique at 5, 10 and 15 °C (£ 1 °C)
temperature and constant relative humidity (RH) of 85%.
The O, consumption and CO, evolution rate values were
39.17, 58.88 and 68.08 ml kg~' h™'; 22.15, 34.63 and
41.86 ml kg~' h™! after the attainment of steady-state
condition at 5, 10 and 15 °C, respectively. The inhibition
by evolved CO, was found to be predominantly competi-
tive at all temperatures. The average absolute deviation in
O, consumption and CO, evolution rate for Arrhenius
model was 3.5% and 5.3% while for enzyme kinetics
model was 8.8% and 6.3%, respectively. Dependency of
respiration rate of black carrot on temperature was well
defined by Arrhenius model. The outcomes of the study can
be further utilized to design the MAP (modified atmo-
sphere packages) for fresh black carrot storage at 5 °C with
85% RH.
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List of syombols
f Final concentration of CO,, %

Pco,

Pco,”  Initial concentration of CO,, %

Pozf Final concentration of O,, %

poz"" Initial concentration of O,, %

Rco, Respiration rate (rate of CO, evolution, ml
kg~ h™")

Ro, Respiration rate (rate of O, consumption, ml
kg'h™h)

mo, Maximum oxygen consumption rate, ml kg~ h™"

V, Volume of black carrot sample, ml

V; Total volume of jar, ml

Vv, Void volume of jar, ml

Ky, Michaelis—Menten constant for oxygen, %

chmz Michaelis—Menten constant for competitive
inhibition of O, consumption by CO,, %

Ko, Michaelis—-Menten constant for uncompetitive
inhibition of O, consumption by CO,, %

¢ Final time, h

7 Initial time, h

0 Mean density of fresh black carrot, kg 17"

E, Activation energy, kJ mol ™!

RH Relative humidity, %

w Produce weight, kg

W Weight of fresh black carrot inside the

impermeable jar, kg
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Introduction

Vegetables are diverse groups and have been recognized
for their human health benefits. Most of the root vegeta-
bles have a high content of nutritive and bioactive com-
pounds (Galiana-Belaguer et al. 2018; Guliyev et al. 2018).
Black carrot (Dacus carota L.) is one such root veg-
etable which is also a valuable source of antioxidant
property, bioactive compounds and functional components
(Kamiloglu et al. 2018). During postharvest storage, black
carrot respires to provide energy for its biochemical pro-
cess and undergoes a complex series of physicochemical
reactions along with microbiological changes that were
responsible for quality changes i.e. low storage stability
(Barbosa et al. 2011). Thus, the self-stability of fresh
commodities can be enhanced by controlling O, and CO,
levels of their storage environment (Rocculi et al. 2006).
The quality and storage stability of perishable commodity
is usually affected by two important factors i.e. temperature
and relative humidity (Tigist et al. 2013). Kirca et al.
(2007) also examined and concluded from their results that
bioactive and antioxidant compounds of fresh produce
degrade at a faster rate if stored at high temperatures.
Hence the need was realized for black carrot postharvest
management in MAP (modified atmosphere packaging)
storage. However, accurate respiration rates and modeling
is pivotal to design MAP for agricultural commodity due to
their perishability.

Design of an appropriate packaging for extending the
shelf life of black carrot depends upon multiple factors
include crop (variety, maturity stage, respiration, transpi-
ration, etc.), surrounding environment (storage temperature
and relative humidity) and package type (packaging film,
permeability, thickness, area exposed and headspace
composition) (Rennie and Tavoularis 2009). The incor-
rectly designed model may be ineffective or even shorten
the shelf life of the black carrot. Thereafter, an appropriate
handling method, especially storage temperature for post-
harvest is required for extending the self-stability of black
carrot.

The metabolic process of perishable crop continues even
after harvesting as they are directly proportional to the
storage temperature because with every 10 °C arise in
temperature (stored perishable crop), as it increased by two
or three folds (Kirca et al. 2007). The Q,, coefficient can
be very useful in predicting a loss in quality of fresh black
carrot, with 10 °C augmentation in storage temperature,
results in an increase of respiration rate along with deple-
tion of sugars and organic acids from the tissue (Jerry and
Jeffrey 2002). At higher temperatures, enzymatic denatu-
ration may occur which are responsible for the quality
change of black carrots. Thus, the respiration rate and
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biochemical reactions can be controlled at a low storage
temperature of fresh produce (Igbal 2009). But even, at too
low temperature, physiological injuries may also occur
which enhances the respiration rate (Fonseca et al. 2002).

Measuring the respiration rate of fresh produce is
important for storage stability but measuring the respiration
rate at a particular storage temperature is a time-consuming
process. Thus, different mathematical models have been
developed in order to correlate the respiration rate with
other storage parameters (O,, CO,, time and temperature)
(Kaur et al. 2011; Singh et al. 2014). Arrhenius law
explains the temperature dependent respiration rate (Fon-
seca et al. 2002; Benkeblia 2004). Peppelenbos and Leven
(1996) proposed the O, consumption rate which depends
on the headspace composition i.e. O, and CO, concentra-
tion. The fact about the respiratory metabolic activity can
be carried out by enzymatic reactions, but the Michaelis—
Menten equation has been used by many investigators
(Ersan et al. 2010) which assume that evolved CO, has no
inhibition effect to explain the relation of respiration with
gas concentration. Moreover, the respiratory quotient has
been generally assumed to be unity for predicting the rate
of CO, evolution. Kaur et al. (2011) suggested that
including the effect of headspace, temperature and respi-
ration quotient in the same model can help in reducing the
deviation of predicted values. Until recently, a few research
has been carried out which investigate the combined effect
of temperature, headspace concentration, and respiration
quotient relation especially with respect to black carrot
storage.

Thus, the present study has been designed to evaluate
the impact of surrounding temperature, headspace con-
centration and inhibition by evolved CO, on the respiratory
behavior of fresh black carrot. A mathematical model was
developed for predicting respiration behavior of fresh black
carrot at different storage temperatures (5, 10 and 15 °C)
and comparing the results with respect to the proposed
model of Peppelenbos and Leven (1996). Finally, the
developed model can be used for selecting optimum
packaging material for a fresh black carrot.

Materials and methods
Procurement of raw material

Fresh black carrot (Variety: Punjab Black Beauty) was
procured from Vegetable Farm, Punjab Agricultural
University (PAU) after harvesting at the maturity stage. It
was harvested in the winter season (December-January)
and ambient temperature during these days was varied
from 8 to 10 °C. The selected crop was pre-cleaned to
remove adhering dirt’s and used as raw material for
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experimental investigation. The black carrot was properly
handled to avoid any mechanical injury and bruising.

Physicochemical properties of fresh black carrot

Physicochemical properties of fresh black carrot were
carried out in ten replications and the average of these was
taken.

Physical dimensions of fresh black carrot

Length of fresh black carrot was measured using measuring
scale and diameter of the end (1 cm from tip), mid and top
of fresh black carrot were measured using Vernier Caliper
(Make: Mitutoyo Corporation, Japan; Model: CD- 6” R).

Weight of fresh black carrot

Weight of fresh black carrot was measured using a preci-
sion electronic weighing balance (Make: A&D Instru-
ments, Japan; Model: GF1200) with the least count
0.0001 g.

Texture Analysis

The market value of black carrot is affected by its firmness
(g) which measured using Texture Analyser (Make:
Stable MicroSystems, Model: TA XT plus). Test for each
sample was performed in triplicate, the stick of black carrot
kept horizontal under the Warner/Blazer (HDP/BS) blade
of test speed of 5 mm/s and penetration distance of 30 mm
(Ayhan et al. 2008). Results were expressed as maximum
cutting force (g) which represents the firmness of black
carrot.

Color

The color of the freshly harvested black carrot samples was
measured by using Color Reader CR-10 (Konica Minolta
Sensing Inc.). The instrument was calibrated before color
analysis using white and black tiles. For determination of
color, the sample was tightly filled in petri dish provided
that no light was allowed to pass during the measuring
process. The values were recorded as ‘L’, ‘a’ and ‘b’ and
the average values were taken for statistical analysis.

Total soluble solids
Total soluble solids of fresh black carrot were measured

after extracting juice, using a hand refractometer (Make
ERMA) of 0-32°brix range.

Flavonoids content

Flavonoid content of black carrot was estimated using the
method given by Chang et al. (2002) with few modifica-
tions. One gram of black carrot sample was homogenized
with 10 ml of methanol and 0.5 ml of supernatant was
diluted with 1.5 ml of methanol. Then add 1 ml of 1%
aluminium chloride and 1% potassium acetate to the
solution. The resulting solution was diluted with 2.8 ml
distilled water and allowed to stand for 30 min. The optical
density was measured against the blank without extract at
415 nm. The standard curve was plotted by taking an ali-
quot of 0.2—1 ml (5 concentrations) from standard solution
of quercetin (100 mg in 100 ml of distilled water) and final
volume was made up to 1 ml with distilled water. The
results were calculated using the obtained standard curve of
quercetin and expressed as mg equivalent of quercetin/
100 g (fresh weight basis).

Antioxidants activity

Antioxidant activity was determined as a scavenging
activity of free radicals using 2, 2-diphenyl-I-picrylhy-
drazyl (DPPH) radical (HiMedia Laboratories, India) as per
the method of De Ancos et al. (2002). 1 g of sample was
extracted using 50 ml of 80% methanol for 2 h, clarified
with a cold centrifuge (Eltek Limited; MP 400-R; India)
(6000 rpm for 5 mm at 4 °C) and repeated extraction again
for left behind in centrifuge tube for 1 h more. Aliquots of
0.01 ml of supernatant were mixed with 3.9 ml of
methanolic DPPH (0.025 g/l) and 0.09 ml of distilled
water. The resulting mixture was incubated at room tem-
perature in dark for 30 min. The absorbance of the mixture
was measured against the blank (methanol) at 515 nm.
Antioxidant activity was calculated as the ratio of differ-
ence between control OD (optical density) and sample OD
to control OD and expressed as % inhibition of DPPH
scavenging activity.

Anthocyanins content

The anthocyanins content in carrot was determined using
the modified method described by Tonutare et al. (2014).
Two-gram black carrot sample was ground in pestle and
mortar with ethanolic HCL (85:15) until extract becomes
colorless. A pinch of sodium sulphate was added to absorb
moisture during extraction. After extraction, the final vol-
ume was made up to 25 ml with ethanolic HCL and results
were taken at 535 nm against ethanolic HCL as blank.
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Respiration studies of fresh black carrot

A closed or static system, hermetically sealed glass jar was
used to achieve the objective of the present study (Fig. 1)
(Lokke et al. 2011). For making airtight glass jar, the screw
at the top of the jar was provided to close the lid and was
air-sealed using silica gel (Sorbead, India) around its neck
(Ghosh and Dash 2018). PTFE Silicone septa, a self-seal-
ing glued to a glass jar for taking the gas sample using a
sampling needle of the gas analyzer (Gaspace Advance®
electronic analyzer; Make: Systech Instruments; UK). It
was injected through the silicone septa glued at the mid-
point of a glass jar for measuring O, and CO,
concentration.

The average weight of black carrot was around
200 + 5 g of sample in each jar. The true density and
weight of black carrot were analyzed using the water dis-
placement method (Ishikawa et al. 1992) and weighing
balance, respectively. The total volume of the glass jar
(V1) was measured using water which filled up to the brim.
For measuring the volume of the black carrot, it was kept in
a closed jar and estimated using the Eqgs. (1):

V=2 (1)

s

The void volume (Vy) was estimated using the follow-
ing relationship in Egs. (2):

Vy =Vy — Vg (2)

The impermeable glass jars were then kept in a walk-in
cooling chamber (Motherson Zanotti, India) with dimen-
sions of 174 x 143 x 216 cm at various temperatures (5,
10, and 15 °C) and relative humidity (RH) of 85% (£ 1%).

For the respiration experiment, the analysis was carried out
in replicates (three) and means values were used for further
analysis. The headspace gaseous concentration was con-
tinuously measured (%) after every 30 min, at regular
intervals using the gas analyzer and converted into partial
pressures, using the relation of one atmospheric pressure
(101.325 kPa) which is equivalent to 100% gaseous com-
position. Gas concentrations were measured until the
alteration between two consecutive observations become
constant indicates the attainment of steady-state.

Respiration rate at each temperature in terms of O,
consumption and CO, evolution rate was evaluated as
outlined below (Singh et al. 2014) in the mathematical
form of Egs. (3) and (4) respectively:

(pi'}z —P/‘oz) x Vy

© 7100 x W x (¢ — 1)

B ( COz_pigOZ) xVy
~ 100 x W x (¢ — 1)

Ro

(3)

Rco, (4)
Respiratory quotient (RQ) is the ratio of CO, evolution
rate to O, consumption rate (Torrieri et al. 2010) as out-
lined below [Egs. (5)]:
Rco,
RQ=—"72 5
R (5)
The values of Q;(, were used in calculating the ratio of
respiration rates (RR) which measures at two different
storage temperatures, explained in Eqgs. (6):

Rate of specific reaction at T’ | o ¢

Qi =

(6)

Rate of specific reaction at T}

Fig. 1 Airtight container for evaluation of respiration of black carrot where (1) gas analyser (2) glass container (3) needle (4) silicone septa (5)

headspace (6) black carrot
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Enzyme kinetics model

The effect of headspace concentrations on the respiratory
behavior of fresh black carrot was studied on the basis of a
model proposed by Peppelenbos and Leven (1996).
According to this model, the enzyme kinetics parameters,
viz. Vmo K Moy K meco, and K muco, Were estimated using
non-linear analyses of respiration data for combined or
mixed inhibition (Kaur et al. 2011). Effect of O, headspace
concentration on respiration was evaluated using Michae-
lis—-Menten constant K,,,, which is a measure of respiration
at saturation point with headspace O,. It epitomizes the
oxygen concentration at which half of the maximum res-
piration rate reached, assuming no inhibition by CO, but it
can be evaluated using inhibition constants Kincco, and
Koo, -
level to which respiration inhibited by CO,. The high value
of inhibition constants indicates that backward reaction is
faster than forwarding reaction thus, CO, inhibition is not
possible. The non-linear analysis shows that inhibition
constant represents that black carrot respiration was sus-
ceptible to combined inhibition (Kmm2 and K,m,m2 are

The inhibition constant value is an estimation of

finite and unequal). Further, to incorporate the temperature
effect, temperature dependent equations were developed
for all enzyme kinetics parameters.

Vmo2 X p’(’)’2 ™)
1_|_ pfoz + in 1+ pigOZ
mOZ p02 K’”“COZ

Arrhenius equation

Ro, =

The effect of temperature on respiration rates and enzyme
kinetic parameters is calculated using, Arrhenius relation-
ship which is referred for fresh produce. It depends on
chemical reactions theory i.e. reactions complexity which
has a direct impact on temperature. Respiration rates and
enzyme kinetic model parameters were computed by
Arrhenius relations as shown in Egs. (8), (9), (10) and (11),
(12), (13), (14) respectively:

E[T']X (%7T1 )
Ro2 = R02 pe ref (8)
7f112><<%7%)
Rco, = Rco, pe " )
’E(BX (L‘_”] )
RO =RQpe " \" " (10)
_Eaa (L, 1 )
Vi, = Vi, pe © 07 (11)
2

~l—

_Zas
RX(

) (12)

Kn,, = Ko, pe
Km(‘coz = mcwz 7Pe ( M/) (13)
Kmucoz = Bamuco, Pe ( mf) ( ]4)

where Rop,, Rco, and RQ are respiration rates and res-
piratory quotient,V,, ., K., Kimcco, Kmucy,» are enzyme
kinetic model parameters Rp, p, Rco, p and RQ, p are
respiration pre-exponential factors,V ., , p,Kmg,s P> Kmeccoy> Ps
Kmuco,» p» are enzyme kinetic pre-exponential factors,E,j,
Epn, Es, Eu, Egss, Ei and E,; are activation energies,
kJ g 'mol™', R is the universal gas constant,
8.314 kJ g~ mol™" K™, T represents storage temperature
(K) and T, represents the reference temperature which is
the average of experimental temperatures.

Prediction models of respiration rate

The rates of O, consumption and CO, evolution were
predicted using two different relationship models viz. The
Model I: Based on the Arrhenius equation to study the
effect of temperature and Model II: Based on Peppelenbos
and Leven’s (1996) equation to study the effect of head-
space composition. Model II also incorporated the effect of
temperature by introducing temperature dependent enzyme
kinetic parameters. RCO, was determined from RO, using
the RQ relationship.

Statistical analysis

The partial pressures and respiration rates of O, and CO,
used to examine the various enzyme kinetics parameters
using non-linear regression in Graph Pad PRISM® Ver.
5.00.288 software (Graph Pad Software Inc., USA). The
average absolute deviation is mostly used to determine the
goodness of fit (Mangaraj et al. 2011).

Results and discussion
Physicochemical properties

The physicochemical characteristics of the fresh black
carrot were presented in Table 1. The length of black carrot
varied from 25.62 to 25.78 cm and the diameter of the end
(1 cm from tip), mid-section and top were 0.707-0.758,
2.05-2.1 and 3.3-3.38 cm, respectively. The length and
diameter of the black carrot were almost similar to those
reported by Rubatzky et al. (1999). The average weight of
fresh black carrot was 25.2 g which was in accordance to
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Table 1 Physicochemical properties of fresh black carrot

Parameter Average (a)

. . 120
Physical properties

Length, cm 25.68 + 0.08
Diameter, cm

End-section® 0.73 £+ 0.03

Mid-section 2.08 £ 0.02

Top-section 333 £0.03

Weight, g 25.20 £+ 2.24

Firmness, N 67.28 + 4.58
Color parameters

L 4193 £ 0.2 |

a 3.50 + 0.24 0

b -2.80 £ 0.11 0 1 2 3 4 5
Time,h

100 -

-1

80 -

60 -

40

Respiration rate, ml kg™ h

20

Chemical properties
Total soluble solids, °Brix 8.20 £ 0.37
Flavonoids content, mg QUE/100 g 218.75 £ 2.16
Antioxidant capacity, % inhibition of DPPH 47.44 £+ 5.05
Anthocyanins content, mg/100 g 186.05 £ 10.09

~_~
=
~

—m- RO,
n = 10, values are mean = SD 120 - -@-RCO,

41 cm from tip

Respiration rate, ml kg-1 h-1

-
(=
o
1

80
the results that reported by Dhillon et al. (2016). The color

parameters viz. L, a and b values were found to be 41.93,
3.5 and — 2.8, respectively. Total soluble solids (TSS) in
fresh black carrot were observed as 8.2°Brix and firmness
as 67.28 N. The range of TSS varied from 6.55 to
8.28°Brix for fresh black carrot as reported by Dhillon
et al. (2016) and firmness from 80 to 97 N as described in
minimally processed fresh carrots by Ahyan et al. (2008).
Firmness might also depends on the variety or any other
characteristic features. The antioxidant capacity, flavonoids
content and anthocyanins content in fresh black carrot were
47.44%, 218.75 mg QUE/100 g and 186.05 mg/100 g,
respectively. The obtained results were in accordance with
Dhillon et al. 2016 (anthocyanins content) and Kaur (2018)
(antioxidant capacity) in black carrot.

60 -

40

Respiration rate, ml kg™ h-'

20

~_~
)
~

120

1
-
(=
o

1

Dependence of partial pressures on time
and temperature

(=]
o
1

[~}
o
1

From the Fig. 2, it has been observed that the partial
pressures of oxygen and carbon dioxide decreased and
increased, respectively at all the considered temperatures.
Partial pressures of oxygen (21.16%) inside the jar
decreased to 15.20, 12.20, 10.80% whereas the partial
pressures of carbon dioxide increased to 3.40, 5.30, 6.40% . . . . .
from 0.03% with the progress of time and achieved the 0 1 2 3 4 5
steady-state condition after 3.5, 4 and 4.5 h corresponding Time, h

to the temperature 5, 10 and 15 °C, respectively. The

Respiration rate, ml kg'1 h’
8
1

N
o
1
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«Fig. 2 Respiration rates and partial pressures of oxygen and carbon
dioxide for fresh black carrot at different temperatures (a) 5 °C
(b) 10 °C (¢) 15 °C

temperature has a direct impact on partial pressure which
might be due to the higher respiration rates at higher
temperatures (Pereira et al. 2017). Similar was reported by
Barbosa et al. (2011) in minimally processed carrot. Singh
et al. (2014) also reported a comparable trend of partial
pressures in fresh baby corn. The rate of decreasing and
increasing of p"gz and pigoz, respectively fastens as tem-
perature elevates from 5 to 15 °C along with oxygen rate
which also have direct impact on respiration rates. Thus not
only temperature but also higher O, concentration fastens
the uptake of O, as respiratory enzymes were exposed
more to the reaction substrate. A similar effect of tem-
perature and time on the partial pressures was reported in
tomatoes (Castellanos et al. 2016) and yellow bell pepper
(Kirandeep et al. 2018).

Dependence of respiration rate on time
and temperature

The present study revealed that the respiration rate was
significantly influenced by time and temperature. Figure 2
shows the results with respect to the respiration rate that O,
consumption and CO, evolution rate declines with time.
With the increment of time, from O to 4.5 h, the respiration
rate of O, and CO, decreased by 47.44 and 34.31% at 5 °C,
respectively. There was a significant difference observed in
the respiration rate for all the temperatures. The oxygen
consumption rate values were 74.52, 98.18 and
104.09 ml kg~' h™" and carbon dioxide evolution rate
values were 33.71, 51.46 and 57.37 ml kg™' h™' at 5, 10
and15 °C temperature, respectively at the beginning of
experiment but later on they stabilized moderately to 39.17,

58.88 and 68.08mlkg ' h™'; 2215, 34.63 and
41.86 ml kg~' h™!, respectively after attainment of steady-
state conditions. Similar was observed by Igbal et al.
(2008) in stored red carrots that the O, consumption and
CO, evolution rate increased as the storage temperature
augmented. In the whole respiration study, partial pressures
of O, and CO, surrounded by the aerobic respiration limit
but fermentation were not observed.

Initially, the change of respiration rate was higher and
decreased with the succession of time till the steady-state
condition was achieved where the respiration rate attains
nearly constant values. This might be due to the decrease in
oxygen concentration in a hermetically sealed jar (Ghosh
and Dash 2018). Igbal et al. (2008) also reported that res-
piration rate augments with storage time in whole carrots.
Belay et al. (2017) concluded that time and temperature has
a direct impact on the respiration rate of pomegranate arils.

In the present study, it was observed that with a slight
increase in temperature, the respiration rate changed dras-
tically. Thus, a higher temperature of stored fresh produce
accelerates their metabolic rate The respiration rates at
15 °C were higher as compared to 5 °C. Augmentation in
temperatures increased the metabolic activity of a black
carrot which results in an enhanced respiration rate. Alike,
results in a change of respiration rate along with temper-
ature and time were reported by Singh et al. (2014) in Baby
corn. At higher temperatures, moisture condensation may
also occur which leads to the spoilage of fresh produce
(Kaur et al. 2011). Dependence on the temperature of
respiration rates examined using the Arrhenius equation
and was calculated by plotting the natural logarithm of
respiration rates against the inverse of corresponding
temperatures. It was found that the respiration rate
immensely dependents on temperature and as expressed by
their  higher activation energies as RO, (E,.

=37.39 kl/mol) and RCO, (E, =42.04 kJ/mol) and
temperature dependence relation presented in Table 2. It

Table 2 Temperature dependence relationships for respiratory and enzyme kinetics model parameters

Temperature RO, RCO, RQ Vino, Koy, (%) Koo, (%) Knuco, (%)
(K) (mkg”'h™)  (mlkg'hh (ml kg~' h™")
278 39.17 22.15 0.56 93.58 0.04 0.02 4.18
283 58.88 34.63 0.58 105.2 0.05 0.18 10.16
288 68.08 41.86 0.61 115.5 0.16 0.72 11.48
E, (kI mol™")  37.39 42.04 5.98 13.98 85.17 253.12 67.56
Temperature RO, =42.6%107exp  RCO, = 18.1% 10°%xp RQ=75exp Vi, =39340.11exp Ky, = 6475107 exp  Kyego,= 6.57%10% Ky, =
dependence (_ 4497/T) (- 5056/T) - 71920M)  (~ 1681/T) ©.177T) exp (- 238.30
relationship N N N
R* =0.93 R* =0.95 R* = 0.99 R% =0.99 R%2 =095 (= 30445/T) +0.87T)
R = 0.98 R* =097
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Fig. 3 Graphical representation of variability in inhibition of rate of
oxygen consumption by evolved CO, at different temperatures
(a) 5 °C (b) 10 °C (c) 15 °C

was found that the nature of dependence of respiration rate
was similar. Igbal et al. (2008) also observed higher acti-
vation energy in whole carrots.

Respiratory quotient and Qg

The respiratory quotient (RQ) of fresh black carrot
increased gradually as temperature augments as shown in
Table 2. The respiration quotient values were 0.56, 0.58
and 0.61 at 5, 10 and 15 °C, respectively, during the
steady-state condition. A similar trend of RQ was

@ Springer

witnessed in fresh baby corn (Singh et al. 2014). The
temperature dependence relationship of RQ was evaluated
using the Arrhenius relationship and higher activation
energy (E, = 5.98 kJ/mol) was observed. RQ increased
persistently, as the time lapsed which further stabilized as
the experiment achieved the steady-state condition. RQ
value less than unity revealed that O, consumption was
higher than the CO, production. This might be due to
produce’s skin permeability which does not increase as O,
consumption for a given temperature changed (Beaudry
et al. 1992). The Qg value of freshly harvested black carrot
was 1.73 as temperature increased from 5 to 15 °C. A
similar trend of RQ and Q;, was reported by Fonseca et al.
(2002) in fresh produce that it increased gradually as
temperature augmented. Barbosa et al. (2011) also reported
in their study that the RQ value of carrot accelerates with
temperature.

Dependence of enzyme kinetics on headspace
concentrations and temperature

K
and K, (Table 2) estimated by non-linear analysis of

The enzyme kinetics parameters, Viz. Vi, . K, , Kineco,
respiration values for combined or mixed inhibition using
the enzyme kinetics equation. The oxygen consumption
rate against oxygen concentration (Fig. 3) curve does not
shifted down but to the left. As the highest velocity of the
enzyme doesn’t alter even though enough O, was supplied,
but more O, was taken to achieve the half-maximal
activity. In the present experiment, samples stored at 5, 10
and 15 °C, extra O, was not supplied, thus O, concentra-
tion level decreased within a few hours, which consider-
ably reduced the half of the maximum velocity of the
reaction. The results of the present study revealed that
Michaelis—Menten constant for competitive inhibition was
less than un-competitive inhibition of O, consumption by
CO,, %. This might be due to the reversible binding of CO,
at the same site as O, (substrate). Thus, the inhibition of
this study was predominantly competitive at all studied
storage temperatures and similar was explained by Cope-
land (2000).

Values of K,,,, at all temperatures revealed that fresh
black carrot showed a steep incline in respiration with
respect to temperature. V,, For fresh black carrot
increased from 93.58 to 115.5 as temperature augmented
from 5 to 15 °C. Both V,,,O2 and K,m,m2 were not much
temperature dependent as expressed by its lower activation
energies i.e. 13.98 and 67.56 kJ mol~' than other param-
eters. K., was found to be highly temperature dependent
as compared to other inhibition constants (K, and

Kiuco,)- It was found that all the parameters related to
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Fig. 4 Experimental and
predicted respiration rates for
fresh black carrot at different
temperatures (a) 5 °C (b) 10 °C
(¢) 15 °C
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black carrot were temperature dependent but the nature of
dependence was dissimilar. Many investigators reported
that enzyme kinetics model parameters have a dependent
relationship with temperature (Benkeblia 2004; Geysen
et al. 2005). A similar result of low activation energy for
Vo, was reported by Singh et al. (2014) in fresh baby

corn.
Model predictions

The respiration rates predicted using Model I and Model 11
further compared with the experimental results at three
different storage temperatures (5, 10 and 15 °C). Experi-
mental results of respiration rates (RO, and RCO,) were
evaluated using a closed system technique. The average
absolute deviation for the O, consumption rate and CO,
evolution rate for Model I was 3.5% and 5.3% while Model
II was 8.8% and 6.3%, respectively (Fig. 4). This indicated
that the predicted model result fitted experimental results
well.

Conclusion

In the present study, respiratory behavior of fresh black
carrot was carried out in hermetically sealed glass jar at
different temperatures 5, 10 and 15 °C and respiration rates
attained steady state after 3.5, 4 and 4.5 h, respectively.
Thus, the temperature and time have a direct impact on
partial pressure which results in high respiration rates at
higher temperatures. The respiration rates at 15 °C were
higher as compared to 5 °C because augmentation in
temperatures increased the metabolic activity of a black

T T T T T
8 10 12 14 16

Temperature, °C

carrot. Respiration rates of O, and CO, increased by
50.33% and 56.33%, respectively as temperature amplified
from 5 to 10 °C whereas an increase of 73.82% and
89.01% was observed as temperature augmented from 5 to
15 °C. In the enzyme kinetics model, respiration rates
follow the predominantly competitive inhibition at all
storage temperatures. Arrhenius equation model was found
to be better in predicting the respiration rate of fresh black
carrot. The application of present results can be helpful in
designing the packaging material for the storage of fresh
black carrot at 5 °C with 85% RH.
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