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Abstract

Immature cotyledons from ‘Xiangling’ walnut (Juglans regia L.) donor trees were used to screen callus
induction conditions and characterize six browning grades (S1-S6). Single-factor experiments with three
biological replicates per concentration identified 1 mg L=" a-naphthaleneacetic acid, 0.5 mg L™ 6-
benzyladenine, and 200 mg L-" ascorbic acid as the concentrations yielding the highest mean induction
rates in their respective screens (87.8%, 85.6%, and 88.9%). At these concentrations, approximately 11%
of induced calli exhibited more severe browning (S4-S6), while 62%-64% showed some browning (S2-
S6). Morphological observations, histology, a 40 min 2,3,5-triphenyltetrazolium chloride (TTC) reduction
assay, and reverse transcription quantitative polymerase chain reaction provided complementary
assessments of tissue condition. Mean apparent TTC reduction activity decreased from 1409.4 + 42.8 in
S110275.6 +13.1 ug TTC equivalents g-' fresh weight h=" in S5. The eight candidate embryogenesis-
related genes reached their highest mean expression in S2—-S4: JrSERKTand JrBBM1 in S2; JrBBM2 and
JrLEC2 in S3; and JrLEC1, JrAGL15, JrFUS3, and JrWOX2 in S4. JrLEC2 reached 9.86-fold relative to
uncultured cotyledons. In S6, JrISERK1and JrBBM1 expression was below control levels, whereas the
other six genes remained elevated. Histology revealed variation in cell arrangement, staining, and tissue
continuity. These findings identify favorable induction conditions and characterize browning-associated
physiological and molecular variation, providing a basis for prioritizing S2—S4 for embryogenic
competence assessment and subsequent regeneration studies.

Key Message

Single-factor screening identified favorable induction conditions, while integrated tissue assessment
revealed distinct physiological and candidate-gene expression profiles across walnut callus browning
grades.

1 Introduction

Persian walnut (Juglans regia L.) is economically important for nut and timber production, but its in vitro
propagation is constrained by genotype-dependent responses and difficulties in culture establishment
and regeneration (Vahdati et al. 2022). Recent advances in walnut genome editing further emphasize the
need for responsive genotypes and reliable regeneration systems (Song et al. 2025). When cultures
originate from immature seeds, the identity of the maternal cultivar must be distinguished from the
genotype of each embryo. Here, cotyledon-derived callus was obtained from immature fruits collected
from “Xiangling’ donor trees.

Walnut tissue culture protocols have been developed for several purposes. Genotype and basal medium
influence the micropropagation of Persian walnut cultivars (Yegizbayeva et al. 2021), while other
protocols support rooting and micrografting of Paradox rootstocks or short-term conservation through
synthetic seed technology (Ribeiro et al. 2022; Sota et al. 2023). These studies demonstrate the value of
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maintaining responsive tissues, but their outcomes cannot be directly extrapolated to cotyledon-derived
callus or used to infer regenerative capacity from browning grade.

Immature walnut cotyledons can undergo somatic embryogenesis and plant regeneration (Tulecke and
McGranahan 1985). Induction responses have also been characterized in immature cotyledons and
embryos of Xiangling’ (Cai et al. 2013), and subsequent work in apomictic walnut linked embryo
induction to germination and plant recovery (Fang et al. 2022). These responses depend on basal
nutrition, growth regulators, and the sequence of culture conditions (Phillips and Garda 2019). Callus
formation must therefore be distinguished from the acquisition of embryogenic competence (Fehér
2019).

Browning is a major obstacle to maintaining responsive walnut cultures. Antioxidant treatments have
been investigated in Persian walnut (Bhat et al. 2022). In Juglans mandshurica, browning during callus
induction was associated with phenylalanine ammonia-lyase activity, polyphenols, and polyphenol
oxidase (Liu et al. 2024a). Transcriptomic, metabolomic, and functional analyses of walnut stem
explants also implicated phenolic oxidation and JrPP0O2 (Wang et al. 2025). These studies provide
insight into browning mechanisms, but the relationship between visible browning, metabolic activity, and
developmental gene expression in cotyledon-derived callus remains unclear.

Antioxidants, adsorbents, and adjustments to culture conditions are commonly used to control tissue
browning, although their effectiveness depends on the explant and culture system (Amente and
Chimdessa 2021; Permadi et al. 2024). Browning suppression and induction responses have also been
examined in peony petal cultures (Cai et al. 2020). Genotype and environment influence phenolic
metabolism and redox processes in woody plants (Liu et al. 2024b). Visible browning can inform
assessments of tissue condition, but additional measurements are needed to connect it with
biochemical mechanisms.

Developmental reprogramming involves hormonal responses and transcriptional networks (lkeuchi et al.
2019). In Arabidopsis, BBM can activate the LEC1-ABI3—FUS3-LEC2 network, while auxin biosynthesis
supports the maintenance and growth of BBM-induced embryos (Horstman et al. 20174a; Li et al. 2022).
Related regulators participate in both zygotic and somatic embryogenesis (Salaiin et al. 2021).
Transcript abundance can therefore provide molecular evidence of tissue state, but it is insufficient on its
own to establish embryogenic competence in walnut callus.

The cellular origin and regeneration pathway also require consideration. Organogenesis and somatic
embryogenesis can follow distinct reprogramming trajectories, and callus formation does not indicate
completion of either process (lkeuchi et al. 2016; Ibanez et al. 2020). Interpreting transcriptional
evidence of somatic embryogenesis requires attention to tissue context, regulatory interactions, and
developmental progression (Horstman et al. 2017b; Elhiti and Stasolla 2022).

We first evaluated the effects of NAA, 6-BA, and VC concentrations on callus induction and browning. We
then compared apparent TTC activity and the expression of eight candidate embryogenesis-related
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genes among six browning grades, alongside macroscopic and histological characterization. The study
examined whether the least-browned callus also exhibited the highest apparent TTC activity and
candidate transcript abundance. S1-S6 denote tissue grades at sampling, rather than medium
treatments or successive developmental stages.

2 Materials and methods

2.1 Plant material and explant preparation

Immature fruits were collected from six 8-year-old ‘Xiangling’ walnut trees in the walnut industrial park of
Kougian Village, Yecun Town, Shangzhou District, Shangluo City, Shaanxi Province, China (110.0964° E,
33.7712° N; approximately 910 m above sea level). On 25 June 2026, approximately 65 days after peak
female flowering, 36 fruits were harvested and transported under refrigeration to the laboratory within 18
h. Fruits from the six trees were pooled before processing.

Fruits were soaked in neutral detergent solution for 30 min with gentle scrubbing, rinsed under running
water for 1 h, and drained. Under a laminar flow hood, they were immersed in 75% ethanol for 30 s,
disinfected in sodium hypochlorite solution containing 1% available chlorine for 15 min, and rinsed five
times with sterile distilled water. Immature embryos were excised aseptically, the seed coats were
removed, and the cotyledons were cut into 2—-4 mm pieces.

2.2 Culture media and subculture

All single-factor screens used DKW basal medium (Driver and Kuniyuki 1984) supplemented with 30 g
L-" sucrose and 7 g L=" agar. The pH was adjusted to 5.8 before autoclaving at 121°C for 20 min. The
NAA screen tested 0, 0.5, 1, 2, and 4 mg L-" NAA with 6-BA fixed at 0.5 mg L-" and no added VC. The 6-
BA screen tested 0, 0.25, 0.5, 1, and 2 mg L=" 6-BA with NAA fixed at 1 mg L-" and no added VC. The VC
screen tested 0, 100, 200, 400, and 600 mg L-'" VC with NAA and 6-BA fixed at 1 and 0.5 mg L7,
respectively. The heat-labile VC stock solution was filter-sterilized and added after the medium had
cooled to 50-55°C. Within each screen, all other medium components and culture conditions were held
constant. Callus induction was conducted in darkness at 25 + 2°C.

Vigorously growing callus was subcultured every 12 days for six consecutive passages. The
maintenance medium consisted of DKW supplemented with 0.1 mg L=* NAA, 1.0 mg L' 6-BA, 30 g L’
sucrose, and 7 g L-" agar (pH 5.8), with 100 mg L-" VC and 1.0 g L=" polyvinylpyrrolidone (PVP-30).
Visibly necrotic tissue was removed at each subculture. Cultures were maintained in darkness at 25+
2°C.

Each concentration in the single-factor screens comprised three biological replicates of 30 explants
each. The zero-concentration group served as the control for the factor being tested, with the specified
background supplements retained. The three screens were analyzed separately. This design evaluated
concentration effects within each fixed medium background but did not test interactions among factors.
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At 12 days after inoculation, all callus-producing explants in each replicate were counted and classified
as S1-S6. Callus induction was calculated as 100 x I/E, where E is the initial number of explants and | is
the number that produced callus. Each callus-producing explant was counted as one induced callus unit,
so | equaled the sum of the six grade counts. The proportion of induced calli showing any browning was
calculated as 100 x (n, + n; + n, + ng + ng)/l, where n,—n, denote the counts in the corresponding grades.
The proportion showing more severe browning was calculated as 100 x (n, + ng + n¢)/l and included calli
with >30% browned surface area. Both browning measures were conditional on callus induction and
excluded explants that did not produce callus. Grade counts are provided in Online Resource 1, Table S9.
All supplementary tables and figures are included in Online Resource 1.

2.3 Browning grades and experimental units

Callus was classified into six grades according to color, texture, browned surface area, and growth status
(Table 1). S1 described non-browned callus with vigorous growth; S6 described dark-brown to black,
necrotic callus with >80% browned surface area and no proliferative capacity. S2—-S5 represented
intermediate conditions. These operational criteria were used for visual assessment of tissue status.

Table 1
Operational grading criteria for walnut callus browning and growth status.
Grade Browned Color and texture Recorded growth and viability
area
S1 0% Tender yellow or pale green; loose and  Most vigorous growth.
plump; no visible browning.
S2 0<B<10% Light yellow with a few localized Growth largely normal.
brown spots.
S3 10% <B= Localized browning; most tissue Capable of continued
30% remains active. proliferation.
S4 30%<B=< Extensive brown regions. Activity markedly reduced.
50%
S5 50% < B =< Predominantly browned tissue with Only a small proportion
80% small fresh portions. remains fresh and viable.
S6 B>80% Dark brown to black; necrotic tissue. No proliferative capacity.

B is the visually assessed percentage of browned surface area within an individual callus piece.
Growth and viability descriptions are the recorded criteria for assigning tissue status, not
percentages derived from the TTC assay. S1-S6 denote grades rather than medium treatments. The
six-grade thresholds are operational criteria for this study.

Three biological replicates per callus grade were used for the TTC and RT-qPCR analyses. Fresh,
uncultured cotyledons served as the RT-gPCR control and retained the sample label WT. Histological
specimens were selected by macroscopic appearance and were not assigned to S1-S6. Multiple
microscopic fields from a specimen were used for morphological description and were not treated as
independent biological replicates.
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2.4 TTC reduction assay

Apparent TTC reduction activity was measured using a modified plant root activity assay kit (Boxbio,
Beijing, China; AKPL029M) adapted for walnut callus. Residual medium was removed from tissue
surfaces, samples were rinsed three times with distilled water, and surface moisture was blotted dry.
Each biological replicate included a reaction sample and a paired control. Their fresh weights were
recorded separately because reaction and control masses differed (Table S1).

Each sample received 1000 pL of Working Solution I. Paired controls received 250 pL of Reagent IV
before incubation to inhibit TTC reduction and measure background absorbance. Samples were
incubated in darkness at 37°C for 40 min, after which 250 pL of Reagent IV was added to the reaction
tubes to stop the reaction.

Tissue was removed from the reaction solution, blotted, and ground in 1 mL of ethyl acetate to extract
triphenylformazan. The homogenate and ethyl acetate rinsings were combined, adjusted to 2 mL, and
centrifuged at 15,000 x g for 10 min at 4°C. A 200 pL aliquot of supernatant was transferred to an ethyl
acetate-resistant, non-polystyrene 96-well plate, and absorbance was measured at 485 nm.

Nominal TTC-equivalent standards of 5, 10, 20, 30, 40, and 50 uyg mL-" were prepared by reduction and
extraction of the kit standard. Two measurement series were corrected using their respective ethyl
acetate blanks, and the means at each concentration were used for linear calibration. A third series
measured after 1 h at room temperature was retained separately (Table S2). Sample absorbance was
calculated as AA = A,gs,reaction - A,gs,control, without adjustment for unequal reaction and control
masses.

The calibration equation was AA =0.0202589x + 0.00256164, where x is the TTC-equivalent
concentration in pg mL-". Apparent activity was calculated as (x x V)/(W x T), where V =2 mL, W is the
individual reaction fresh weight in grams, and T = 40/60 h. Under these conditions, activity = 3x/W,
expressed as pug TTC equivalents g=" fresh weight h=". This quantity describes TTC reduction under the
assay conditions; it is not the percentage of viable cells. S6 was not assigned a quantitative activity
because its background-corrected signal was not consistently positive. Grade-level summaries are
reported in Table 2.
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Table 2
Apparent TTC reduction across walnut callus browning grades after a 40 min incubation.

Grade n AA mean + SD Activity mean + SD

S1 3 0.8997 £+ 0.0379 1409.4+42.8 a

S2 3 0.5417 £0.0150 907.3+43.0b

S3 3 0.4757 £0.0278 798.6 £77.7 bc

S4 3 0.3803+0.0117 532.8+3.0c

S5 3 0.2180+0.0219 275.6+13.1d

S6 3 -0.0083 £0.0190 Not quantified

Activity units: ug TTC equivalents g=' FW h=". Values use individual reaction fresh weights and
unadjusted paired control absorbance. Letters following activity means indicate Holm-adjusted
pairwise Welch comparisons: groups sharing a letter did not differ at adjusted P < 0.05. S6 was not
included in quantitative activity comparisons.

2.5 Histological examination

Histological specimens comprised milky-white friable callus, pale-yellow callus, brownish-yellow
compact callus, slightly browned callus, severely browned callus, and uncultured immature embryos.
Samples were fixed in FAA fixative (Servicebio, China) at room temperature for 24 h. Dehydration,
clearing, paraffin embedding, sectioning at 4 pm, staining, and digital scanning were performed by
Wuhan Servicebio Technology Co., Ltd.

After deparaffinization and rehydration, sections were stained with 0.5% toluidine blue (G1032,
Servicebio) for 2-5 min and briefly rinsed with tap water. Differentiation with 0.1% acetic acid was
performed when required by the staining results. Sections were dried at 60°C, cleared in xylene for 10
min, and mounted in neutral resin. Images were acquired using a 20x objective at a pixel size of
0.273810 pym. Representative overview fields and enlarged views were selected and provided with scale
bars. Image processing was limited to cropping, proportional resizing, and annotation.

2.6 RNA extraction and RT-qPCR

Expression of eight candidate embryogenesis-related genes (JrSERK1, JrBBM1, JrBBM2, JrLEC1, JrLEC2,
JrAGL15, JrFUS3, and JrW0X2) was examined in S1-S6 callus and fresh, uncultured cotyledons (WT).
Control cotyledons were obtained from immature fruits at the same developmental stage as the
experimental explants. Each group comprised three independent biological replicates. Total RNA was
extracted using the RNAprep Pure Plant kit (Tiangen, China; DP441). RNA concentration, purity, and
integrity were assessed by NanoDrop spectrophotometry and 1.0% agarose gel electrophoresis.
Acceptance criteria were an A,q/A,g, ratio of 1.8—2.1 and intact 28S and 18S rRNA bands. Residual
genomic DNA was removed by on-column DNase | digestion. First-strand cDNA was synthesized from
1000 ng of total RNA using the HiScript Il qPCR reverse transcription kit with gDNA wiper (Vazyme,
China; R323) and diluted tenfold before RT-qPCR.
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RT-qPCR was performed using a real-time PCR instrument with ChamQ SYBR gqPCR Master Mix (Vazyme,
Q712-02). Each 10 pL reaction contained 5.0 pL of 2x master mix, 0.4 yL each of forward and reverse
primers (10 pM stocks; 0.4 uM final concentration each), 1.0 pL of cDNA, and 3.2 pL of nuclease-free
water. The amplification program comprised 95°C for 30 s, followed by 40 cycles of 95°C for 10 s and
60°C for 30 s, with fluorescence acquisition at 60°C. Melting-curve analysis comprised 95°C for 15 s and
60°C for 1 min, followed by a ramp to 95°C at 0.5°C s~ with continuous fluorescence acquisition.

Gene accession numbers, forward and reverse primer sequences (5'-3'), and expected amplicon lengths
are listed in Table S5. JrTIP41 was the sole reference gene used for normalization. Primer information
and Ct measurements for JrEFTA and JrACT are also reported, but these genes were not used to
calculate relative expression. Table S6 presents the three biological-replicate Ct values for each
reference-gene candidate within each group, together with the mean and sample SD. CK and WT denote
the same uncultured control. All supplementary tables and figures are provided in Online Resource 1.

Three independent biological samples per group were analyzed, with separate RNA extraction and
reverse transcription. Each biological sample was assayed in three technical wells per gene, and mean
Cq values were used for normalization. For each target gene, ACt was calculated by subtracting the
matched JrTIP41 Ct from the target-gene Ct. The mean WT ACt was used as the calibrator, giving AACt

= sample ACt - mean WT ACt. Relative expression was calculated using the 2 22¢t method (Livak and
Schmittgen 2001), which assumes similar target and reference amplification efficiencies close to 100%.
Biological replicates were the units of statistical analysis; technical replicates and pooled controls
across batches were not counted as independent observations. Expression results are reported as

mean + SD of three biological replicates. Individual ACt values and expression summaries are provided in
Table S7, and comparisons between each callus grade and WT are reported in Table S8.

2.7 Statistical analysis

TTC activity and relative gene expression are summarized as mean * SD for three biological replicates
per group. Exploratory TTC comparisons among S1-S5 used Welch's ANOVA, followed by two-sided
pairwise Welch tests with Holm adjustment across the ten group comparisons. S6 was excluded from
quantitative activity comparisons. For each gene, comparisons against WT used two-sided Welch tests
on biological-replicate ACt values, with Holm adjustment across the six comparisons within that gene.

Adjusted P < 0.05 was used as the significance threshold. Expression summaries were calculated on the

27AACt scale, while hypothesis tests used ACt. Macroscopic and histological observations were

descriptive. For the supplementary reanalysis, two-sided 95% confidence intervals for each TTC grade
mean were calculated using the Student t distribution with two degrees of freedom. These are pointwise
intervals conditional on the calibration and assay procedure, not simultaneous confidence intervals and
not estimates of total measurement uncertainty. Ratios to the ST mean are descriptive summaries of the
same data, not independent outcomes (Table S3). Full pairwise results are provided in Table S4. For the
single-factor screens, replicate percentages were calculated from integer counts before rounding and
summarized as mean = sample SD (n = 3). Exploratory Welch one-way ANOVA compared five
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concentrations separately for each factor and each of three endpoints. Holm adjustment covered all nine
omnibus tests (Table S10). Numerator degrees of freedom were four; denominator degrees of freedom
were estimated separately for each test. No post hoc concentration comparisons or interaction tests
were performed. The small number of biological replicates limits assessment of distributional
assumptions.

For heatmap visualization, log, relative expression was calculated as mean WT ACt minus sample ACt,
and the three biological-replicate values were averaged within each group. Heatmap values therefore
represent - AACt, equivalent to the log, of geometric mean relative expression, rather than the log, of the
arithmetic mean fold changes shown in the gene-specific plots. A common color scale centered on zero
was used without row-wise standardization or hierarchical clustering. Groups were retained in the order
WT, S1-S6. The heatmap was generated using Matplotlib and provides a descriptive summary;
statistical inference remained based on the ACt comparisons described above.

ChatGPT (OpenAl) assisted with manuscript organization, language editing, and preparation of analysis
and visualization scripts. Numerical analyses used recorded experimental measurements; no
experimental observations were generated using Al. The authors retain responsibility for the
interpretation and final content of the manuscript.

3 Results
3.1 Single-factor effects on callus induction and browning

The three single-factor screens comprised 15 factor—concentration combinations, each with three
biological replicates (Online Resource 1, Table S9). Table 3 reports induction as a percentage of initial
explants and the two browning measures as percentages of induced callus units. Exploratory Welch
ANOVA indicated concentration effects for all nine factor—endpoint combinations after Holm adjustment
(maximum adjusted P = 0.000589; Online Resource 1, Table S10). These omnibus tests assess overall
concentration effects within each screen.
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Table 3
Callus induction and browning-grade proportions in the single-factor screens.

Factor mg L’ n Induction (%) S$2-S6/1(%) S4-S6/1(%)
NAA 0 3 58.9+1.9 83.0+0.6 453+1.5
NAA 0.5 3 83.3+3.3 64.0+1.4 16.01£0.6
NAA 1 3 87.8+1.9 62.0+0.8 11.4+0.2
NAA 2 3 70.0+3.3 77.812.0 349+15
NAA 4 3 51.1+1.9 86.9+0.5 50.0+3.3
6-BA 0 3 54.4+1.9 81.6+0.6 449119
6-BA 0.25 3 81.1+1.9 67.1+0.8 16.4+0.4
6-BA 0.5 3 85.6+1.9 63.6+1.9 11.7+0.3
6-BA 1 3 68.9+1.9 75.8+0.7 33.9+1.0
6-BA 2 3 47.8+1.9 86.0+0.5 51.1+1.9
VC 0 3 744+1.9 77.6+0.6 46.2+1.4
VC 100 3 85.6+1.9 68.8+0.7 19.5+0.4
VC 200 3 88.9+1.9 62.5+0.8 11.3+0.2
VC 400 3 87.8+1.9 65.8+0.7 15.2+0.3

VC 600 3 711219 71.9%0.7 25.0£2.0
Values are mean + sample SD of three biological-replicate percentages calculated from integer
counts before rounding. Each replicate contained 30 initial explants. | denotes induced callus units.
Induction =100 x 1/30; S2—-S6/I includes all browned grades, and S4-S6/I includes more severe
browning (> 30% browned surface area). Numerical extrema are descriptive; no pairwise significance
letters are assigned. Fixed medium backgrounds are specified in Section 2.2.

In the NAA screening experiment, the 1 mg L=" concentration yielded the highest mean induction rate
(87.8 £ 1.9%) and the lowest mean proportions of overall browning (grades S2-S6; 62.0 + 0.8%) and
more severe browning (grades S4-S6; 11.4 + 0.2%). Similarly, in the 6-BA screening experiment, the 0.5
mg L=" concentration performed best, achieving an induction rate of 85.6 + 1.9%, with browning
proportions of 63.6 + 1.9% (grades S2-S6) and 11.7 + 0.3% (grades S4-S6). With fixed basal
concentrations of 1 mg L= NAA and 0.5 mg L= 6-BA, the addition of 200 mg L-" VC resulted in the
highest mean induction rate (88.9 + 1.9%) and the lowest proportions of browning for grades S2-S6

(62.5+0.8%) and S4-S6 (11.3 £ 0.2%).

At the concentrations with the most favorable means in each screen, induction exceeded 85%, while
approximately 11% of induced calli were classified as S4-S6. Overall browning occurred in 62%—64% of
induced calli and was predominantly represented by grades S2—-S3. These results identify useful starting
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conditions for medium development. Concentration rankings describe mean responses; pairwise
concentration differences and interactions among factors were not tested.

3.2 Macroscopic variation in callus appearance

Walnut callus tissues exhibited diverse macroscopic characteristics regarding color, shape, and surface
texture. Light-colored callus developed on the surfaces and edges of green explants, forming circular
protrusions with lobed margins (Fig. TA-C). Other samples displayed yellow-green or amber central
regions surrounded by milky-white to pale yellow callus, with localized granular surface features

(Fig. 1D-F).

Callus masses varied in shape—ranging from circular to irregular or elongated—and exhibited surface
textures that were smooth, granular, or lobed (Fig. 2A-D). Browning varied in extent, ranging from
localized patches to extensive dark brown discoloration (Fig. 2E, F). Light-colored callus coexisted with
yellow-to-amber and distinctly browned tissues within the same Petri dish, demonstrating heterogeneity
in tissue appearance within a single culture vessel (Fig. 3).

Further observations documented various callus morphologies and pigmentation patterns (Figs. S1 and
S2). Additionally, an abnormal culture covered with abundant white, flocculent material was separately
recorded (Fig. S2K). Collectively, these observations identified distinct macroscopic characteristics for
describing walnut callus and provided a morphological basis for subsequent analyses of physiological
and molecular properties.

3.3 Browning grades and growth status

The grading criteria distinguished pale-yellow or pale-green, friable and plump, non-browned callus (S1)
from increasingly browned tissue (S2-S5) and extensively browned, necrotic tissue without recorded
proliferation (S6; Table 1). Intermediate grades described sparse brown spots with largely normal growth
(S2), retained active tissue capable of proliferation (S3), reduced activity (S4), and only small portions of
fresh tissue (S5). These descriptions defined the categories; their frequencies in the induction screens
are reported in Table 3.

3.4 Apparent TTC reduction activity

The blank-corrected calibration data were closely described by the linear equation AA = 0.0202589x +
0.00256164 (R2 = 0.998867; Online Resource 1, Fig. S3 and Table S2). Corrected absorbance values for
S1-S5 ranged from 0.193 to 0.934 and lay within the measured calibration range.

Apparent TTC activity differed among S1-S5 (Welch ANOVA, P =1.12 x 10-5; Table 2; Fig. 4). S1 showed
the highest mean activity (1409.4 + 42.8 ug TTC equivalents g-' FW h-"), exceeding all other quantified
grades in Holm-adjusted pairwise comparisons. S5 showed the lowest mean activity (275.6 + 13.1 ug
TTC equivalents g-' FW h-") and was lower than S1-S4. Mean activities in S2, S3, S4, and S5 were 64.4%,
56.7%, 37.8%, and 19.6% of the S1 mean, respectively. The difference between the S1 and S5 means
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corresponded to an 80.4% decrease. S2—-S3 and S3-S4 were not significantly different after adjustment.
Grade-level summaries and full pairwise results are provided in Online Resource 1, Tables S3 and S4.

For S6, background-corrected absorbance values were 0.010, - 0.007, and - 0.028, with a mean + SD of
- 0.0083 £ 0.0190. Because the corrected signal was not consistently positive, S6 was reported as
absorbance rather than assigned a quantitative TTC activity. These observations describe the signal
under the assay conditions; they do not establish a formal detection limit or a cell-survival percentage.

3.5 Histological characteristics

Sections of uncultured young walnut embryo explants clearly revealed their original tissue structure: the
tissue was continuous and intact, composed primarily of polygonal cells that varied in size and exhibited
distinct outlines, pale cytoplasmic staining, and a translucent appearance (Fig. 5K, L). These results
established a baseline reference for the cytological observation and comparative analysis of the callus
tissues in this study.

The cultured callus specimens showed distinct structural characteristics (Fig. 5). Milky-white friable
callus contained cells of variable size with lightly stained interiors (Fig. 5A, B). Pale-yellow callus
combined small, densely stained cells with larger cells and showed local discontinuities (Fig. 5C, D).
Brownish-yellow compact callus retained a relatively continuous structure with localized darker staining
(Fig. 5E, F). Slightly browned callus showed irregular cell outlines and conspicuous intercellular spaces
(Fig. 5G, H). Severely browned callus exhibited more fragmented tissue organization, although
recognizable cell outlines remained in some regions (Fig. 5I, J).

Together, these specimens illustrate variation in cell arrangement, staining, and tissue continuity across
the selected morphological categories. Histology adds structural information to the callus assessment;
the categories were selected separately from the S1-S6 samples used for physiological and molecular
comparisons.

3.6 Candidate gene expression profiles

The eight candidate embryogenesis-related genes exhibited distinct expression profiles across the
sampled browning grades (Fig. 6). Relative to uncultured cotyledons (WT), JrSERK1 expression was
significantly higher in S1-S4, did not differ significantly in S5, and was significantly lower in S6. JrBBM1
expression was significantly higher in S1-S5 and lower in S6. Both genes reached their highest mean
expression in S2.

The remaining six genes (JrBBM2, JrLEC2, JrLEC1, JrAGL15, JrFUS3, and JrW0X2) were significantly
more highly expressed than WT across all six callus grades. JrBBM2 and JrLEC2 reached their highest
mean expression in S3, whereas JrLEC1, JrAGL15, JrFUS3, and Jr'WOX2 reached their highest mean
expression in S4. The heatmap summarizes these contrasting profiles on a common log, scale (Fig. 7).
Mean expression maxima were concentrated in S2—S4, while S6 combined lower-than-WT expression of
JrSERK1 and JrBBM1 with higher-than-WT expression of the other six genes. These patterns distinguish
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the sampled tissue states; S1-S6 represent browning grades rather than successive developmental time
points. The reported significance tests compare each grade with WT, whereas the locations of
expression maxima are descriptive.

The Ct values of the three reference-gene candidates, JrEF1A, JrTIP41, and JrACT, showed limited
variation across WT and S1-S6 in the recorded measurements (Online Resource 1, Table S6). JrTIP41
was the sole reference used for normalization. The replicate ACt values and full grade—WT comparisons
are provided in Online Resource 1, Tables S7 and S8, respectively.

4 Discussion

4.1 Browning grades as a framework for tissue
assessment

The highest mean apparent TTC activity occurred in S1, whereas the eight candidate embryogenesis-
related genes reached their highest mean expression in S2, S3, or S4. This difference identifies
complementary features of the sampled tissues: TTC reduction describes reductive activity under the
assay conditions, while transcript abundance describes the selected gene-expression profiles. The
combined observations prioritize intermediate grades for further evaluation of embryogenic
competence. Because the grades were sampled cross-sectionally, these distributions do not establish a
developmental sequence or an optimal induction time.

The S1-S6 scheme provides non-overlapping thresholds for assigning individual callus units to visual
grades. It distinguishes the proportion of callus units affected by browning from the browned surface
area within a unit, a distinction relevant to interpreting population-level induction assays (Duan et al.
2022). Reporting both S2-S6 and S4-S6 proportions further separates any visible browning from more
severe browning. The criteria combine tissue color and texture with recorded growth status, providing an
operational basis for selecting callus for further assessment.

The decline in mean apparent TTC activity across S1-S5 provides a physiological context for the visual
grades. Phenolic metabolism and oxidase activity have been implicated in walnut explant browning (Liu
et al. 2024a; Wang et al. 2025), and transcriptomic and metabolomic analyses have examined browning-
associated changes in Camellia hainanica callus (Wu et al. 2024). Measuring phenolic content, oxidase
activity, and oxidative damage in grade-matched walnut samples would test how these processes relate
to the patterns reported here.

The single-factor screens identified favorable concentrations within defined medium backgrounds. In
particular, the VC screen directly evaluated 200 mg L-" VC on a background of 1 mg L=* NAA and 0.5 mg
L-" 6-BA, yielding a mean induction rate of 88.9% and an S4-S6 proportion of 11.3%. This tested
formulation provides a practical starting point for further culture development. Factorial experiments
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would establish whether interactions among the components improve performance beyond the
conditions evaluated here.

Light provides another potential axis for culture development. Its effects on plant regeneration involve
hormonal responses and tissue development (Han et al. 2025), while transient light-quality treatments
have been associated with browning and metabolic changes in tea tissue culture (Ding et al. 2025). The
present dark-culture conditions provide a defined background for testing light treatments. Applying the
same induction and browning measures would allow future comparisons without assuming that
responses observed in other species transfer directly to walnut.

4.2 Interpretation and limitations of TTC reduction

TTC reduction adds a measurable physiological dimension to visual grading. Positive corrected signals
in S1-S5 supported calculation of apparent reduction activity, and the grade means declined with
increasing browning severity. S6 was retained in the report as corrected absorbance because it lacked a
consistently positive signal. This distinction allows the measurements to be interpreted without equating
near-zero corrected absorbance with a quantified absence of viable cells.

The activity calculation used each reaction sample’s fresh weight and paired tissue-control absorbance.
Reaction and control masses nevertheless differed, and no mass correction was applied to the
background signal. In addition, the recorded calibration does not establish comparability across assay
batches. These features constrain interpretation of the absolute activity values and may contribute to
between-sample variation. Matching tissue masses and including contemporaneous standards would
strengthen quantitative comparisons.

All activity estimates use a 40 min incubation. Under this fixed condition, the assay differentiated several
grades, including S1 from S2-S5 and S5 from S1-S4. The nonsignificant S2-S3 and S3-S4
comparisons indicate that not every adjacent visual grade was resolved statistically. Additional
biological replication and calibration of the assay against an independent viability measure would help
define its discriminating ability across the full grading range.

4.3 Developmental identity and gene expression

Histology adds structural information to the macroscopic assessment of walnut callus. The milky-white
friable specimen contained many cells with large, lightly stained interiors; a pale color and friable
appearance therefore did not, by themselves, identify a population of embryogenic cells. The other
specimens showed differences in cell arrangement, staining, and tissue continuity. Such differences are
descriptive and cannot be equated with differences in division rate, cell viability, or developmental
competence without additional measurements.

Callus is a heterogeneous tissue whose molecular state can include developmental competence without
completed organ or embryo formation. Comparative analysis has identified a shared pre-meristematic
molecular signature across plant calli (Fehér 2023), and transcriptome studies of two Eucalyptus

Page 14/28



species have described distinct gene-expression programs during callus development (Zhang et al.
2022). These observations support pairing morphology with molecular measurements, while cautioning
against assigning identity from a small marker panel alone.

TTC and histology address different aspects of tissue condition. The lack of a consistently positive TTC
signal in S6 concerns reduction under the assay conditions, whereas recognizable outlines in a fixed,
severely browned section concern preserved structure. Neither observation alone establishes the
viability of every cell. The histological categories were not specimen-matched to the TTC grades, so no
quantitative correspondence was inferred. Future sampling of adjacent portions of the same callus piece
would allow stronger comparisons between structural condition and metabolic activity.

The uncultured embryo provides a tissue-of-origin comparison, not evidence that new embryos arose in
culture. Rounded surfaces, locally dense staining, and expression of developmental regulators are
insufficient individually to establish somatic embryogenesis (Fehér 2019). In established walnut
regeneration studies, the evidence extends to embryo development and plant recovery (Tulecke and
McGranahan 1985; Fang et al. 2022). The current observations should therefore be positioned as callus
characterization, with embryogenic competence remaining a separate experimental question.

The expression profiles suggest that candidate developmental transcripts respond differently across the
sampled tissue states. JISERK1 and JrBBM1 peaked numerically in S2, JrBBM2 and JrLEC2 in S3, and
JrLEC1, JrAGL15, JrFUS3, and JrWOX2 in S4. These are descriptive maxima, because the reported tests
compared grades with WT rather than directly comparing all grades. Functional work in Arabidopsis links
BBM to embryogenic regulatory networks and auxin-dependent embryo maintenance (Horstman et al.
2017a; Li et al. 2022), but BBM also participates in early seed and endosperm development (Chen et al.
2022). Thus, higher abundance of a candidate transcript relative to uncultured cotyledons cannot be
equated with higher regeneration capacity in walnut callus.

The heatmap complements the gene-specific plots by displaying the distribution of candidate transcript
abundance across all sampled grades on the same scale (Fig. 7). The concentration of expression
maxima in S2—S4, alongside the highest apparent TTC activity in S1, illustrates that candidate transcript
abundance and tissue reduction activity describe different aspects of callus condition. This integrated
view supports prioritizing intermediate grades for tests of embryogenic competence, without assigning
temporal or causal relationships to the cross-sectional expression patterns.

The gene panel includes regulators with different functions and regulatory inputs. Studies of AGL15 have
linked embryogenic responses to auxin and gibberellin regulation (Zheng et al. 2016), while subsequent
work places AGL15 within a broader developmental network (Joshi et al. 2022). A recent review likewise
emphasizes both shared and distinct functions of transcription factors in zygotic and somatic
embryogenesis (Yuan et al. 2024). The expression maxima of JrAGL15, Jr[LEC1, JrFUS3, and JrWOX2 in
S4 therefore warrant further investigation but do not establish that S4 callus is embryogenic.
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Hormonal responses depend on timing and developmental context. Wound-induced callus formation
involves dynamic hormone and transcriptional changes (lkeuchi et al. 2017), and auxin—cytokinin
interactions contribute to shoot-forming competence (Raspor et al. 2021). Structure—activity analysis of
2,4-D has linked auxinic activity to somatic embryo induction in Arabidopsis (Karami et al. 2023).
Relating the culture conditions identified here to subsequent developmental responses would help
connect medium composition with walnut regeneration.

Epigenetic regulation offers an additional hypothesis for variation in callus competence. PRC2 restricts
hormone-induced embryogenesis in Arabidopsis vegetative tissue (Mozgova et al. 2017), while MET1-
mediated DNA methylation is linked to cytokinin-induced cell-cycle regulation during shoot regeneration
(Liu et al. 2018). Chromatin and DNA methylation analyses would extend the present expression-based
characterization and test their contribution to walnut callus responses.

In the S6 samples, transcript levels of Jr'SERKT and JrBBM1 were lower than in the uncultured cotyledon
control (WT), whereas the levels of the remaining six transcripts remained high. This pattern
necessitates careful consideration of the source and state of the RNA samples, particularly given that S6
is characterized as tissue exhibiting severe browning and necrosis, devoid of proliferative activity.
Factors such as tissue composition, residual RNA, or normalization effects could be potential underlying
causes. Furthermore, the interpretation of results depends on RNA quality, reference gene stability,
primer specificity, and amplification efficiency, as emphasized by current gPCR reporting guidelines
(Bustin et al. 2025).

Normalization merits particular attention. A walnut study found that suitable reference genes differed
among organs, developmental stages, and cultivars (Zhou et al. 2018); it does not validate TIP41 across
the browning grades examined here. The original MIQE recommendations and their 2025 revision both
emphasize transparent assay reporting (Bustin et al. 2009, 2025). The reference-gene Ct measurements
show a narrow observed range across groups (Table S6), but this alone does not establish normalization
validity. The biological-replicate ACt records reproduce the expression summaries and comparisons with
WT (Tables S7 and S8).

5 Conclusions

Within the tested concentration ranges, 1 mg L' NAA, 0.5 mg L-" 6-BA, and 200 mg L-" VC produced the
most favorable mean induction and browning outcomes in their respective single-factor screens. At
these concentrations, induction exceeded 85% and approximately 11% of induced calli were classified as
S4-S6. Mean apparent TTC activity decreased across S1-S5, whereas candidate embryogenesis-related
transcripts reached their highest mean abundance in S2-S4. The heatmap summarized these
contrasting gene-expression profiles, and histology provided complementary descriptions of tissue
organization. Together, the findings identify useful culture conditions and an integrated approach to
walnut callus assessment. They prioritize intermediate browning grades for tests of embryogenic
competence and provide a basis for subsequent somatic embryogenesis and regeneration studies.

Page 16/28



Abbreviations

6-BA

6-benzyladenine

ANOVA

analysis of variance

Ct

threshold cycle
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RT-qPCR

reverse transcription quantitative polymerase chain reaction
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standard deviation

TTC
2,3,5-triphenyltetrazolium chloride
VC

ascorbic acid

WT

uncultured cotyledon control
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Figure 1

Explant-associated walnut callus. Panels A—F show pale rounded, lobed, or granular outgrowths
associated with green or discolored explant tissue. Images describe tissue appearance; panels are not

treated as a time series
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Figure 2

Variation in callus morphology and browning. A, pale rounded callus; B, irregular lobed tissue; C,
elongated granular tissue; D, peripheral rounded outgrowths around an amber region; E, localized
browning; F, extensively browned explant tissue
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Figure 3

Dish-level appearance of walnut cultures. A-C, discrete cream to pale yellow tissues; D, yellow to amber
tissues; E, yellow-orange tissues with localized browning; F, visibly browned tissues. The images are
descriptive views and are not assigned to S grades without verified sample records
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Figure 4

Apparent TTC reduction in walnut callus grades S1-S5. Orange points represent independent biological
samples; blue squares and error bars indicate mean = SD (n = 3). Values use a 40 min incubation, 2 mL
extract volume, and individual reaction fresh weights. Different lowercase letters indicate significant
pairwise differences after Holm adjustment; groups sharing a letter did not differ at adjusted P < 0.05. S6
is reported separately as corrected absorbance. Reaction and control masses differed (Online Resource
1, Table S1). Welch ANOVA indicated an overall difference among S1-S5 (P = 1.12 x 10-5)
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Milky-white friable callus Pale-yellow callus Brownish-yellow compact callus

Figure 5

Histological organization of walnut tissues stained with toluidine blue. (A, B) Milky-white friable callus;
(C, D) pale-yellow callus; (E, F) brownish-yellow compact callus; (G, H) slightly browned callus; (1, J)
severely browned callus; and (K, L) uncultured immature embryo. Overview fields (A, C, E, G, |, K) and
corresponding enlarged views (B, D, F, H, J, L) show cell arrangement and tissue continuity. Scale bars:
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500 pym in overview fields and 100 pm in enlarged views. Fields are descriptive and are not independent
biological replicates. Histological categories are not assigned to S1-S6
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Expression of eight candidate embryogenesis-related genes in walnut tissues. (a) JrSERKT; (b) JrBBMT,
(c) JrBBM2; (d) JrAGL15; (e) JrWOX2; (f) JrLECT; (g) JrLECZ2; and (h) JrFUS3. Bars and error bars show
mean = SD, and open circles show independent biological replicates (n = 3 per group). Relative

expression was calculated using the 2722 method with mean WT ACt as the calibrator and JrTIP41 as
the reference gene. Dashed lines indicate a relative expression of one. Significance symbols refer to two-
sided Welch tests on ACt against WT, with Holm adjustment across six comparisons within each gene:
ns, adjusted P = 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. WT denotes uncultured
cotyledons; S1-S6 denote browning grades. Replicate values and adjusted P values are provided in
Online Resource 1, Tables S7 and S8
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Figure 7

Heatmap of eight candidate embryogenesis-related genes in walnut callus browning grades S1-S6 and
uncultured cotyledons (WT). Cell values represent mean log, relative expression, calculated as mean WT
ACt minus mean group ACt (-AACt; n = 3 biological replicates per group). JrTIP4Twas the sole reference
gene. Red and blue indicate expression above and below WT, respectively, on a common scale centered
on zero. Values were not row-standardized, and groups were not clustered. The heatmap summarizes
expression patterns without displaying significance tests; biological-replicate variation and grade-WT
comparisons are shown in Fig. 6 and Online Resource 1, Tables S7 and S8. S1-S6 denote browning
grades rather than a time course
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