
University of the Western Cape, Robert Sobukwe Road, Bellville 7535, Republic of South Africa 

Prof. Ndomelele Ndiko Ludidi 
Professor of Biotechnology 
Plant Stress Tolerance Laboratory 
Department of Biotechnology 
 
nludidi@uwc.ac.za 
+27219592750 
+27789762376 
 
 

 

Page 1 of 2 

 
 
05 May 2023 
 
The Director 
University of Missouri South African Education Program (UMSAEP) 
213 Hulston Hall 
Columbia 
MO 65211 
 
Dear Prof. Uphoff, 
 

REPORT: 2021-2022 UMSAEP Award (N. Ludidi) 
 
This serves as my report of the activities associated with the award made to me at the University of 
the Western Cape (UWC) under the University of Missouri South African Education Program for a 
research visit undertaken in October 2021 to May 2022. 
 
Summary 
The funding was granted for me and my then PhD student (now Dr. Ali Elnaeim Elbasheir Ali) to visit 
the laboratories of Profs. Robert Sharp and Scott Peck (both at the University of Missouri – Columbia, 
MU) to compete work done on maize between Prof. Sharp and I, and to complete work done on 
sorghum as part of the PhD thesis of Ali while initiating research work on drought and heat stress in 
pearl millet (an indigenous African crop with higher drought and heat stress tolerance than maize and 
sorghum). Ali visited two weeks (October 21, 2021) before my visit (November 2, 2021) and left 
Missouri on November 22, 2021 solely on UMSAEP support (whereas I left Missouri on 30 May 2022 
solely on Fulbright support and returned to Missouri in the period September 22, 2022 to October 22, 
2022 – solely on UMSAEP support). 
 
The period October 21, 2021 to November 22, 2021 was spent on discussions on the PhD thesis of Ali 
on sorghum with Profs. Sharp and Peck, and on work initiated on maize with Prof. Sharp. The focus 
with Prof Sharp was on the physiological impacts of drought and heat stress on sorghum and on the 
impact of drought on maize. The focus with Prof. Peck (with the assistance of Laura Greely, who was a 
postdoctoral researcher in Prof. Peck’s lab and Prof. David Tabb who is an extraordinary professor at 
UWC) was on changes in protein profiles (proteomics) induced by drought and heat stress in sorghum. 
Ali learnt in great detail how to make sense of his physiological data and how to analyse his proteomic 
data. This shaped his PhD thesis writing and formed the initial part of preparations to structure the 
work towards conference presentation and journal paper submission. Furthermore, alongside with my 
UMSAEP visit, I conducted experiments on drought and heat stress in pearl millet. 
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Outputs 
a) Further to the work conducted at the University of Missouri as outlined above, Ali graduated for his 
PhD in September 2022 (with Prof. Robert Sharp as co-supervisor) and presented at the 48th Congress 
of the South African Association of Botanists in January 2023, titled “Identification of genetic 
determinants of heat stress tolerance in sorghum using comparative proteomics”. 
b) We published a journal paper based on the work we conducted on drought experiments in maize 
(please see appendix) as follows: 
Kolo Z, Majola A, Phillips K, Ali AEE, Sharp RE, Ludidi N. Water deficit-induced changes in phenolic acid 
content in maize leaves is associated with altered expression of cinnamate 4-hydroxylase and p-
coumaric acid 3-hydroxylase. Plants. 2023; 12:101. 
c) We are currently writing a paper for submission to Frontiers in Plant Science, titled as below: 
Ali AEE, Greeley L, Peck S, Tabb D, Sharp R, Ludidi N. Identification of proteins and metabolic pathways 
determining tolerance to drought and heat stress in sorghum. Frontier in Plant Science. 2023 (in 
preparation). 
d) Ali’s abstract, arising from his PhD work with Robert Sharp and Scott Peck, has been accepted for 
presentation at the Global Sorghum Conference (Sorghum in the 21st Century: Resiliency and 
Sustainability in the Face of Climate Change) in Montpellier France in June 2023. The details of the oral 
presentation that he will give are as follows: 
Ali AEE, Greeley L, Peck S, Tabb D, Sharp R, Ludidi N. New insights into proteomic responses of 
sorghum to combined drought and heat stress. 
 
Ongoing work 
The work on pearl millet is ongoing between the laboratories of Profs. Ludidi (UWC), Sharp (MU) and 
Peck (MU) and will be concluded in 2023. It builds towards more complex work on comparative 
physiological and “omics” work between pearl millet, sorghum and maize to improve drought and heat 
stress tolerance in these three crops, which will ensure continued collaboration between these three 
laboratories for further years.  
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Abstract: The amino acid phenylalanine is a precursor to phenolic acids that constitute the lignin
biosynthetic pathway. Although there is evidence of a role of some phenolic acids in plant responses
to pathogens and salinity, characterization of the involvement of phenolic acids in plant responses
to drought is limited. Drought reduces water content in plant tissue and can lead to decreased
cell viability and increased cell death. We thus subjected maize seedlings to water deficit and
evaluated relative water content and cell viability together with p-coumaric acid, caffeic acid and
ferulic acid contents in the leaves. Furthermore, we measured the enzymatic activity of cinnamate
4-hydroxylase (EC 1.14.13.11) and p-coumarate 3-hydroxylase (EC 1.14.17.2) and associated these
with the expression of genes encoding cinnamate 4-hydroxylase and p-coumarate-3 hydroxylase in
response to water deficit. Water deficit reduced relative water content and cell viability in maize
leaves. This corresponded with decreased p-coumaric acid but increased caffeic and ferulic acid
content in the leaves. Changes in the phenolic acid content of the maize leaves were associated
with increased enzymatic activities of cinnamate 4-hydroxylase and p-coumarate hydroxylase. The
increased enzymatic activity of p-coumarate 3-hydroxylase was associated with increased expression
of a gene encoding p-coumarate 3-hydroxylase. We thus conclude that metabolic pathways involving
phenolic acids may contribute to the regulation of drought responses in maize, and we propose
that further work to elucidate this regulation may contribute to the development of new maize
varieties with improved drought tolerance. This can be achieved by marker-assisted selection to
select maize lines with high levels of expression of genes encoding cinnamate 4-hydroxylase and/or
p-coumarate 3-hydroxylase for use in breeding programs aimed and improving drought tolerance, or
by overexpression of these genes via genetic engineering to confer drought tolerance.

Keywords: water deficit; drought stress; phenolic acids; cinnamate 4-hydroxylase; p-coumarate
3-hydroxylase

1. Introduction

Maize (Zea mays L.), a staple food in many countries and an important livestock feed
crop, is generally not tolerant to the water deficit that occurs during drought [1]. Drought
is a widespread phenomenon globally and its occurrence is expected to be more frequent,
longer and more intense due to climate change [2]. This necessitates the development of
maize lines with improved tolerance to drought. To achieve this goal, it is necessary to
understand how components of various metabolic pathways in maize are influenced by
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stresses such as drought because the perturbation of these pathways impacts maize crop
survival and yield [3].

Phenolic acids occur naturally in plants [4–6] and perform a wide variety of physio-
logical functions underscored by their roles as signaling molecules [7] and in defense [8]
and antioxidant activities [9]. Measurements limited to total phenolic acid content rather
than the content of specific phenolic acids show that phenolic acids are involved in plant
responses to water deficit stress [10]. To date, the changes in specific phenolic acid con-
tent in response to water deficit have been reported only in a few plant species including
Amaranthus tricolor [11] without investigating the relationship between such changes and
the expression of genes or activities of enzymes associated with phenolic acid biosynthesis.

Drought induces excessive production of reactive oxygen species (ROS), which have
to be scavenged by antioxidant enzymes and non-enzymatic antioxidants [12]. Recently, an
enzyme with dual activity as both a p-coumarate 3-hydroxylase (C3H, EC 1.14.17.2) and an
ascorbate peroxidase (APX, EC 1.11.1.11) has been identified in Brachypodium distachyon and
Zea mays [13], highlighting association of phenolic acid metabolism with ROS metabolism.
Given the link between drought, ROS and antioxidant activities of phenolic acids, it is rele-
vant to establish how phenolic acid content is influenced by drought. Changes in phenolic
acid content during development of seeds in different varieties of wheat are associated with
changes in the expression of genes involved in phenolic acid biosynthesis [14]. Phenolic
acid biosynthesis initiates with the conversion of phenylalanine by phenylalanine-ammonia
lyase (EC 4.3.1.5) to produce cinnamic acid, which is converted to p-coumaric acid via a
reaction catalyzed by cinnamate 4-hydroxylase (C4H, EC 1.14.13.11) [15,16]. An alterna-
tive pathway produces p-coumaric acid via conversion of tyrosine to tyrosine-ammonia
lyase [17]. The p-coumaric acid can be metabolized to produce caffeic acid through a
downstream reaction catalyzed by p-coumarate 3-hydroxylase, with caffeic acid serving
as a precursor for the biosynthesis of ferulic acid in a reaction catalyzed by hydroxycin-
namaldehyde dehydrogenase (HCALDH, EC 1.2.1.68) or caffeic acid/5-hydroxy ferulic
acid-O-methyltransferase (COMT, EC 2.1.1.68) [6].

Given the various important roles of phenolic acids in plant biology, which include
responses to stress [18], we determined the influence of water deficit on the levels of a subset
of free phenolic acids in maize leaves; namely p-coumaric acid, caffeic acid and ferulic
acid. To account for developmentally regulated responses, and in addition to well-watered
(WW) temporal controls, we included well-watered plants that were at the same stage
of development as the plants subjected to water deficit. Furthermore, we measured the
activities of cinnamate 4-hydroxylase and p-coumarate 3-hydroxylase since these enzymes
are involved in the biosynthesis of the phenolic acids that we analyzed. We also assessed
the expression of a gene encoding p-coumarate 3-hydroxylase to establish if a relationship
exists between phenolic acid content, phenolic acid biosynthesis enzymes and phenolic
acid biosynthesis genes.

2. Results

Water deficit decreased the relative water content by approximately 0.4-fold (Figure 1A).
The reduced relative water content in the water deficit (WD) treatments was accompanied by
a marginal decrease in cell viability, reflected by an approximately 0.1-fold increase in Evans
blue uptake in the water deficit treatment (Figure 1B).

Water deficit did not have a significant effect on cinnamic acid levels in maize leaves
but resulted in a 0.3-fold decrease in leaf p-coumaric acid content, whereas it caused a
0.9-fold increase in leaf caffeic acid content and a 0.3-fold increase in ferulic acid content
(Figure 2A–D).
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Figure 1. Effect of water deficit on relative water content (A) and cell death (B) in maize leaves. The 
third youngest leaf from three different plants in each treatment (well-watered temporal and devel-
opmental controls, water deficit) was used. Data are means ± SD from three independent experi-
ments, where different letters above error bars indicate means that are significantly different (p ≤ 
0.05). 

 
Figure 2. Effect of water deficit on cinnamic acid (A), p−coumaric acid (B), caffeic acid (C) and ferulic 
acid (D) contents in maize leaves. Data represent means from results obtained in extracts of the third 
youngest leaves from three independent experiments. FW represents fresh weight. Error bars with 
different letters represent significantly different means ± SD at a confidence level defined by p ≤ 0.05. 

On the one hand, decreased p-coumaric acid content (Figure 2B) was associated with 
a 0.4-fold increase in C4H enzymatic activity (the enzyme participating in the biosynthesis 

Figure 1. Effect of water deficit on relative water content (A) and cell death (B) in maize leaves.
The third youngest leaf from three different plants in each treatment (well-watered temporal and
developmental controls, water deficit) was used. Data are means ± SD from three independent
experiments, where different letters above error bars indicate means that are significantly different
(p ≤ 0.05).
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Figure 2. Effect of water deficit on cinnamic acid (A), p−coumaric acid (B), caffeic acid (C) and ferulic
acid (D) contents in maize leaves. Data represent means from results obtained in extracts of the third
youngest leaves from three independent experiments. FW represents fresh weight. Error bars with
different letters represent significantly different means ± SD at a confidence level defined by p ≤ 0.05.
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On the one hand, decreased p-coumaric acid content (Figure 2B) was associated with a
0.4-fold increase in C4H enzymatic activity (the enzyme participating in the biosynthesis of
p-coumaric acid; Figure 3A). On the other hand, increased caffeic acid content (Figure 2C)
was associated with a 0.6-fold increase in C3H enzymatic activity (the enzyme participating
in the biosynthesis of caffeic acid; Figure 3B). The level of the phenolic acids and enzymatic
activities described herein did not differ significantly between the leaves of well-watered
temporal and developmental control plants (Figures 2 and 3A,B).
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Figure 3. Changes in the enzymatic activities of C4H (A) and C3H (B) in relation to effects of water
deficit on the expression of genes encoding a cinnamate 4−hydroxylase (C) and a p−coumarate
3−hydroxylase (D) in maize leaves. Data represent means of three independent experiments in tissue
obtained from the third youngest leaf of each treatment. C4H is cinnamate 4−hydroxylase and C3H
is p−coumarate 3−hydroxylase. Error bars with different letters represent significantly different
means ± SD at a confidence level defined by p ≤ 0.05.

Upon observing differences in p-coumaric acid and caffeic acid contents and enzymatic
activity for C4H and C3H, we investigated if water deficit alters the expression of the maize
genes encoding C4H and C3H. Use of the 2−∆∆T method in the qPCR data to calculate
transcript accumulation showed a 0.6-fold increase in C4H gene expression in response to
water deficit (Figure 3C), whereas C3H gene expression increased 1.8-fold in the leaves in
response to the water deficit treatment (Figure 3D).

Water deficit caused significant changes (p≤ 0.05) in all the assessed parameters except
for the amount of cinnamic acid except (Table 1). The highest change was in the level of
expression of p-coumarate 3-hydroxylase and the associated metabolite, namely caffeic
acid (Table 1).
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Table 1. Comparison of means of measured physiological, biochemical and molecular changes in
maize grown in well-watered (temporal), well-watered (developmental) or water deficit conditions.

RWC Evans Blue
Uptake

Cinnamic
Acid

p-
Coumaric

Acid

Caffeic
Acid

Ferulic
Acid

C4H
Activity

C3H
Activity

C4H
Expression

C3H
Expression

Well-
watered

(temporal)

87.33 ±
6.34 a

0.72 ± 0.02
b

7.10 ± 2.05
a

11.00 ±
0.82 a

34.33 ±
3.30 b

22.67 ±
2.05 b

10.87 ±
0.86 b

17.23 ±
1.60 b

0.97 ± 0.10
b

1.01 ± 0.10
b

Well-
watered

(development)

84.33 ±
6.94 a

0.72 ± 0.02
b

7.30 ± 1.63
a

10.83 ±
0.62 a

35.00 ±
3.27 b

23.00 ±
1.63 b

11.17 ±
0.86 b

17.67 ±
1.55 b

1.00 ± 0.11
b

1.02 ± 0.11
b

Water
deficit

50.33 ±
4.11 b

0.81 ± 0.02
a

8.27 ± 2.49
a

8.00 ± 0.82
b

65.67 ±
3.30 a

30.33 ±
2.49 a

15.90 ±
0.99 a

27.27 ±
1.55 a

1.60 ± 0.11
a

2.83 ± 0.29
a

F 24.06 13.81 4.843 9.903 59.26 8.593 19.51 26.15 22.15 62.87

p 0.001 0.006 0.056 0.013 0.000 0.017 0.002 0.001 0.002 0.000

Abbreviations are for relative water content (RWC), cinnamate 4−hydroxylase (C4H) and p−coumarate
3−hydroxylase (C3H). Data presented are means ± SD; n = 3. Means with different letters are significantly
different at p ≤ 0.05.

3. Discussion and Conclusions

The decrease of relative water content in leaves of plants subjected to water deficit in
the work reported here, taken together with reduced cell viability in these leaves, indicates
that drought stress causes a water loss-related decrease in cell viability, which may be
a consequence of drought-induced physiological changes that lead to cell death in the
leaves. A decrease in leaf p-coumaric acid levels in response to drought has previously
been reported for leaves of Ligustrum vulgare grown under full sunlight [19] and Vitis
vinifera in response to drought [20], which are similar observations to those reported here.
However, there are also reports where no significant change in p-coumaric acid content
occurred (for example, in leaves of rice) under drought stress [21], whereas p-coumaric acid
content in Amaranthus tricolor leaves increased in response to drought [11]. The increase in
caffeic acid and ferulic acid content in the maize leaves observed in our study agrees with
other studies showing a similar trend in leaves of plants subjected to drought stress [19],
but contradicts the trend seen in Vitis vinifera in the case of caffeic acid [20]. It is important
to note that the drought stress treatments in these experiments on different plant species
differed in intensity and method of application. It is thus likely that the varying response
trends in relation to phenolic acid levels in response to drought is species dependent and
influenced by the level of water deficit stress experienced by the plants.

Notwithstanding the similarities and contradictions in the various reports in respect of
the changes in phenolic acid levels in response to drought, the results reported here clearly
show that water deficit in maize leads to altered phenolic acid metabolism in the case of
p-coumaric acid, caffeic acid and ferulic acid. Important to note are the effects of water
deficit on the activities of enzymes involved in phenolic acid biosynthesis. The observed
augmentation of C4H activity in response to water deficit, when considered together with
the resulting decrease in p-coumaric acid, implies that drought acts to shift phenolic acid
metabolism towards increased biosynthesis of phenolic acids. On the one hand, this could
possibly provide antioxidative phenolics to reduce the oxidative stress that would result
from drought-triggered excessive accumulation of ROS, given the involvement of ROS in
drought responses [12]. On the other hand, it could be a means to contribute phenolics
which are required for cell wall lignification as a measure to maintain turgor under water
deficit, since drought is known to cause cell wall lignification for this purpose [22]. If this
were true, and in light of the fact that C4H acts to convert cinnamic acid to p-coumaric
acid [15,16], increased C4H activity should result in increased p-coumaric acid content.
However, this was not the case in the work reported here since a decrease in p-coumaric
acid content is observed instead. This is not surprising though, because the increase in C4H
activity occurred together with pronounced increase in C3H activity (Figure 3A,B).

Given that C3H functions to produce caffeic acid at the expense of p-coumaric acid [6,18],
it is argued here that the augmented C3H activity in response to drought consumes the
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p-coumaric acid produced by the C4H activity and this results in lowered p-coumaric acid
levels despite the increased C4H activity. The consequence of the substantially increased
C3H activity is reflected in the large increase we observed in the level of its catalytic product,
namely caffeic acid. The elevated caffeic acid pool would serve as a source of substrate for
COMT and/or HCALDH [6,18] for the biosynthesis of ferulic acid, resulting in the observed
increase in ferulic acid in response to drought.

Increased enzymatic activity for C4H and C3H could be due to posttranslational
modification of the protein, once synthesized. Alternatively, it could be a consequence of
increase in the amount of protein synthesized due to increased expression of the mRNA
encoding the protein. The observed increase in the expression of the genes encoding
C4H and C3H, as seen here from qPCR analyses, is supportive of a transcript-driven
accumulation of C4H and C3H even though this does not exclude post-transcriptional and
post-translational modifications that would impact enzymatic activity.

From the results observed here, it can be concluded that drought induces enzymatic
activity of C4H and C3H, which may be driven, in part, by increased expression of genes
such as those encoding C4H and C3H. These drought-induced changes would lead to
elevated levels of phenolic acids such as caffeic acid and ferulic acid. The changes in the
phenolic acid contents may impact plant antioxidant activity due to the role of phenolic
acids such as caffeic acid in antioxidant activity [10,11]. This phenolic acid-mediated
response may contribute to the regulation of maize responses to drought and thus serves
as an avenue for exploring engineering of the phenylpropanoid pathway to alter phenolic
acid biosynthesis for improvement drought tolerance in maize. To this end, marker-assisted
selection to select maize lines with high levels of expression of genes encoding cinnamate
4-hydroxylase and/or p-coumarate 3-hydroxylase can be used in breeding programs
towards improvement of drought tolerance. An alternative approach to achieve such trait
improvement is the overexpression of these genes using genetic engineering to confer
drought tolerance.

4. Materials and Methods
4.1. Reagents and Plant Materials

All chemicals were analytical or molecular grade and were purchased from Sigma-
Aldrich (St. Louis, MO, USA) unless stated otherwise. Maize [Zea mays (L.) cv. Border King]
seeds were purchased from a commercial seed company, McDonalds Seeds (Mkondeni,
Pietermaritzburg, South Africa). Promix Organic was purchased from Windell Hydropoics
CC (Kraaifontein, Cape Town, South Africa). Nitrosol plant nutrient concentrate and
Wonder Iron Chelate were purchased from Efekto Care Pty Ltd. (Benmore, Johannesburg,
South Africa). Perspex tubes were purchased from Maizey Plastics (Stikland, Bellville,
South Africa).

4.2. Methods
4.2.1. Plant Growth and Water Deficit Treatments

Maize seeds were surface-sterilized using chlorine gas by following a procedure
described by Paz et al. [23]. For this sterilization, seeds were placed in one layer in standard
Petri dishes in a desiccator jar inside a fume hood. NaClO (100 mL of a 12% solution) was
mixed with 4 mL of concentrated HCl in a 250 mL beaker in the fume hood. The beaker
was placed in the desiccator jar where the seeds in open Petri dishes were also placed. The
desiccator jar was tightly closed immediately and left in the fume hood for 16 h. Seeds
were removed from the Petri dishes and placed on a moist paper towel in plastic containers
and covered with lids. The containers with the seeds were placed in the dark at 4 ◦C for
4 days. The containers were transferred to a dark cabinet at 23 ◦C and seeds were allowed
to germinate and grow in the containers until radicles were 0.5–1 cm long.

Promix Organic (Windell Hydroponics CC, Cape Town, South Africa) was supple-
mented with nutrients by adding Nitrosol [Efekto Care Pty (Ltd.), Johannesburg, South
Africa] and Iron Chelate [Efekto Care Pty (Ltd.), Johannesburg, South Africa] at thrice the
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concentrations recommended by the manufacturers. The water potential of the Promix
Organic was adjusted with water to −0.03 MPa for growing plants under well-watered
temporal or developmental control conditions and −0.45 MPa for growing plants under
water deficit conditions at the time of transplanting, on the basis of measurements taken
using a WP4C Water Potential Meter (Campbell Scientific, Logan, UT, USA). Germinated
seeds (10 seeds per Perspex tube) with radicles approximately 0.5 cm (not exceeding 1 cm)
in length were transplanted 3 cm deep into 28 L of the Promix Organic contained in green
Perspex tubes (1 m tall, 20 cm diameter) which were placed on plastic pot trays. The tubes
were placed in a greenhouse programmed to have light supplied by high pressure sodium
lamps (600 W) for 16 h (day time from 05:00 until night time from 21:00) with a minimum
temperature of 18 ◦C (night) and a maximum temperature of 28 ◦C (day).

Seedlings in all three treatments were supplemented once a week for 2 weeks by
watering the Promix Organic with 100 mL of nutrient solution containing a mixture of
Nitrosol and Iron Chelate according to the instructions from the manufacturers. The
solution was added to the plastic trays in which the Perspex tubes were placed. Thereafter,
for well-watered control conditions a further 400 mL of tap water was added once a week,
whereas for the water deficit treatment, the Promix Organic was allowed to dry down over
the course of the experiment without any further watering; at the time of harvesting, the
water potential was approximately −0.75 ± 0.08 MPa at a depth of approximately 15 cm.
Developmental control plants and water deficit plants were harvested at the V5 stage of
vegetative growth (4 weeks after transplanting into Promix Organic for developmental
control and 6 weeks for water deficit plants), whereas well-watered temporal control plants
were harvested at the V11 stage of vegetative growth (6 weeks after transplanting into
Promix Organic).

4.2.2. Measurement of Relative Water Content

The third youngest leaf from three different plants in each treatment (well-watered
temporal and developmental controls, water deficit) was used. A 3 cm long section (from
the base) of the leaf was harvested at midday and the fresh weight was immediately
recorded. The leaf section was placed in a 50 mL centrifuge tube filled with distilled water
for 16 h in the dark, after which the leaf section was blotted dry on paper towel to remove
surface water and weighed to obtain the turgid weight. The leaf was then dried in an oven
at 70 ◦C for 48 h, placed in a desiccator filled with dry silica and rapidly weighed to obtain
the dry weight. The weights were used to calculate leaf relative water content according to
the formula described by Downey and Miller [24] where relative water content = (fresh
weight − dry weight)/(turgid weight − dry weight).

4.2.3. Measurement of Cell Viability

Cell viability was measured in a 4 cm2 section (from the base) from the third youngest
leaf from three different plants in each treatment according to a modified method described
by Sanevas et al. [25]. The leaf material was incubated in 1 mL of 0.25% (w/v) Evans Blue
stain in a microcentrifuge tube for 15 min at room temperature. The stain was removed
and leaf sections were washed three times in 1 mL of deionized water for 30 min each time.
After removal of the water, Evans Blue taken up by the cells of the leaf tissue was extracted
by incubating the leaf tissue in 1 mL of 1% (w/v) SDS at 55 ◦C for 1 h. The samples were
settled by centrifugation at 3000× g for 1 min at room temperature. The supernatant was
transferred to a clean microcentrifuge tube and 200 µL of the supernatant was read for
absorbance at 600 nm, with 200 µL of 1% SDS used as a blank whose absorbance was
subtracted from the sample absorbance to obtain the value used to calculate cell viability.
The resulting difference was divided by the weight of the 4 cm2 leaf section and expressed
as Evans Blue uptake to indicate the extent of cell death in the sample.



Plants 2023, 12, 101 8 of 11

4.2.4. Measurement of Free Phenolic Acids

The third youngest leaf from three different plants in each treatment was used to
measure p-coumaric acid, caffeic acid and ferulic acid content. For these measurements,
100 mg of freshly weighed leaf tissue from each sample was extracted by grinding the leaf
tissue in 1 mL of 70% methanol/water (v/v). This was followed by addition of 100 µL of
100 nM naphthol as an internal standard. The mixture was briefly vortexed and incubated
for 120 min at 60 ◦C. The samples were centrifuged and 500 µL of the supernatant from each
sample were transferred to clean microcentrifuge tubes. The supernatants were dried in a
SpeedVacTM SPD120 vacuum drier (Thermo Scientific, Waltham, MA, USA) at 42 ◦C. When
samples were dry, they were reconstituted with 150 µL acetonitrile followed by addition of
50 µL N, O-Bis(trimethylsilyl)trifluoroacetamide made in 1% trimethylsilyl chloride. The
mixture was vortexed and then derivatized by incubating for 1 h in an oven maintained at
80 ◦C. After incubation, the mixture was again vortexed and then transferred into a gas
chromatography vial with an insert. The samples (1 µL each) were injected on a Thermo
Scientific TSQ 8000 MS quadrupole operated in Selective Reaction Monitoring (SRM) mode.

Separation of the heterocyclic amines was performed on a Thermo Scientific TRACETM

1310 gas chromatograph coupled with a non-polar (95% dimethylpolysiloxane) capillary
column (Restek-Rxi®-5Sil MS w/Intrega-Guard®; 15 m, 0.25 mm internal diameter, 0.25 µm
film thickness). The initial oven temperature was 100 ◦C and was held for 4 min, then
subsequently increased at 6 ◦C/min to 180 ◦C, then held for 2 min with a final temperature
of 250 ◦C at a rate of 15 ◦C/min, followed by a final hold time of 5 min. The injector and
transfer line temperatures were maintained at 250 ◦C and 280 ◦C, respectively. Helium
at a 1 mL/min flow rate was used as the carrier gas. The ionization source temperature
was set at 250 ◦C and emission current of 50 µAmperes was used with argon collision. The
concentrations of p-coumaric acid, caffeic acid and ferulic acid were calculated against
corresponding standards of known concentration subjected to the same gas chromato-
graphic measurements.

4.2.5. Measurement of C4H and C3H Activity

Enzymatic activities associated with phenolic acid biosynthesis, namely C4H for p-
coumaric acid biosynthesis and C3H for caffeic acid biosynthesis, were measured in extracts
from the third youngest leaf of three different plants from each treatment.

C4H activity was measured based on a method modified from Jadhav et al. [26] using
200 mg of freshly harvested leaf tissue from each treatment. The tissue was ground into a
fine powder in liquid nitrogen and homogenized in 600 µL of 100 mM Tris buffer (pH 7.5)
and centrifuged at 3000× g for 20 min at 4 ◦C. The supernatants were transferred to clean
microcentrifuge tubes and 50 µL of the supernatant was added to a reaction mixture of a
total volume of 200 µL containing 200 µM cinnamic acid, 500 µM NADPH, 1 mM EDTA at
pH 7.5 and 50 mM phosphate buffer, pH 7.4, the reaction of which was allowed to proceed
at 30 ◦C for 5 min. The reaction was stopped by adding 20 µL of concentrated glacial acetic
acid. Absorbance of the reaction was read on a FLUOstar microplate reader (BMG Labtech,
Ortenberg, Germany) at 340 nm and the enzymatic activity for C4H was calculated using
an extinction coefficient of 6200 M−1 cm−1 for p-coumaric acid accumulation.

For C3H activity, a procedure modified from Jadhav et al. [26] was used in which
200 mg of freshly harvested leaf tissue from each treatment was ground into a fine pow-
der in liquid nitrogen in the presence of 20 mg polyvinylpolypyrrolidone, followed by
homogenization in 800 µL of 50 mM phosphate buffer (pH 7.4) that had been equilibrated
to 4 ◦C by storage in a refrigerator. The mixture was centrifuged for 15 min at 10,000× g
at 4 ◦C. The reaction was started by taking 50 µL of the resulting supernatant and mixing
it with 150 µL of reaction components consisting of 0.5 mM p-coumaric acid and 50 mM
potassium phosphate, pH 7.0, which was then incubated in the dark for 1 h at 28 ◦C. After
this step, 60 µL of concentrated glacial acetic acid was added to stop the reaction, followed
by centrifugation of the mixture at 13,000× g for 30 min at 4 ◦C. After this step, 200 µL of
the supernatant from each sample was transferred to a 96-well clear plate and absorbance
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values were read at 325 nm using a FLUOstar microplate reader. Absorbance values were
used to calculate enzymatic activity based on an extinction coefficient of 15,700 M−1 cm−1

for caffeic acid production.

4.2.6. Analysis of Cinnamate 4-Hydroxylase and p-Coumarate 3-Hydroxylate
Gene Expression

The expression of the genes encoding cinnamate 4-hydroxylase (C4H) and p-coumarate
3-hydroxylate (C3H) was assessed in total RNA extracts from the third youngest leaf of
three different plants from each treatment. Total RNA was extracted using the Direct-Zol™
RNA miniprep kit (Zymo Research, Irvine, CA, USA) by following the instructions pro-
vided in the product guidelines. To eliminate DNA from the RNA preparation, RNase-free
DNase I (Zymo Research) was used as specified in the instruction sheet. This was followed
by application of 2 µL of RiboLock® RNase Inhibitor (Thermo Scientific) to each RNA
sample to prevent degradation of the RNA. From each total RNA sample isolated above,
first strand cDNA was synthesized using 500 ng of total RNA with the RevertAid™ Reverse
Transcriptase kit (Thermo Scientific) according to the instructions from the manufacturer,
with a random hexamer primer (supplied with the kit) used in the cDNA synthesis.

Gene-specific primers (Primer sequences in Table 2) were used to amplify the C4H
and C3H genes from 2 µL of each sample of synthesized first strand cDNA, with the maize
actin-2, β-tubulin and Elongation Factor 1 α genes (Primer sequences in Table 1) as internal
control genes for quantitative PCR.

Table 2. Sequences of primers used as oligonucleotides for analyses of gene expression in maize
leaves in response to water deficit.

Primer Name Sequence (5′–3′)

C3H_1F TCA TCT CCG TCT GGT TCG GG
C3H_1R AGC CTC CTG GGC GTG AAG A
C4H_1F GCG TAA GAA GGT GAT GGC T
C4H_1R AGG AGG TTG TCG TGG TTG AT

Act2F CTGAGGTTCTATTCCAGCCATCC
Act2R CCACCACTGAGGACAACATTACC
β-tubF CTACCTCACGGCATCTGCTATGT
β-tubR GTCACACACACTCGACTTCACG
EF1αF GGGCCTACTGGTCTTACTACTGA
EF1αR ACATACCCACGCTTCAGATCCT

For the quantitative PCR, first strand cDNA from the above experiments was used on
a Luminaris Color HiGreen™ Low ROX qPCR master mix (Thermo Scientific) as described
by the manufacturer. Reactions were run on a Roche LightCycler® 480 system (Penzberg,
Germany) following manufacturer guidelines. Primer sequences for the internal control
genes are given in Table 1. Gene expression levels of C4H and C3H in the various treatments
were presented as ratios relative to the values of the well-watered samples, based on the
average accumulation of the transcripts of the internal control genes using the 2−∆∆T

method [27].

4.2.7. Statistical Analysis

Data from three independent experiments described above were subjected to one-way
analysis of variance (ANOVA) and assessed for significance using the Tukey–Kramer test
at a 5% level of significance with the aid of GraphPad Prism 6.0.1.
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