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ABSTRACT

Plant maturity is a complex physiological trait routinely evaluated by plant breeders because of its agronomic, economic,
and breeding implications. In potato, plant maturity is typically estimated by monitoring vine characteristics. This study
investigates several reported measures of vine maturity in potato cultivars, including examination of flower develop-
ment, leaf chlorophyll content, and leaf peroxidase activity to see what method is most appropriate for maturity classi-
fication in temperate production regions. These three measures were evaluated multiple times throughout a single
growing season across two locations. The data were analyzed using canonical discriminant and dichotomous tree
analyses. Both methods revealed that flower development is not an accurate indicator of maturity, even though it is a
common component of maturity screening protocols. Peroxidase measures were slightly better, but the optimal period
of time to assess this trait was variable across locations and a considerable time commitment is required to collect and
process samples. Monitoring leaf chlorophyll content throughout plant development was most appropriate for predicting
vine maturity under these conditions, as this trait showed the most consistency and greatest prediction accuracy (69% -
71%) relative to peroxidase activity and flowering development. Additionally, chlorophyll measurements are a more
practical method of measuring maturity due to the ease of data collection. Leaf chlorophyll content best distinguished
late cultivars from early-medium and medium-late cultivars. However, it did not separate early-medium from medium-
late cultivars. Combining chlorophyll monitoring with peroxidase and flowering measures improved the ability to dis-
tinguish among the early-medium and medium-late maturity classes. However, doing so only increased classification
accuracy by 3%.
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monitoring the below ground status of a plant part pre-
sents many challenges. However, the production of tu-
bers is associated with many changes at the whole plant
level, including altered morphology (i.e. reductions in
node number, axillary branching, leaf development,
flowering, and fruit set), increased rates of photosynthe-

1. Introduction

In potato, cultivars are classified into maturity types ac-
cording to the length of the growing season required to
produce a harvestable product. This information pro-
vides growers with an estimate of an appropriate harvest

date. Physiologically, a potato crop is considered mature
once tubers have finished bulking (growing in size) and
the skin has set (the periderm is developed) [1]. Variabil-
ity among cultivars for the number of days from planting
to maturity has led to the designation of early, medium,
late, and very late maturity classes. Knowledge about
maturity class is a critical aspect of commercial potato
production. Therefore, breeders evaluate this trait when
developing new cultivars. Nevertheless, there is no stan-
dard classification scheme used by potato breeders to
characterize the maturity class of a cultivar [2-17].

In large part, a standard maturity measure in potato is
lacking because tubers are produced underground, and
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sis, and adjustment of source/sink relationships as tubers
expand and demand assimilates [7,18]. Rather than rely-
ing on destructive field harvest, potato breeders instead
assess maturity class by monitoring physiological changes
in the potato vine.

This study investigates the utility of three reported
vine maturity scoring methods on potato cultivars grown
under long-day conditions in Wisconsin: flower devel-
opment, leaf chlorophyll content, and leaf peroxidase
activity. Flowering is a physiological attribute commonly
utilized by potato breeders for evaluating maturity [2,
4-6]. Abundant flowering has been correlated with de-
layed tuber bulking [7]. Additionally, the chlorophyll
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content of leaves has been found to decrease as plants
senescence. Consequently, leaf chlorophyll may provide
an alternative measure of maturity [18-20]. Biochemical
markers associated with maturity may also provide a
widely applicable alternative for objectively classifying
plant material. Recently, peroxidase (POX) has been
evaluated in relation to maturity type for a number of
crops since it is found in a wide variety of plant tissues
and is connected with many stress and maturity related
traits [13-17]. The goal of this research was to provide
information that will aid breeders in selecting the most
appropriate method for maturity classification in temper-
ate production regions.

2. Materials and Methods
2.1. Plant Material

Six potato clones were used as reference standards for
this study. An effort was made to select clones that are
familiar to the potato industry and that fall into well-
defined maturity classes. However, conflicting maturity
designations were reported for some cultivars [22-25]. In
general, the cultivars fell into three maturity classes, de-
fined as early-medium (Russet Norkotah and Atlantic),
medium-late (Pike and C75-5 + 297), and late (Snowden
and Russet Burbank). Tubers of each standard were pro-
vided by the Wisconsin Seed Potato Certification State
Farm, except clone C75-5 + 297 (297), which is a breed-
ing line developed from a somatic hybrid of S. tuberosum
and S. brevidens [26] that had been maintained clonally
in the field.

2.2. Field Design

Clones were evaluated at two locations: Hancock Agri-
cultural Research Experiment Station in Hancock, WI
and Eagle Heights Research Plots in Madison, WI. Tuber
pieces were started in the greenhouse six to eight weeks
prior to transplanting in the field at Hancock on June 4
and at Eagle Heights on June 15, 2009. Each plot con-
sisted of two seed pieces of a clone; plots were replicated
three times in a randomized complete block design
(RCBD), with 30 cm spacing between plants in a plot
and 60 cm spacing between plots. Rows were 90 cm
apart. Standard cultural practices for potato production
were used at Hancock. These practices were mimicked at
Eagle Heights as closely as possible. However irrigation,
fertilization, and pest management procedures varied due
to differences in infrastructure, pest pressure, and avail-
ability of fungicide and fertilizer products.

2.3. Maturity Assessment

Over the course of the field season (mid July to late Sep-
tember), several methods were used to assess maturity.

Copyright © 2012 SciRes.

The timeline for evaluations at each location is summa-
rized for all variables in Table 1. Each variable was as-
sessed as follows:

Flowering: Flowering was scored every 7 - 14 days on
a 0 - 3 scale: 0 = not flowering, 1 = flower buds present,
2 = flowers present, and 3 = post-flower. This informa-
tion was used to calculate initial and final dates of flow-
ering, as days after planting (dap), and then used to de-
termine the duration of the flowering period (in days).

Chlorophyll: Leaf chlorophyll content was determined
on four dates throughout the growing season at approxi-
matelyl4 day intervals using a chlorophyll meter (Mi-
nolta SPAD-502), a non-destructive instrument com-
monly used to determine nitrogen levels by providing a
SPAD (an indexed chlorophyll content reading) meas-
urement [21,27,28]. Readings were taken at a central
point between the midrib and leaf margin on the terminal
leaflet of the third to fourth fully expanded leaf of the
plant. Duplicate measurements were made on both plants
in a plot, and averages of these four measurements were
taken to account for variability in chlorophyll. For each
plot, a mean of all chlorophyll content readings collected
across the season was also calculated.

Peroxidase: Peroxidase was examined at three time
points during the season at approximately 14 day inter-
vals by collecting the same leaves that were used to
measure chlorophyll content. For each sample, 0.15 to
0.20 g of fresh leaf material was added to a 2 ml tube
containing a 4 mm stainless steel grinding ball (OPS Di-
agnostics, Lebanon, NJ), frozen in liquid nitrogen, and
stored at —80°C until the assays could be performed.

Peroxidase was assayed using a modified protocol
from Malik and Singh [15] and Sandhu et al. [14], scaled
down in volume to increase its high-throughput capacity
by making it amenable to a 96-well plate. Leaf tissue was
macerated in 1.7 ml of 0.1 M cold phosphate buffer (pH
6.5), (68.5 ml 0.2 M NaH,PO,, 31.5 ml 0.2 M Na,HPO,,
100 ml dH,0) for 4 min in a mini bead beater (Biospec
Products, Inc., Bartleville, OK). The supernatant was
collected into a clean tube after centrifuging at 4°C for
25 min at 15,000 x g and put on ice for use as the enzyme
extract. For each sample, 7.5 pl of the enzyme extract
was added to a single well on a UV plate, along with 262
pl 0.1 M cold phosphate buffer and 15 pl o-dianisidine
(2.93 mg/ml methanol). Immediately before taking an
absorbance reading, 15 ul of 0.2 M hydrogen peroxide
(2.04 ml 30% w/w H,0,, 97.96 ml dH,0) was added and
mixed by pipetting. The reaction progress was monitored
by measuring absorption at 430 nm at 30 sec intervals for
3 min in a Biotek Synergy HT microplate reader (Wi-
nooski, VT). The program KC4 version 3.4 (Biotek) was
used to calculate the maximum rate of reaction (Viay),
which is a measure of enzymatic activity that is directly
proportional to the amount of enzyme present [15]. The
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Table 1. Misclassification error rates calculated from dichotomous tree analyses to assess the accuracy of each variable in
predicting maturity class. Leaf chlorophyll content, flower development, and leaf peroxidase activity were examined for indi-
vidual score dates (dap = days after planting) and as combined estimates (Mean, Initial, Final, and Duration).

Hancock Eagle Heights
Variable dap* Misclassification Rate Variable dap?  Misclassification Rate

40 36% 37 35%
55 36% 52 44%
Chlorophyll 69 31% Chlorophyll 66 53%
83 43% 80 41%
Mean 31% Mean 29%
35 53% 30 59%
40 58% 37 59%
55 67% 46 65%
62 67% 52 65%
69 50% 66 47%
76 50% 73 47%
Flowering 83 53% Flowering 80 44%
88 58% 87 53%

100 67% - -

112 67% - -
Initial 56% Initial 59%
Final 42% Final 42%
Duration 47% Duration 42%
40 42% 37 41%
Peroxidase 55 31% Peroxidase 52 44%
69 42% 66 38%

"Hancock Planting Date = June 4, 2009; *Eagle Heights Planting = June 15, 2009.

weight of each leaf sample was used to calculate the
peroxidase activity so it could be expressed as AAmin -
g fresh weight. Peroxidase activity was determined
three times for each sample and averaged to give one
value.

2.4. Statistical Analysis

Tables and graphs were made in Microsoft Excel (2007)
to visualize variation within and among locations and
cultivars for all variables throughout the season. The
predictive power of each variable was examined by de-
veloping diagnostics keys in R version 2.10.0 [29] using
a dichotomous tree approach. The trees allowed the
overall accuracy of each variable at both locations to be
determined, which was done by calculating a misclassi-
fication error rate (number of incorrectly classified culti-
vars/the total number of cultivars evaluated) (Table 1).
Canonical discriminant analyses (CDA) were also con-
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ducted in SAS® 9.2 [30] to determine if certain variable
combinations would further discriminate the three matur-
ity classes at each location. In this approach, a first and
second canonical variable were identified and then visu-
alized using scatter plots (Figure 1). The CDA variables
were combined by location and subjected to the di-
chotomous tree approach to determine whether combin-
ing variables decreased misclassification rates as com-
pared to misclassification rates of individual variables
(Figure 2). Other combinations of variables were also
analyzed to determine whether a low misclassification
rate could be obtained (data not shown).

3. Results

Flowering, chlorophyll, and peroxidase measurements
taken throughout the season were examined graphically
at each location to visualize patterns that might associate
with maturity class designations (Figures 3 and 4). At
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Figure 1. Canonical Discriminant Analysis of the two variables that best separated maturity classes (early-medium, late and
medium-late) at (a) Hancock: Canl = mean of all chlorophyll measurements and Can2 = flowering development 69 dap and
(b) at Eagle Heights: Canl = mean of all chlorophyll measurements and Can2 = peroxidase activity 52 dap.
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Is chlorophyll mean < 43.7 SPAD units?
|

Is cultivar done flowering at 69 dap?
1

Is cultivar done flowering at 69 dap?
1

NO YES NO YES
Is chlorophyll mean < 40.9 SPAD
1 . .
[ 1 Medium-late Early-medium
Late
NO YES
| Is chlorophyll mean < 40.9 SPAD
1
Early-medium | |
NO YES
[ |
Late Early-medium
(a)
Is chlorophyll mean < 38.9 SPAD units?
i
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1
Late | |
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| l
Is chlorophyll mean < 42.0 SPAD units?
|

Is peroxidase activity at 55 dap < 84 AAmin'-g”' FW?
]

NO YES NO YES
Early-medium Late Medium-late Early-medium
(d)

Figure 2. Dichotomous tree diagnostics keys for maturity classification using the first and second canonical variables identi-
fied at each location by canonical discriminant analyses. (a) Hancock (mean leaf chlorophyll content and flowering develop-
ment 69 days after planting); (b) Eagle Heights (mean leaf chlorophyll and peroxidase activity 55 days after planting).
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Figure 3. Average leaf chlorophyll content (dashed line), leaf peroxidase level (solid line), and stage of flower development
(flowers present = +/flowers absent = —) values for early-medium maturing varieties “Russet Norkotah” and “Atlantic” (a),
medium-late maturing varieties “Pike” and “297” (b), and late maturing varieties “Snowden” and “Russet Burbank” (c) at
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Figure 4. Average leaf chlorophyll content (dashed line), leaf peroxidase level (solid line) and stage of flower development
(flowers present = +/flowers absent = —) values for early-medium maturing varieties “Russet Norkotah” and “Atlantic” (a),
medium-late maturing varieties “Pike” and “297” (b), and late maturing varieties “Snowden” and “Russet Burbank” (c) at
Eagle Heights.
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each time point, chlorophyll readings showed the most
consistency. Initial chlorophyll contents ranged among
maturity classes from 47 - 52 SPAD units at Hancock
and 40 - 44 SPAD units at Eagle Heights. At both loca-
tions, the late maturity class had the lowest initial reading,
followed by the medium-late, then early-medium classes.
As the season progressed, chlorophyll levels decreased
for all three maturity classes at both locations, but a
steeper decline was observed at Hancock (13 SPAD units)
than at Eagle Heights (3 SPAD units).

In contrast to chlorophyll content, peroxidase activity
was highly variable for each cultivar, but in general it in-
creased over time (Figures 3 and 4). Average peroxidase
activity was initially around 83, 98, and 95 AAmin g
fresh weight for the late, medium-late, and early-medium
maturity classes, respectively, at Hancock. By the end of
the season, peroxidase activity had increased to 105, 105,
and 138 AAmin'-g"' fresh weight for the late, me-
dium-late, and early-medium classes, respectively (Fig-
ure 3). At Eagle Heights, average peroxidase activity
started out lower than Hancock (about 81 AAmin g
fresh weight for the late maturity class and 70 AAmin g’
fresh weight for the early-medium and medium-late
categories), but ended higher for the medium-late and
late maturity classes (209 and 127 AAmin'-g" fresh
weight, respectively), and roughly the same for the early-
medium class (150 AAmin '-g ' fresh weight) (Figure 4).

Like peroxidase activity, flower development was also
highly variable throughout the season. For example, in-
consistencies of as much as 44 days (6 - 7 weeks) were
observed in flowering duration among plants of a single
cultivar at a single location due to variation in initial and
final flowering dates (data not shown). However, when
average flowering development scores were considered
at each time point, different patterns among maturity
classes became evident at both locations (Figures 3 and
4). At Hancock, flowering began 40 dap on average for
the medium-late maturity class and lasted approximately
22 days, while for the early-medium and late classes it
began 55 dap on average and lasted approximately 7 days
(Figure 3). In contrast, flowering at Eagle Heights oc-
curred earlier than at Hancock and lasted much longer
(Figure 4). On average, the medium-late class flowered
first (30 dap), followed by the late maturity class (37
dap), then the early-medium class (46 dap). Flowering
ended around the same time for all three maturity classes,
leading to a final duration of 50, 43, and 34 days, respec-
tively.

The first and second variables (Canl and Can2) in the
canonical discriminant analysis (CDA) at Hancock were
the mean of all chlorophyll measurements (Cmean) and
flowering development 69 dap, respectively. Cmean best
discriminated among the three maturity classes, while
flowering development 69 dap further distinguished
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early-medium from the two other classes (Figure 1). At
Eagle Heights, Cmean was also the most influential
variable (Canl); however the second canonical variable
(Can2) was peroxidase activity 52 dap. Cmean separated
the late maturity class from the other two classes, while
peroxidase activity 52 dap further distinguished the
early-medium and medium-late categories.

Misclassification rates from the individual variable
dichotomous tree analyses ranged from 31% - 67% at
Hancock and 29% - 65% at Eagle Heights (Table 1).
Chlorophyll and peroxidase measurements provided the
greatest accuracy. In particular, Cmean was more precise
in distinguishing categories at both locations. Combining
the first and second canonical variables into a more com-
plex tree increased the accuracy by 3% at both locations,
to 28% at Hancock and 26% at Eagle Heights. The diag-
nostics keys generated from these complex trees are
shown in Figure 2. For comparison, other variables were
also combined to form a more complex tree to see if this
would further improve accuracy. However, doing this did
not lower the misclassification rates.

4. Discussion

When a cultivar is released, it is assigned a maturity class
based on observations of vine growth and tuber bulking
characteristics over many years. Breeders do not have
this much information in early generations, so it would
be useful to find a technique that can predict maturity
class. The measures of maturity examined in this study
did not correlatestrongly with the maturity class designa-
tions of the reference cultivars used. However, mean leaf
chlorophyll content across the season (Cmean) and per-
oxidase activity did show some promise in their ability to
classify maturity. In particular, monitoring leaf chloro-
phyll content throughout the season and averaging those
values provided the highest prediction accuracy. Some of
the individual chlorophyll and peroxidase measurements
also provided comparable accuracy to Cmean, but the
optimal single score dates were not consistent across
locations.

Cmean was best able to separate the late maturity class
from the other two classes. The late maturity class gener-
ally had a lower chlorophyll content throughout the sea-
son as compared to the early-medium and medium-late
classes. At Hancock, this difference became smaller over
time and was not as large as at Eagle Heights, which is
why the Cmean misclassification rate was slightly higher
at Hancock (31% vs. 29%). The observation that late
cultivars could be distinguished early in the season indi-
cates that chlorophyll screening at the beginning of the
season may allow for early detection of late clones. This
would be a valuable selection tool for breeders interested
in avoiding late material. Further studies monitoring
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chlorophyll content in more detail may reveal whether
even earlier detection is possible.

Canonical discriminant analysis revealed that combin-
ing the mean chlorophyll content (Cmean) with other
measures increased the ability to distinguish among the
early-medium and medium-late maturity classes. How-
ever, dichotomous tree analysis revealed that doing this
increased accuracy by only 3%. Other combinations of
variables were also analyzed (data not shown), but did
not result in lower misclassification rates than those se-
lected by CDA. An additional complication with this data
set is that the early-medium and medium-late classes
overlapped. Consequently, the maturity classes are not
physiologically distinct entities and are likely to be in-
fluenced by environmental variables.

Trends in leaf chlorophyll content were consistent
across locations. At both locations, a steady decrease in
chlorophyll content was observed throughout the course
of plant development. This observation has also been
made in several other studies [17,19,21,27,28]. The mag-
nitude of the decline, however, was smaller at Eagle
Heights than at Hancock, likely due to a lack of vine se-
nescence observed at Eagle Heights. This may have re-
sulted from variation in environmental conditions and
agricultural practices between Eagle Heights and Han-
cock, such as soil composition (silt loam vs. sandy loam),
irrigation infrastructure (hand and ground application vs.
overhead), photoperiod (43°423"N and 44°8'1”"N), and
type of fertilizer (20-10-2 vs. 28-0-0 urea and ammonium
nitrate), respectively. We speculate that the environ-
mental conditions at Eagle Heights were more conducive
to prolonged plant growth than at Hancock. McGrady
and Ewing [19] also noted a correlation between in-
creasing foliar senescence and decreasing leaf chloro-
phyll content in potato.

In contrast to chlorophyll content, peroxidase activity
increased as the season progressed at both locations.
Other studies conducted in China and India have shown
peroxidase activity to peak early to mid-season, and then
decline roughly around the time of true seed production
in soybean and tuber bulking in potato [14,17]. Tuberiza-
tion occurred for all cultivars in this study, so it is not
clear why we did not observe the same trend. The potato
study conducted in India occurred under short days (9.75 -
11.5 hr photoperiod), while ours occurred under long
days (12.5 - 15.5 hr photoperiod). Other stresses in the
previous studies may have also influenced peroxidase
activity.

The large variability in flowering development re-
sulted in extremely high misclassification rates and made
it difficult to discern consistent trends. The final inci-
dence of flowering and the duration of flowering period
had misclassification rates comparable to some of the
chlorophyll and peroxidase measurements. However, the

Copyright © 2012 SciRes.

prediction accuracy of the other flowering measures ex-
amined (i.e. initiation of flowering and individual flow-
ering scores) was no better than random assignments of
maturity designations to each variety would have been.
Flowering is a photoperiod dependent process. It is be-
lieved that photoperiod is sensed by phytochrome b,
which represses flowering time genes (StSP6A and
StSP3D) under long photoperiods and activates them
under short photoperiods [31,32]. The flowering time
genes are expressed in the leaves and their products are
transported to shoot apical meristems to induce flowering.
It is interesting that one of the flowering time genes
(StSP6A) induces tuberization at the same time it induces
flower initiation. Consequently, observations of flower
production should predict tuberization. However, tuber
bulking rate varies among clones and this trait is not
likely controlled by flowering time genes.

The results of our study highlight the difficulty that
exists in trying to assess the maturity class of potato
clones using correlated traits. We examined three re-
ported measures of vine maturity, and found that none of
them accurately predicted maturity class. Although high
levels of misclassification were observed for all three
measures, some were more accurate than others. We
found measures of flowering development to be highly
inaccurate, even though they are a common component
of various maturity screening protocols [2,4-6]. Peroxi-
dase measures were slightly better, but the optimal period
of time to assess this trait was variable across locations.
Furthermore, a considerable time commitment is required
to collect and process samples when determining per-
oxidase levels, making it a less desirable method of
measuring maturity. Monitoring of chlorophyll through-
out the season showed the most promise for researchers
wishing to assess maturity of cultivated potatoes in tem-
perate production regions. Chlorophyll measurements are
also a more practical method of measuring maturity due
to the ease of obtaining measurements in a short period
of time. Thus, monitoring of chlorophyll is a more desir-
able method for assessing maturity type because it is
easier to implement in breeding programs and more ac-
curate than monitoring of flowering development and
peroxidase activity. However, a better understanding of
the physiological responses associated with plant aging
in potato is still needed, and further research may lead to
better methods of screening.
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