remove primers
#检查是否含正向引物
for file in *.fq.gz; do
  count=$(zgrep -c "CCGCTGAACTTAAGCATATCAATA" "$file")
  echo "$file : $count"
done
##检查反向引物是否存在
for file in *.fq.gz; do
  count=$(zgrep -c "CGATCGATTTGCACGTCAGA" "$file")
  echo "$file : $count"
done
==》均无引物
quality control
#运行脚本生成总质控报告
bash /data1/huangll/run_all.sh /data1/huangll/work3/raw_fq_113
==》/data1/huangll/work3/raw_fq_113/multiqc_report/multiqc_report.html
##根据质控报告结果用dada2进行质控
library(dada2)
# 输入目录
input_dir <- "/data1/huangll/work3/raw_fq_113"
# 输出目录
output_dir <- file.path(input_dir, "filtered")
# 如果输出目录不存在则创建
if (!dir.exists(output_dir)) {
  dir.create(output_dir)
}
# 列出所有fq.gz文件的完整路径
fnFs <- list.files(input_dir, pattern = "\\.fq\\.gz$", full.names = TRUE)
# 构造输出文件路径，输出目录+原文件名
filtFs <- file.path(output_dir, basename(fnFs))
# 质控过滤批量执行
out <- mapply(function(fwd, filt) {
  filterAndTrim(
    fwd, filt,
    truncQ = 2,
    truncLen = 0,
    trimLeft = 0,
    trimRight = 0,
    maxLen = 1400,
    minLen = 800,
    maxN = 0,
    minQ = 0,
    maxEE = 5,
    rm.phix = TRUE,
    rm.lowcomplex = 0.3,
    compress = TRUE,
    multithread = TRUE,
    verbose = TRUE
  )
}, fnFs, filtFs)
print(out)
##生成质控后结果表格
echo -e "Sample\tInput\tFiltered" > read_count.tsv

for f in *.fq.gz
do
    sample=${f%.fq.gz}

    input=$(zcat /data1/huangll/work3/raw_fq_113/${sample}.fq.gz | wc -l)
    filtered=$(zcat ${f} | wc -l)

    echo -e "${sample}\t$((input/4))\t$((filtered/4))" >> read_count.tsv
done
#再转化成csv
#将质控后的数据导入qiiime2
# 进入工作目录
cd /data1/huangll/work3/filtered
# 生成 manifest 文件表头
echo -e "sample-id\tabsolute-filepath" > manifest.tsv
# 遍历所有 .fq.gz 文件，生成 manifest
for f in *.fq.gz
do
    # 去掉路径和 .fq.gz 后缀作为 sample-id
    sid=$(basename "$f" .fq.gz)
    # 写入 manifest.tsv
    echo -e "${sid}\t/data1/huangll/work3/filtered/$f" >> manifest.tsv
done
# 导入到 Qiime 2
qiime tools import \
   --type 'SampleData[SequencesWithQuality]' \
   --input-path manifest.tsv \
   --output-path demux.qza \
   --input-format SingleEndFastqManifestPhred33V2
Generate feature sequences and abundance table
nohup qiime vsearch dereplicate-sequences \
  --i-sequences /data1/huangll/work3/filtered/demux.qza \
  --o-dereplicated-table table-derep.qza \
  --o-dereplicated-sequences rep-seqs-derep.qza \
  > derep.log 2>&1 &
==看一下结果如何
qiime feature-table summarize \
  --i-table /data1/huangll/work3/filtered/table-derep.qza \
  --o-visualization table-derep.qzv
##统计去重结果表格
import pandas as pd
# 读取表格
df = pd.read_csv("table-derep.tsv", sep="\t", skiprows=1, index_col=0)
# 每列非零计数
unique_counts = (df > 0).sum(axis=0)
# 保存
unique_counts.to_csv("unique_reads_per_sample.tsv", sep="\t", header=["Unique_reads"])
# 转成 CSV，用逗号分隔
cat /data1/huangll/work3/filtered/unique_reads_per_sample.tsv | tr '\t' ',' > /data1/huangll/work3/filtered/unique_reads_per_sample.csv
de novo OTU clustering
nohup qiime vsearch cluster-features-de-novo \
   --i-sequences /data1/huangll/work3/filtered/rep-seqs-derep.qza \
   --i-table /data1/huangll/work3/filtered/table-derep.qza \
   --p-perc-identity 0.97 \
   --p-strand plus \
   --p-threads 23 \
   --o-clustered-table clustered-table.qza \
   --o-clustered-sequences clustered-sequences.qza \
   > cluster-denovo.log 2>&1 &
##看看结果
qiime feature-table summarize \
  --i-table /data1/huangll/work3/filtered/clustered-table.qza \
  --o-visualization /data1/huangll/work3/filtered/clustered-table.qzv

##统计自聚类OUT结果表格
qiime tools export \
  --input-path /data1/huangll/work3/filtered/clustered-table.qza \
  --output-path /data1/huangll/work3/filtered/clustered-table-export

biom convert \
  -i /data1/huangll/work3/filtered/clustered-table-export/feature-table.biom \
  -o /data1/huangll/work3/filtered/clustered-table.tsv \
  --to-tsv

import pandas as pd

# 读取表格
df = pd.read_csv("/data1/huangll/work3/filtered/clustered-table.tsv", sep="\t", skiprows=1, index_col=0)
# 每列非零计数 -> 每个样本的独特 OTU 数
unique_otus = (df > 0).sum(axis=0)
# 保存 TSV
unique_otus.to_csv("/data1/huangll/work3/filtered/unique_otus_per_sample.tsv", sep="\t", header=["Unique_OTUs"])
# 转成 CSV（可选）
unique_otus.to_csv("/data1/huangll/work3/filtered/unique_otus_per_sample.csv", header=True)
taxonomic annotation
Preliminary taxonomic annotation of fungi using the QIIME2 pipeline and a fungal-specific database, with a 90% confidence threshold.
nohup qiime feature-classifier classify-sklearn \
    --i-classifier  /data1/huangll/its_18s_28S/28s/fungi/all_fungi/28s_fungi_classifier.qza \
    --i-reads /data1/huangll/work3/filtered/clustered-sequences.qza \
    --p-confidence 0.9 \
    --p-n-jobs 23 \
    --o-classification taxonomy_90.qza \
    > classify.log 2>&1 &

qiime tools export \
    --input-path taxonomy_90.qza \
--output-path filtered_113

awk -F'\t' 'NR>1 {split($2,a,";"); print a[2]}' /data1/huangll/work3/filtered/filtered_113/taxonomy_90.tsv | sort | uniq -c | sort -nr

  95982 NA
  19695 Ascomycota
    562 Mucoromycota
288 Basidiomycota
BLAST against a fungal-specific database for phylum-unassigned sequences, with a coverage threshold > 70%.
#从注释结果提取门为NA的OTUID
awk -F'\t' 'NR>1 {
  split($2,a,";");
  if(length(a)<2) print $1
}' taxonomy_90.tsv > phylum_NA_ids.txt
#加表头
echo -e "Feature ID" > phylum_NA_ids_fixed.txt
cat phylum_NA_ids.txt >> phylum_NA_ids_fixed.txt
#提取fasta序列
qiime feature-table filter-seqs \
  --i-data clustered-sequences.qza \
  --m-metadata-file phylum_NA_ids_fixed.txt \
  --o-filtered-data phylum_NA_sequences.qza

qiime tools export \
  --input-path phylum_NA_sequences.qza \
  --output-path phylum_NA_export
/data1/huangll/work3/filtered/phylum_NA_sequences.fasta
##blast注释
nohup blastn \
  -query /data1/huangll/work3/filtered/phylum_NA_sequences.fasta \
  -db /data1/huangll/its_18s_28S/28s/fungi/all_fungi/my_28s_fungi_db \
  -out /data1/huangll/work3/filtered/blast_results.tsv \
  -outfmt "6 qseqid sseqid pident length mismatch gapopen qstart qend sstart send evalue bitscore qcovs qlen slen stitle" \
  -max_target_seqs 5 \
  -num_threads 33 \
  -evalue 1e-5 \
  > /data1/huangll/work3/filtered/blast.log 2>&1 &
##统计筛选
tail -n +2 /data1/huangll/work3/filtered/blast_results.tsv| awk '{print $1}' | sort -u | wc -l
94967  95982-94967=1015匹配不上真菌专库
##加表头
echo -e "qseqid\tsseqid\tpident\tlength\tmismatch\tgapopen\tqstart\tqend\tsstart\tsend\tevalue\tbitscore\tqcovs\tqlen\tslen\tstitle" \
> /data1/huangll/work3/filtered/blast_results_with_header.tsv

cat /data1/huangll/work3/filtered/blast_results.tsv \
>> /data1/huangll/work3/filtered/blast_results_with_header.tsv
##筛选
awk -F'\t' '
BEGIN {OFS="\t"}
NR==1 {print; next}

{
    qcovs = $13 + 0
    pident = $3 + 0

    if (qcovs >= 70) {
        if (!($1 in best) || pident > best_pident[$1]) {
            best[$1] = $0
            best_pident[$1] = pident
        }
    }
}

END {
    for (id in best) {
        print best[id]
    }
}' /data1/huangll/work3/filtered/blast_results_with_header.tsv \
> /data1/huangll/work3/filtered/blast_best.tsv

#统计结果
# 进入目录（可选）
cd /data1/huangll/work3/filtered
# 获得注释的序列数
total_queries=$(tail -n +2 blast_best.tsv | wc -l)
echo "获得注释的序列数: $total_queries"
# 平均相似度
echo "平均相似度: $(tail -n +2 blast_best.tsv | \
awk -F'\t' '{sum+=$3} END{printf "%.1f%%", sum/NR}')"
# 平均覆盖度
echo "平均覆盖度: $(tail -n +2 blast_best.tsv | \
awk -F'\t' '{sum+=$13} END{printf "%.1f%%", sum/NR}')"
echo -e "\n=== 门水平分类分布 ==="
#门水平统计
tail -n +2 blast_best.tsv | \
awk -F'\t' '{
    split($16, tax, ";")
    phylum = tax[2]
    if (phylum == "") phylum = "Unclassified"
    count[phylum]++
}
END {
    for (p in count) {
        printf "%-20s\t%d\n", p, count[p]
    }
}' | sort -k2,2rn

获得注释的序列数: 20236
平均相似度: 89.6%
平均覆盖度: 83.6%
Basidiomycota           6730
Ascomycota              3770
Chytridiomycota         3129
Rozellomycota           3079
Mortierellomycota       736
Aphelidiomycota         646
Mucoromycota            390
Olpidiomycota           309
GS40                    288
GS39                    258
Monoblepharomycota      199
BCG2                    158
Glomeromycota           135
Unclassified            83
Blastocladiomycota      74
GS50                    47
Neocallimastigomycota   43
GS41                    28
GS79                    22
GS77X                   19
Entorrhizomycota        15
Sanchytriomycota        15
Basidiobolomycota       14
Zoopagomycota           14
Calcarisporiellomycota  11
Kickxellomycota         10
GS46                    4
A31                     3
GS45                    3
A15                     2
GS93B                   2
Sequences that remained unassigned at the phylum level were extracted and subjected to BLAST against the NT/EUK comprehensive database
cut -f1 /data1/huangll/work3/filtered/blast_best.tsv | \
tail -n +2 | sort > blast_ids.txt
sort /data1/huangll/work3/filtered/phylum_NA_ids.txt > na_ids_sorted.txt
comm -23 na_ids_sorted.txt blast_ids.txt > na_not_in_blast.txt
wc -l na_not_in_blast.txt
==》/data1/huangll/work3/filtered/na_not_in_blast_sequences.fasta

##拆分文件（最好差分成100个OUT一个文件）
seqkit split -s 50 --threads 8 \
/data1/huangll/work3/filtered/na_not_in_blast_sequences.fasta \
-O split_fasta_50/

##写个脚本blastNTEUK全库
nano run_blast_split.sh
#!/bin/bash

# 数据库路径
DB=/data1/huangll/its_18s_28S/NT/NT_EUK/nt_euk

# 输入目录（拆分好的fasta）
INDIR=/data1/huangll/work3/filtered/split_fasta_500

# 输出目录（blast结果）
OUTDIR=/data1/huangll/work3/filtered/blast_results

# 如果输出目录不存在就创建
mkdir -p "$OUTDIR"

# 遍历目录下的所有拆分fasta文件（按编号排序）
for f in $(ls ${INDIR}/na_not_in_blast_sequences.part_*.fasta | sort -V); do
    base=$(basename "$f" .fasta)     # 获取文件名，不带扩展名
    out=${OUTDIR}/${base}.tsv         # blast输出文件
    log=${OUTDIR}/${base}.log         # 日志文件

    # 如果结果已存在且非空，就跳过
    if [ -s "$out" ]; then
        echo "[SKIP] $base already finished"
        continue
    fi

    echo "[RUN ] $base"

    blastn \
      -query "$f" \
      -db "$DB" \
      -max_target_seqs 5 \
      -num_threads 33 \
      -outfmt "6 qseqid sseqid pident length mismatch gapopen qstart qend sstart send evalue bitscore qcovs qlen slen stitle" \
      -out "$out" \
      > "$log" 2>&1

    echo "[DONE] $base"
done

chmod +x run_blast_split.sh

nohup ./run_blast_split.sh > run_all.log 2>&1 &

##有些blast结果是空的，再blsat一轮，只能手动，因为老是段储存错误
##筛选覆盖度>50%，相似度最高的：
#合并所有结果
cat na_not_in_blast_sequences.part_*.tsv > na_not_in_blast_sequences_all.tsv
#加表头
sed -i '1i qseqid\tsseqid\tpident\tlength\tmismatch\tgapopen\tqstart\tqend\tsstart\tsend\tevalue\tbitscore\tqcovs\tqlen\tslen\tstitle' \
na_not_in_blast_sequences_all.tsv
#筛选
awk -F'\t' 'BEGIN{OFS="\t"}
NR==1 {print; next}
{
    qcovs = $13 + 0
    pident = $3 + 0
    if(qcovs >= 50) {
        if(!($1 in best) || pident > best_pident[$1]) {
            best[$1] = $0
            best_pident[$1] = pident
        }
    }
}
END{
    for(q in best) print best[q]
}' /data1/huangll/work3/filtered/victory/na_not_in_blast_sequences_all.tsv \
> /data1/huangll/work3/filtered/victory/na_not_in_blast_sequences_all.best.tsv
#统计
cd /data1/huangll/work3/filtered/victory

file=na_not_in_blast_sequences_all.best.tsv

echo "=== BLAST 注释统计 ==="

# 获得注释序列数
total=$(tail -n +2 "$file" | wc -l)
echo "获得注释的序列数: $total"

# 平均相似度
avg_pident=$(tail -n +2 "$file" | awk -F'\t' '{sum+=$3} END{printf "%.1f", sum/NR}')
echo "平均相似度: ${avg_pident}%"

# 平均覆盖度
avg_qcov=$(tail -n +2 "$file" | awk -F'\t' '{sum+=$13} END{printf "%.1f", sum/NR}')
echo "平均覆盖度: ${avg_qcov}%"

##获取完整注释 acesseion =>taxid=>完整注释
cd /data1/huangll/work3/filtered/victory

tail -n +2 na_not_in_blast_sequences_all.best.tsv \
| cut -f2 \
| awk -F'|' '{print $4}' \
> accessions.txt
#获取taxid
blastdbcmd -db /data1/huangll/its_18s_28S/NT/NT_EUK/nt_euk \
-entry_batch /data1/huangll/work3/filtered/victory/accessions.txt \
-outfmt "%a %T" \
-out /data1/huangll/work3/filtered/victory/taxid_map.txt

awk '{print $2}' /data1/huangll/work3/filtered/victory/taxid_map.txt > taxids_clean.txt
#获取完整注释
taxonkit lineage taxids_clean.txt > lineage_full.txt
Compile the taxonomic annotation table and the abundance table.
#先把自聚类的OTU丰度表导出来：
qiime tools export \
  --input-path /data1/huangll/work3/filtered/clustered-table.qza \
  --output-path /data1/huangll/work3/filtered/clustered_table_export

biom convert \
  -i /data1/huangll/work3/filtered/clustered_table_export/feature-table.biom \
  -o /data1/huangll/work3/filtered/clustered_table.tsv \
  --to-tsv

sed 's/\t/,/g' \
/data1/huangll/work3/filtered/clustered_table.tsv \
> /data1/huangll/work3/filtered/clustered_table.csv

##再把分步骤的注释结果合并
#qiime2真菌专库注释到的结果20545
awk -F'\t' '
NR==1{print; next}
{
  t=$2
  gsub(/;+$/,"",t)
  if(t!="Fungi") print
}
' /data1/huangll/work3/filtered/taxonomy_90.tsv \
> /data1/huangll/work3/filtered/taxonomy_90_noFungiOnly.tsv

wc -l /data1/huangll/work3/filtered/taxonomy_90.tsv
wc -l /data1/huangll/work3/filtered/taxonomy_90_noFungiOnly.tsv

#blast真菌专库的结果20236
cut -f1,2 /data1/huangll/work3/filtered/blast_best.tsv \
| tail -n +2 \
> /data1/huangll/work3/filtered/blast_otu_taxonomy.tsv

#blastNT_EUK库的结果
cd /data1/huangll/work3/filtered/victory2

awk '
NR==FNR{
    lineage[$1]=$0
    next
}
{
    acc=$1
    tax=$2
    print acc"\t"tax"\t"lineage[tax]
}
' lineage_full.txt taxid_map.txt \
> accession_lineage.txt

cut -f1,4- accession_lineage.txt > accession_lineage_clean.txt

# 1️⃣ OTU + accession
tail -n +2 na_not_in_blast_sequences_all.best.tsv \
| awk -F'\t' '{split($2,a,"|"); print $1"\t"a[4]}' \
> otu_accession.txt

# 2️⃣ accession → 完整lineage（关键修复）
awk -F'\t' '
NR==FNR{
    acc=$1
    $1=""
    sub(/^\t/,"")
    map[acc]=$0
    next
}
($2 in map){
    print $1"\t"map[$2]
}
' accession_lineage_clean.txt otu_accession.txt \
> otu_lineage.tsv

awk -F'\t' 'BEGIN{OFS=","} {print $1,$2}' 11114.tsv > 11114.csv

#将三个结果合并+丰度表合并
现在是一个所有真菌的表（47319）+非真菌的表（需要弄成界门纲目科属种）
/data1/huangll/work3/filtered/47315_onlyfungi_OTU.csv
/data1/huangll/work3/filtered/1116527_all_OTU.csv

Sequences that remained unassigned with relative abundance > 3% were selected for phylogenetic tree construction.
#统计真菌门的种类及数量
awk -F, 'NR>1 {count[$3]++} END {for (phylum in count) print phylum, count[phylum]}' /data1/huangll/work3/filtered/combined_fungi_table_updated.csv | sort -k2 -nr

Ascomycota 24804
Basidiomycota 7826
Chytridiomycota 3305
Rozellomycota 3079
Mucoromycota 1012
Mortierellomycota 736
Aphelidiomycota 646
Olpidiomycota 309
GS40 288
GS39 258
Monoblepharomycota 199
BCG2 158
Glomeromycota 135
Blastocladiomycota 75
GS50 47
Neocallimastigomycota 43
GS41 28
GS79 22
GS77X 19
Zoopagomycota 15
Sanchytriomycota 15
Entorrhizomycota 15
Basidiobolomycota 14
Calcarisporiellomycota 11
Kickxellomycota 10
Cryptomycota 6
GS46 4
GS45 3
A31 3
GS93B 2
A15 2
uncultured fungus 4230后续根据进化树的结果更正注释

##统计 uncultured fungus 门且 Total > 3 的OTU数量
awk -F, 'NR>1 && $3 == "uncultured fungus" && $9 > 3 {count++} END {print "Total > 3 的 uncultured fungus OTU数 量:", count}' /data1/huangll/work3/filtered/combined_fungi_table_updated.csv
Total > 3 的 uncultured fungus OTU数量: 738

#首先738条太多了，所以先聚类
nohup vsearch \
  --cluster_fast OTU_renamed.fasta \
  --id 0.90 \
  --strand plus \
  --centroids OTU_90.fasta \
  --uc OTU_90.uc \
  --threads 8 \
  > vsearch_90.log 2>&1 &
#统计一下条数
grep -c "^>" OTU_90.fasta
225

#开始用mega建进化树，先以自己的10条OUT为基准，一个类群一个类群加（不同的真菌门代表序列及不同的真菌姐妹群代表序列），加完对齐，只做剔除，不做修剪，只有建树之前的那个fasta文件再修剪
#10_19_align=>建小树=》剔除一些奇怪的序列,得到每个类群都聚在一起的树
nohup iqtree -s /data1/huangll/work3/filtered/phylogenetic/118_19_align.fas \
       -m MFP \
       -bb 5000 \
       -alrt 1000 \
       -nt 30 \
       -pre 118_19_tree \
       > 118_19_tree.log 2>&1 &

nohup iqtree -s /data1/huangll/work3/filtered/phylogenetic/7_19_align.fas \
       -m GTR+I+G \
       -bb 5000 \
       -alrt 1000 \
       -nt 30 \
       -pre 7_19_tree \
       > 7_19_tree.log 2>&1 &

nohup iqtree -s /data1/huangll/work3/filtered/phylogenetic/7_19_align.fas \
       -m GTR+I+G+F \
       -bb 5000 \
       -alrt 1000 \
       -nt 30 \
       -pre 7_19_tree \
       > 7_19_tree.log 2>&1 &

#合并剩余的未知序列=>225_19建大树=》剔除与其它真核聚在一起的序列及其它真核，剩余不知道的去NCBI看blast结果究竟是什么，不是真菌就删除=》

#84_2(剩下的序列+唯一的外群)=》建树
#84_3;这是把coralgong也加进去的
#开始提出序列调整树，最终树=》83_3_3_GTR_+I+G
#用相同的代码跑BI法的：
/data1/huangll/work3/filtered/phylogenetic/83_3_3_align.nexus


The OTU abundance table and taxonomic annotation table were revised/corrected based on the phylogenetic tree results.
结果表格
所有OTU丰度加注释表
只有真菌OTU的丰度加注释表
/data1/huangll/work3/filtered/114_result.csv
/data1/huangll/work3/filtered/116527_all_OTU_taxon.csv
/data1/huangll/work3/diversity_analysis/46938_fungi_taxon_table.csv

#统计门的种类及丰度
awk -F',' 'NR>1 && $3!="" {count[$3]++} 
END {
total=0
for (p in count) total+=count[p]
for (p in count) printf "%-20s %6d %6.2f%%\n", p, count[p], count[p]/total*100
}' /data1/huangll/work3/analysis/taxonomy_table.csv | sort -k2 -nr

Ascomycota            24804  52.84%
Basidiomycota          7826  16.67%
Chytridiomycota        3305   7.04%
Rozellomycota          3079   6.56%
Mucoromycota           1012   2.16%
Mortierellomycota       736   1.57%
Aphelidiomycota         646   1.38%
Candidate.Xihemycota    318   0.68%
Olpidiomycota           309   0.66%
GS40                    288   0.61%
GS39                    258   0.55%
Monoblepharomycota      199   0.42%
BCG2                    158   0.34%
Glomeromycota           135   0.29%
Blastocladiomycota       75   0.16%
GS50                     47   0.10%
Neocallimastigomycota     43   0.09%
Candidate.Shizhencota     34   0.07%
GS41                     28   0.06%
GS79                     22   0.05%
GS77X                    19   0.04%
Zoopagomycota            15   0.03%
Sanchytriomycota         15   0.03%
Entorrhizomycota         15   0.03%
Basidiobolomycota        14   0.03%
Calcarisporiellomycota     11   0.02%
Kickxellomycota          10   0.02%
Cryptomycota              6   0.01%
Candidate.Taichumycota      5   0.01%
GS46                      4   0.01%
GS45                      3   0.01%
A31                       3   0.01%
GS93B                     2   0.00%
A15                       2   0.00%
uncultured fungus      3492   7.44%

#统计属的
awk -F',' 'NR>1 {
gname = ($7=="" ? "Unassigned" : $7)
g[gname]++
} 
END {
# 总数
total=0
for (i in g) total+=g[i]

# 输出到临时文件排序
for (i in g) printf "%s\t%d\n", i, g[i]
}' /data1/huangll/work3/analysis/taxonomy_table.csv \
| sort -k2 -nr > genus_count.tmp

awk '
NR<=30 {
top[$1]=$2
top_total += $2
}
NR>30 {
other_total += $2
}
END {
total = top_total + other_total

print "Genus,Count,Relative_Abundance(%)"

for (i in top) {
printf "%s,%d,%.2f\n", i, top[i], top[i]/total*100
}

printf "Others,%d,%.2f\n", other_total, other_total/total*100
}' genus_count.tmp \
| sort -t',' -k2 -nr > genus_top30_with_others.csv
Downstream analysis
Following sample normalization, a purified OTU table and its corresponding taxonomic annotation table were generated.
Sample normalization
=》结果/data1/huangll/work3/diversity_analysis/normalize_summary.csv

#!/usr/bin/env python3
# -*- coding: utf-8 -*-

"""
OTU 表归一化脚本（防止前置 ' 和奇怪字符）
功能：将每个样本总丰度归一化到中位数，避免测序深度差异
输入：原始 OTU 表 CSV
输出：
  1. fungi_normalized.csv ：归一化 OTU 表
  2. normalize_summary.csv ：每个样本原始总和、新总和、缩放因子
"""

import pandas as pd
import numpy as np
import re

## -----------------------------
## 输入输出路径
## -----------------------------
fn_in = "/data1/huangll/work3/diversity_analysis/46938_fungi_taxon_table.csv"
fn_out = "/data1/huangll/work3/diversity_analysis/fungi_normalized.csv"
summary_out = "/data1/huangll/work3/diversity_analysis/normalize_summary.csv"

## -----------------------------
## OTU 元信息列
## -----------------------------
meta_cols = ['OTU_ID','Kingdom','Phylum','Class','Order','Family','Genus','Species','Toal']

## -----------------------------
## 读取原始 OTU 表
## -----------------------------
df = pd.read_csv(fn_in, dtype=str)

## -----------------------------
## 获取样本列（去掉 OTU 元信息列）
## -----------------------------
sample_cols = [c for c in df.columns if c not in meta_cols]

## -----------------------------
## 清理样本列：去掉所有非数字字符（如 '、空格、换行等），并转为 float
## -----------------------------
def clean_numeric(x):
    x = str(x).strip()             # 去掉前后空格
    x = re.sub(r"[^\d\.\-eE]", "", x)  # 只保留数字、.、-、科学计数法 e
    try:
        return float(x)
    except:
        return 0.0

df_samples = df[sample_cols].applymap(clean_numeric)

## -----------------------------
## 计算每个样本 OTU 总和
## -----------------------------
sample_sums = df_samples.sum(axis=0)

## -----------------------------
## 以中位数作为归一化目标值
## -----------------------------
median_target = float(np.median(sample_sums))
print(f"中位数目标值: {median_target}")
print(f"原始样本总和范围: {sample_sums.min():.2f} ~ {sample_sums.max():.2f}")

## -----------------------------
## 计算缩放因子
## -----------------------------
scaling_factors = np.where(sample_sums > 0, median_target / sample_sums, 0.0)
scaling = pd.Series(scaling_factors, index=sample_cols)

## -----------------------------
## 对每个样本进行归一化
## -----------------------------
scaled = df_samples.multiply(scaling, axis=1)

## -----------------------------
## 检查归一化后的总和
## -----------------------------
final_sums = scaled.sum(axis=0)
print(f"归一化后总和范围: {final_sums.min():.2f} ~ {final_sums.max():.2f}")

tolerance = 0.01
large_diff = final_sums[(final_sums > 0) & (abs(final_sums - median_target) > tolerance)]
if len(large_diff) > 0:
    print("以下样本归一化后与目标值差异较大:")
    for sample, value in large_diff.items():
        print(f"  {sample}: {value:.2f} (目标: {median_target:.2f})")

## -----------------------------
## 保存归一化 OTU 表（元信息 + 归一化数据）
## -----------------------------
out = pd.concat([df[meta_cols], scaled], axis=1)
out.to_csv(fn_out, index=False, float_format="%.8f")  # 保留 8 位小数，数字干净

## -----------------------------
## 保存归一化摘要
## -----------------------------
summary = pd.DataFrame({
    'sample': sample_sums.index,
    'orig_sum': sample_sums.values,
    'new_sum': final_sums.values,
    'scaling_factor': scaling.values
})
summary.to_csv(summary_out, index=False, float_format="%.8f")

=》然后改正一下就是total丰度列

print("✅ 归一化处理完成！输出文件已生成。")

A purified OTU table and its corresponding taxonomic annotation table were generated.
=》/data1/huangll/work3/diversity_analysis/otu_table.csv
/data1/huangll/work3/diversity_analysis/taxonomy_table.csv
/data1/huangll/work3/diversity_analysis/otu_table_transposed.csv

library(data.table)

# 输入输出路径
infile <- "/data1/huangll/work3/diversity_analysis/fungi_normalized.csv"
out_dir <- "/data1/huangll/work3/diversity_analysis/"

# 读取数据
df <- fread(infile, header = TRUE, stringsAsFactors = FALSE)

# 删除多余列 Total / Toal
drop_cols <- intersect(colnames(df), c("Toal", "Total"))
if(length(drop_cols) > 0){
  message("删除列：", paste(drop_cols, collapse = ", "))
  df[, (drop_cols) := NULL]
}

# 分类信息列
taxonomy_cols <- c("Kingdom","Phylum","Class","Order","Family","Genus","Species")

# OTU ID 列名
id_col <- "OTU_ID"

# 样本列
sample_cols <- setdiff(colnames(df), c(id_col, taxonomy_cols))
message("样本数量：", length(sample_cols))

# 清理样本列，去掉可能的 ' 或空格，并转换为 numeric
for (col in sample_cols) {
  df[[col]] <- as.numeric(gsub("[^0-9\\.eE\\-]", "", df[[col]]))
}

# OTU 表格
otu_mat <- as.matrix(df[, ..sample_cols])
rownames(otu_mat) <- df[[id_col]]

# 注释表格
tax_mat <- as.data.frame(df[, ..taxonomy_cols])
rownames(tax_mat) <- df[[id_col]]

# 输出 CSV
write.csv(otu_mat, file = file.path(out_dir, "otu_table.csv"), quote = FALSE, row.names = TRUE)
write.csv(t(otu_mat), file = file.path(out_dir, "otu_table_transposed.csv"), quote = FALSE, row.names = TRUE)
write.csv(tax_mat, file = file.path(out_dir, "taxonomy_table.csv"), quote = FALSE, row.names = TRUE)

message("✅ 处理完成，输出三个文件：")
message(" - otu_table.csv（行=OTU，列=样本）")
message(" - otu_table_transposed.csv（行=样本，列=OTU）")
message(" - taxonomy_table.csv（OTU 分类信息）")

Sample heatmap
Geographic coordinate conversion
import pandas as pd
import re

# DMS 转十进制度函数
def dms_to_dd(dms):
    if pd.isna(dms):
        return None
    dms = str(dms).replace(" ", "")
    match = re.match(r"(\d+)[°](\d+(?:\.\d+)?)′?([NSWE])?", dms)
    if match:
        deg, minute, direction = match.groups()
        dd = float(deg) + float(minute)/60
        if direction in ['S', 'W']:
            dd = -dd
        return dd
    else:
        try:
            return float(dms)
        except:
            return None

# 指定编码为 gbk
input_file = "/data1/huangll/work3/diversity_analysis/元数据.csv"
df = pd.read_csv(input_file, encoding='gbk')

# 转换经纬度
df['经度'] = df['经度'].apply(dms_to_dd)
df['纬度'] = df['纬度'].apply(dms_to_dd)

# 保存为 UTF-8 CSV
output_file = "/data1/huangll/work3/diversity_analysis/metadata_decimal.csv"
df.to_csv(output_file, index=False, encoding='utf-8')

print(f"经纬度已统一为十进制度，保存为 {output_file}")

Environmental data were obtained; only surface-layer data were available for the sampling stations.
#!/usr/bin/env python3
# -*- coding: utf-8 -*-

import xarray as xr
import pandas as pd
import numpy as np
import os
import glob

# ===============================
# 路径
# ===============================

data_dir = "/data1/huangll/tenyear"
metadata_file = "/data1/huangll/work3/diversity_analysis/metadata_decimal.csv"

env_files = {
    "Chlorophyll": "Chlorophyll_[mean].nc",
    "Nitrate": "Nitrate [mean].nc",
    "Phosphate": "Phosphate [mean].nc",
    "Salinity": "Salinity [mean].nc"
}

# ===============================
# 读取metadata
# ===============================

print("Reading metadata")

meta = pd.read_csv(metadata_file)

meta = meta.rename(columns={
    "Sample_ID": "Sample",
    "Longitude": "Lon",
    "Latitude": "Lat"
})

results = meta.copy()

print("Samples:", len(results))
print("Lon range:", results["Lon"].min(), results["Lon"].max())
print("Lat range:", results["Lat"].min(), results["Lat"].max())

# ===============================
# 提取环境变量
# ===============================

for var, fname in env_files.items():

    print("\nProcessing", var)

    file_path = os.path.join(data_dir, fname)
    ds = xr.open_dataset(file_path)

    var_name = list(ds.data_vars)[0]
    print("Variable:", var_name)

    da = ds[var_name]

    # 统一坐标名
    rename_dict = {}
    if "longitude" in da.coords:
        rename_dict["longitude"] = "lon"
    if "latitude" in da.coords:
        rename_dict["latitude"] = "lat"
    if rename_dict:
        da = da.rename(rename_dict)

    values = []

    for _, row in results.iterrows():

        lon = row["Lon"]
        lat = row["Lat"]

        try:
            # 🔥 改成 interp
            point = da.interp(lon=lon, lat=lat)

            if "time" in point.dims:
                val = float(point.mean(dim="time", skipna=True).values)
            else:
                val = float(point.values)

        except Exception as e:
            print(f"{var} missing at ({lon}, {lat}):", e)
            val = np.nan

        values.append(val)

    results[var] = values


# ===============================
# SST（多年平均）
# ===============================

print("\nProcessing SST")

sst_files = sorted(glob.glob(os.path.join(data_dir, "AQUA_MODIS*.nc")))
print("SST files:", len(sst_files))

datasets = []

for f in sst_files:
    ds = xr.open_dataset(f)
    da = ds["sst"]

    # 统一坐标名
    if "longitude" in da.coords:
        da = da.rename({"longitude": "lon", "latitude": "lat"})

    datasets.append(da)

# 拼接时间
sst = xr.concat(datasets, dim="time")

print("Calculating multi-year mean SST (2010–2019)")
sst_mean = sst.mean(dim="time", skipna=True)

sst_values = []

for _, row in results.iterrows():

    lon = row["Lon"]
    lat = row["Lat"]

    try:
        # 🔥 改成 interp
        val = float(sst_mean.interp(lon=lon, lat=lat).values)
    except Exception as e:
        print(f"SST missing at ({lon}, {lat}):", e)
        val = np.nan

    sst_values.append(val)

results["SST"] = sst_values

# ===============================
# 简单 QC（强烈推荐🔥）
# ===============================

print("\nMissing values summary:")
for col in ["Chlorophyll", "Nitrate", "Phosphate", "Salinity", "SST"]:
    print(col, "NA count:", results[col].isna().sum())

# ===============================
# 保存
# ===============================

out_file = "environmental_variables_per_sample.csv"
results.to_csv(out_file, index=False)

print("\nFinished")
print("Saved:", out_file)
print(results.head())
The numbers of samples and sampling stations were summarized for the surface, middle, deep, and sediment layers.
import pandas as pd

# 读取 metadata
metadata_file = "/data1/huangll/work3/diversity_analysis/metadata_decimal.csv"
df = pd.read_csv(metadata_file)

# 判断样本类型
def classify_depth(x):
    if isinstance(x, str) and x.lower() == "sediment":
        return "Sediment"
    try:
        val = float(x)
        if 0 <= val <= 200:
            return "Surface"
        elif 200 < val <= 1000:
            return "Mesopelagic"
        elif 1000 < val <= 4000:
            return "Bathypelagic"
        else:
            return "Other"
    except:
        return "Unknown"

df['Layer'] = df['Depth (m)'].apply(classify_depth)

# 统计每一层样本数量
counts = df['Layer'].value_counts()

print("样本层次统计:")
print(counts)

# 保存统计结果
counts.to_csv("sample_layer_counts.csv", header=['Count'])

Layer
Surface         90
Mesopelagic     11
Bathypelagic     8
Sediment         4

import pandas as pd
import os

# ===============================
# 1. 检查文件是否存在
# ===============================
metadata_file = "/data1/huangll/work3/diversity_analysis/metadata_decimal.csv"

if not os.path.exists(metadata_file):
    raise FileNotFoundError(f"找不到文件: {metadata_file}")

# ===============================
# 2. 读取数据
# ===============================
df = pd.read_csv(metadata_file)

# ===============================
# 3. 深度分类
# ===============================
def classify_depth(x):
    if isinstance(x, str) and x.lower() == "sediment":
        return "Sediment"
    try:
        val = float(x)
        if 0 <= val <= 200:
            return "Surface"
        elif 200 < val <= 1000:
            return "Mesopelagic"
        elif 1000 < val <= 4000:
            return "Bathypelagic"
        else:
            return "Other"
    except:
        return "Unknown"

df['Layer'] = df['Depth (m)'].apply(classify_depth)

# ===============================
# 4. 每层站位数（允许重复）
# ===============================
layers = ["Surface", "Mesopelagic", "Bathypelagic", "Sediment"]

station_counts = {}

for layer in layers:
    subset = df[df['Layer'] == layer]

    unique_stations = subset[['Longitude', 'Latitude']].drop_duplicates()

    station_counts[layer] = len(unique_stations)

# ===============================
# 5. 输出
# ===============================
print("\n=== 每层站位数 ===")
for layer in layers:
    print(f"{layer}: {station_counts[layer]}")

# ===============================
# 6. 保存
# ===============================
pd.DataFrame.from_dict(
    station_counts,
    orient='index',
    columns=['Station_Count']
).to_csv("station_counts_each_layer.csv")

=== 每层站位数 ===
Surface: 78
Mesopelagic: 6
Bathypelagic: 8
Sediment: 4

#把结果加在表格最后一列
import pandas as pd

# ===============================
# 1. 读取数据
# ===============================
file = "metadata_decimal.csv"
df = pd.read_csv(file)

# ===============================
# 2. 分层函数
# ===============================
def classify_depth(x):
    if isinstance(x, str) and x.lower() == "sediment":
        return "Sediment"
    try:
        x = float(x)
        if 0 <= x <= 200:
            return "Surface"
        elif 200 < x <= 1000:
            return "Mesopelagic"
        elif 1000 < x <= 4000:
            return "Bathypelagic"
        else:
            return "Other"
    except:
        return "Unknown"

# ===============================
# 3. 添加分层列
# ===============================
df["Layer"] = df["Depth (m)"].apply(classify_depth)

# ===============================
# 4. 保存新文件
# ===============================
output_file = "metadata_decimal_with_layer.csv"
df.to_csv(output_file, index=False)

print("已生成：", output_file)
A heatmap of sampling stations was generated.
import pandas as pd
import matplotlib.pyplot as plt
import cartopy.crs as ccrs
import cartopy.feature as cfeature
import xarray as xr
from matplotlib.lines import Line2D
import geopandas as gpd
import matplotlib.colors as mcolors
import os
from matplotlib import rcParams

# ===============================
# ⭐ 关键：SVG字体可编辑（AI不转路径）
# ===============================
rcParams['svg.fonttype'] = 'none'

# （可选）避免字体报错
rcParams['font.family'] = 'DejaVu Sans'

# ===============================
# 文件路径
# ===============================
metadata_file = "/data1/huangll/work3/analysis/metadata_decimal.csv"
shapefile_province = "/data1/huangll/tenyear/gadm41_CHN_1.shp"
output_dir = "/data1/huangll/work3/analysis"

# ===============================
# 变量
# ===============================
variables = [
    {"name":"Phosphate", "file":"/data1/huangll/tenyear/Phosphate [mean].nc",
     "cmap":"Purples", "bounds":[0, 0.001, 0.003, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2],
     "unit":"μmol L⁻¹"},

    {"name":"Nitrate", "file":"/data1/huangll/tenyear/Nitrate [mean].nc",
     "cmap":"Blues", "bounds":[0, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 3, 10],
     "unit":"μmol L⁻¹"},

    {"name":"Chlorophyll", "file":"/data1/huangll/tenyear/Chlorophyll_[mean].nc",
     "cmap":"YlGn", "bounds":[0, 0.05, 0.1, 0.2, 0.3, 0.5, 1, 3],
     "unit":"mg/m³"},

    {"name":"Salinity", "file":"/data1/huangll/tenyear/Salinity [mean].nc",
     "cmap":"viridis_r", "bounds":[30, 31, 32, 32.5, 33, 33.5, 34, 34.7],
     "unit":"PSU"},

    {"name":"SST", "file":"/data1/huangll/tenyear/AQUA_MODIS.20180101_20181231.L3m.YR.SST.x_sst.nc",
     "cmap":"RdYlBu_r", "bounds":[24.5, 26, 27, 28, 29, 30.5],
     "unit":"°C"}
]

# ===============================
# 样本
# ===============================
samples = pd.read_csv(metadata_file)
samples['Longitude'] = pd.to_numeric(samples['Longitude'], errors='coerce')
samples['Latitude'] = pd.to_numeric(samples['Latitude'], errors='coerce')

def classify_depth(x):
    try:
        val = float(x)
        if 0 <= val <= 200:
            return "Surface"
        elif 200 < val <= 1000:
            return "Mesopelagic"
        elif 1000 < val <= 4000:
            return "Bathypelagic"
        else:
            return "Other"
    except:
        return "Sediment"

samples['Layer'] = samples['Depth (m)'].apply(classify_depth)

station = samples[['Longitude','Latitude','Layer']].drop_duplicates()

marker_dict = {"Surface":"o","Mesopelagic":"v","Bathypelagic":"^","Sediment":"s"}
color_dict = {"Surface":"orange","Mesopelagic":"green","Bathypelagic":"blue","Sediment":"brown"}

station['marker'] = station['Layer'].map(marker_dict)
station['color'] = station['Layer'].map(color_dict)

# ===============================
# 范围
# ===============================
lon_min, lon_max = 80, 152
lat_min, lat_max = -20, 25

station = station[
    (station['Longitude'] >= lon_min) &
    (station['Longitude'] <= lon_max) &
    (station['Latitude'] >= lat_min) &
    (station['Latitude'] <= lat_max)
]

gdf_province = gpd.read_file(shapefile_province)
os.makedirs(output_dir, exist_ok=True)

# ===============================
# 画图
# ===============================
for var in variables:

    ds = xr.open_dataset(var['file'])
    data = list(ds.data_vars.values())[0]

    # ⭐ 防止SST不显示
    data = data.squeeze()

    if 'longitude' in data.dims:
        data = data.rename({"longitude":"lon"})
    if 'latitude' in data.dims:
        data = data.rename({"latitude":"lat"})

    fig = plt.figure(figsize=(12,7))
    ax = plt.axes(projection=ccrs.PlateCarree())
    ax.set_extent([lon_min, lon_max, lat_min, lat_max])

    # ⭐ 关键：去掉 extend，统一成“柱状色标”
    cmap = plt.get_cmap(var['cmap'], len(var['bounds'])-1)
    norm = mcolors.BoundaryNorm(var['bounds'], cmap.N)

    im = data.plot(
        x='lon', y='lat',
        ax=ax,
        cmap=cmap,
        norm=norm,
        add_colorbar=True,
        extend='neither',   # ⭐ 核心：去箭头
        rasterized=True,
        cbar_kwargs={
            "label": f"{var['name']} ({var['unit']})",
            "pad": 0.02,
            "aspect": 25,
            "shrink": 0.85
        },
        zorder=1
    )

    # 地图
    ax.add_feature(cfeature.LAND, facecolor="lightgray", zorder=2)
    ax.add_feature(cfeature.COASTLINE, linewidth=0.8, zorder=3)
    ax.add_feature(cfeature.BORDERS, linewidth=0.5, linestyle=":", zorder=3)
    gdf_province.plot(ax=ax, facecolor="none", edgecolor="darkred", linewidth=0.8, zorder=4)

    # 点
    for _, row in station.iterrows():
        ax.scatter(row['Longitude'], row['Latitude'],
                   color=row['color'],
                   marker=row['marker'],
                   s=80,
                   transform=ccrs.PlateCarree(),
                   zorder=10)

    ax.set_title(f"{var['name']} ({var['unit']})", fontsize=14)

    gl = ax.gridlines(draw_labels=True, linewidth=0.5,
                      color="gray", linestyle="--", alpha=0.5)
    gl.top_labels = False
    gl.right_labels = False

    # 图例
    legend_elements = [
        Line2D([0],[0], marker='o', color='w', label='Surface', markerfacecolor='orange', markersize=8),
        Line2D([0],[0], marker='v', color='w', label='Mesopelagic', markerfacecolor='green', markersize=8),
        Line2D([0],[0], marker='^', color='w', label='Bathypelagic', markerfacecolor='blue', markersize=8),
        Line2D([0],[0], marker='s', color='w', label='Sediment', markerfacecolor='brown', markersize=8)
    ]

    ax.legend(handles=legend_elements, loc='lower right', fontsize=9, frameon=False)

    # ===============================
    # ⭐ 只输出SVG（AI最佳）
    # ===============================
    fname_svg = os.path.join(output_dir, f"{var['name']}.svg")
    plt.savefig(fname_svg, format='svg', bbox_inches='tight')

    plt.close()

    print(f"Saved: {fname_svg}")
Rarefaction curve
library(vegan)

# =========================
# 1. OTU table
# =========================
otu_raw <- read.csv("46938_fungi_OTU_table.csv", check.names = FALSE)
rownames(otu_raw) <- otu_raw$OTU_ID
otu_raw <- otu_raw[, -1]

otu_raw <- as.data.frame(lapply(otu_raw, as.numeric))
otu_raw[is.na(otu_raw)] <- 0

otu <- t(otu_raw)

# =========================
# 2. metadata
# =========================
meta <- read.csv("metadata_decimal_with_layer.csv", check.names = FALSE)

clean_id <- function(x){
  x <- trimws(x)
  x <- gsub("\\.", "-", x)
  return(x)
}

rownames(otu) <- clean_id(rownames(otu))
meta$Sample_ID <- clean_id(meta$Sample_ID)

# =========================
# 3. 对齐
# =========================
common <- intersect(rownames(otu), meta$Sample_ID)

otu <- otu[common, ]
meta <- meta[match(common, meta$Sample_ID), ]

# =========================
# 4. 分层
# =========================
surface <- otu[meta$Layer == "Surface", ]
meso    <- otu[meta$Layer == "Mesopelagic", ]
deep    <- otu[meta$Layer == "Bathypelagic", ]
sed     <- otu[meta$Layer == "Sediment", ]

cat("Surface:", nrow(surface), "\n")
cat("Mesopelagic:", nrow(meso), "\n")
cat("Bathypelagic:", nrow(deep), "\n")
cat("Sediment:", nrow(sed), "\n")

# =========================
# ⭐5. 统一坐标范围
# =========================
all_samples <- otu
sample_depth <- rowSums(all_samples)

x_max <- max(sample_depth)
y_max <- max(apply(all_samples, 1, function(x) sum(x > 0)))

# =========================
# 6. 稀释曲线函数（PNG + PDF）
# =========================
plot_rare <- function(x, name, col){

  if(nrow(x) < 2){
    cat("Skip:", name, "\n")
    return()
  }

  # =========================
  # PNG
  # =========================
  png(paste0("Rarefaction_", name, ".png"),
      width = 2200, height = 1600, res = 300)

  par(
    family = "serif",
    mar = c(6, 6, 5, 3),
    mgp = c(3, 1, 0),
    tck = -0.02,
    cex.lab = 1.4,
    cex.axis = 1.1,
    xaxs = "i",
    yaxs = "i"
  )

  rarecurve(
    x,
    step = 500,
    col = adjustcolor(col, alpha.f = 0.55),
    label = FALSE,
    lwd = 1.2,
    xaxt = "n",
    yaxt = "n",
    xlim = c(0, x_max),
    ylim = c(0, y_max),
    xlab = "",
    ylab = ""
  )

  axis(1)
  axis(2, las = 1)

  mtext("Sequencing depth (reads)", side = 1, line = 3)
  mtext("Observed OTUs", side = 2, line = 3.2)

  title(main = name, cex.main = 1.6, font.main = 2)
  box(lwd = 1.2)

  dev.off()

  # =========================
  # PDF（新增）
  # =========================
  pdf(paste0("Rarefaction_", name, ".pdf"),
      width = 7, height = 5.5,
      family = "serif")

  par(
    mar = c(6, 6, 5, 3),
    mgp = c(3, 1, 0),
    tck = -0.02,
    cex.lab = 1.4,
    cex.axis = 1.1,
    xaxs = "i",
    yaxs = "i"
  )

  rarecurve(
    x,
    step = 500,
    col = adjustcolor(col, alpha.f = 0.55),
    label = FALSE,
    lwd = 1.2,
    xaxt = "n",
    yaxt = "n",
    xlim = c(0, x_max),
    ylim = c(0, y_max),
    xlab = "",
    ylab = ""
  )

  axis(1)
  axis(2, las = 1)

  mtext("Sequencing depth (reads)", side = 1, line = 3)
  mtext("Observed OTUs", side = 2, line = 3.2)

  title(main = name, cex.main = 1.4, font.main = 2)
  box(lwd = 1.2)

  dev.off()

  cat("Saved:", name, "\n")
}

# =========================
# 7. 输出
# =========================
plot_rare(surface, "Surface", "#1f77b4")
plot_rare(meso, "Mesopelagic", "#ff7f0e")
plot_rare(deep, "Bathypelagic", "#d62728")
plot_rare(sed, "Sediment", "#2ca02c")

cat("🎉 ALL DONE\n")
Bar charts showing the taxonomic distribution at the phylum and genus levels
Bar charts comparing phylum-level distributions across surface, middle, deep, and sediment layers
import pandas as pd
import numpy as np
import matplotlib.pyplot as plt
from matplotlib import rcParams

# =========================
# 1. style
# =========================
rcParams['font.family'] = 'serif'
rcParams['font.serif'] = ['Times New Roman']
rcParams['axes.unicode_minus'] = False
rcParams['pdf.fonttype'] = 42
rcParams['ps.fonttype']  = 42

plt.rcParams.update({
    'font.size': 10,
    'axes.labelsize': 11,
    'xtick.labelsize': 8,
    'ytick.labelsize': 9,
    'legend.fontsize': 8,
    'legend.title_fontsize': 10,
    'figure.dpi': 300,
})

# =========================
# 2. data
# =========================
fungi_df = pd.read_csv('fungi_normalized.csv')
meta_df  = pd.read_csv('metadata_decimal_with_layer.csv')

# =========================
# 3. sample统一
# =========================
sample_columns = meta_df["Sample_ID"].tolist()
sample_columns = [c for c in sample_columns if c in fungi_df.columns]

# =========================
# 4. Phylum 聚合
# =========================
phylum_grouped = fungi_df[['Phylum'] + sample_columns].groupby('Phylum').sum()

phylum_t = phylum_grouped.T
phylum_t.index.name = 'Sample_ID'
phylum_t = phylum_t.reset_index()

merged_df = pd.merge(meta_df, phylum_t, on='Sample_ID', how='inner')

# =========================
# 5. layers
# =========================
layers = ["Surface", "Mesopelagic", "Bathypelagic", "Sediment"]

# =========================
# 6. phylum columns
# =========================
phylum_columns = [
    c for c in merged_df.columns
    if c not in ['Sample_ID','Longitude','Latitude','Depth (m)','Layer']
]

# =========================
# 7. 🎨 palette
# =========================
palette = (
    list(plt.colormaps['tab20'].colors) +
    list(plt.colormaps['tab20b'].colors) +
    list(plt.colormaps['tab20c'].colors)
)

# =========================
# 8. plotting
# =========================
for layer in layers:

    df_layer = merged_df[merged_df["Layer"] == layer].copy()

    if df_layer.empty:
        print(f"⚠️ {layer} 无数据")
        continue

    df_layer = df_layer.sort_values(['Longitude','Latitude']).reset_index(drop=True)

    # =========================
    # 相对丰度
    # =========================
    df_rel = df_layer.copy()
    row_sums = df_rel[phylum_columns].sum(axis=1)
    row_sums[row_sums == 0] = np.nan

    df_rel[phylum_columns] = df_rel[phylum_columns].div(row_sums, axis=0) * 100
    df_rel[phylum_columns] = df_rel[phylum_columns].fillna(0)

    # =========================
    # ⭐ 每层排序
    # =========================
    layer_mean = df_rel[phylum_columns].mean()
    layer_mean = layer_mean[layer_mean > 0]

    if layer_mean.empty:
        print(f"⚠️ {layer} 无有效 phylum")
        continue

    # 排序
    layer_mean_sorted = layer_mean.sort_values(ascending=False)

    # =========================
    # 📊 打印结果
    # =========================
    print(f"\n📊 {layer} 层 Phylum 平均相对丰度 (%)：")
    for p, v in layer_mean_sorted.items():
        print(f"{p:<25} {v:6.2f}%")

    # =========================
    # 💾 保存 CSV
    # =========================
    out_table = layer_mean_sorted.reset_index()
    out_table.columns = ['Phylum', 'Mean_Relative_Abundance (%)']
    out_table.to_csv(f'phylum_mean_{layer}.csv', index=False)

    # =========================
    # 堆叠顺序
    # =========================
    stack_order = layer_mean_sorted.index.tolist()
    legend_order = stack_order[::-1]

    phylum_colors = {
        p: palette[i % len(palette)]
        for i, p in enumerate(stack_order)
    }

    # =========================
    # 绘图
    # =========================
    fig = plt.figure(figsize=(18,6))
    ax = fig.add_axes([0.08, 0.2, 0.68, 0.7])

    x = np.arange(len(df_rel))
    bottom = np.zeros(len(df_rel))

    for p in stack_order:

        values = df_rel[p].values

        ax.bar(
            x,
            values,
            bottom=bottom,
            width=1.0,
            color=phylum_colors[p],
            edgecolor='white',
            linewidth=0.4
        )

        bottom += values

    # =========================
    # 坐标轴
    # =========================
    ax.set_xticks(x)
    ax.set_xticklabels(df_rel['Sample_ID'], rotation=70, ha='right')

    ax.set_ylabel('Relative abundance (%)', fontweight='bold')
    ax.set_ylim(0, 100)
    ax.set_title(layer)

    ax.grid(axis='y', linestyle='--', alpha=0.3)

    # =========================
    # legend
    # =========================
    handles = [
        plt.Rectangle((0,0),1,1,color=phylum_colors[p])
        for p in legend_order
    ]

    ax.legend(
        handles,
        legend_order,
        title="Phylum",
        bbox_to_anchor=(1.02, 0.5),
        loc='center left',
        frameon=False
    )

    # =========================
    # 保存图
    # =========================
    base = f'fungal_phylum_layer_sorted_{layer}'

    fig.savefig(base + '.pdf')
    fig.savefig(base + '.png', dpi=300)

    plt.show()

    print(f"✅ saved: {base}")
    print(f"📁 表格已保存: phylum_mean_{layer}.csv")


Genus-level bar charts for surface, middle, deep, and sediment layers
import pandas as pd
import numpy as np
import matplotlib.pyplot as plt
from matplotlib import rcParams
from matplotlib import cm

# =========================
# 1. 全局样式
# =========================
rcParams['font.family'] = 'serif'
rcParams['font.serif'] = ['Times New Roman']
rcParams['axes.unicode_minus'] = False
rcParams['pdf.fonttype'] = 42
rcParams['ps.fonttype']  = 42

plt.rcParams.update({
    'font.size': 10,
    'axes.labelsize': 11,
    'xtick.labelsize': 8,
    'ytick.labelsize': 9,
    'legend.fontsize': 8,
    'legend.title_fontsize': 10,
    'figure.dpi': 300,
})

# =========================
# 2. 读取数据
# =========================
fungi_df = pd.read_csv('fungi_normalized.csv')
meta_df  = pd.read_csv('metadata_decimal_with_layer.csv')

# =========================
# 3. Genus 清洗
# =========================
fungi_df["Genus"] = (
    fungi_df["Genus"]
    .astype(str)
    .str.strip()
    .replace(["", "nan", "None"], "Unassigned")
)

# =========================
# 4. Genus 汇总
# =========================
sample_columns = fungi_df.columns[9:]

genus_grouped = fungi_df[['Genus'] + sample_columns.tolist()].groupby('Genus').sum()

genus_t = genus_grouped.T
genus_t.index.name = 'Sample_ID'
genus_t = genus_t.reset_index()

merged_df = pd.merge(meta_df, genus_t, on='Sample_ID', how='inner')

# =========================
# 5. 层定义
# =========================
layers = ["Surface", "Mesopelagic", "Bathypelagic", "Sediment"]

# =========================
# 6. genus列
# =========================
genus_columns = [
    c for c in merged_df.columns
    if c not in ['Sample_ID','Longitude','Latitude','Depth (m)','Layer']
]

# =========================
# 7. Top30
# =========================
avg_abundance = merged_df[genus_columns].mean().sort_values(ascending=False)

top_n = 30
top_genera = avg_abundance.head(top_n).index.tolist()

print("\n🔥 Top30 genera:")
print(avg_abundance.head(30))

other_genera = [g for g in genus_columns if g not in top_genera]

# =========================
# 8. 颜色
# =========================
palette = (
    list(cm.get_cmap('tab20').colors) +
    list(cm.get_cmap('tab20b').colors) +
    list(cm.get_cmap('tab20c').colors)
)

genus_colors = {
    g: palette[i % len(palette)]
    for i, g in enumerate(top_genera)
}
genus_colors['Others'] = '#d9d9d9'

# =========================
# 9. 分层作图
# =========================
for layer in layers:

    df_layer = merged_df[merged_df["Layer"] == layer].copy()

    if df_layer.shape[0] == 0:
        print(f"⚠️ {layer} 无数据")
        continue

    df_layer = df_layer.sort_values(by=['Longitude','Latitude']).reset_index(drop=True)

    plot_data = []

    for _, row in df_layer.iterrows():

        total = row[genus_columns].sum()

        for g in top_genera:
            val = row[g] if g in row else 0
            plot_data.append({
                'Sample_ID': row['Sample_ID'],
                'Genus': g,
                'Abundance': (val / total * 100) if total > 0 else 0
            })

        other_sum = row[other_genera].sum()

        plot_data.append({
            'Sample_ID': row['Sample_ID'],
            'Genus': 'Others',
            'Abundance': (other_sum / total * 100) if total > 0 else 0
        })

    plot_df = pd.DataFrame(plot_data)

    pivot_table = plot_df.pivot_table(
        index='Sample_ID',
        columns='Genus',
        values='Abundance',
        aggfunc='sum'
    ).fillna(0)

    pivot_table = pivot_table.loc[df_layer['Sample_ID']]

    # =========================
    # ⭐ 每层平均丰度（核心）
    # =========================
    layer_mean = pivot_table.mean()
    layer_mean = layer_mean[layer_mean > 0]

    if layer_mean.empty:
        print(f"⚠️ {layer} 无有效 genus")
        continue

    layer_mean_sorted = layer_mean.sort_values(ascending=False)

    # =========================
    # 📊 打印
    # =========================
    print(f"\n📊 {layer} 层 Genus 平均相对丰度 (%)：")
    for g, v in layer_mean_sorted.items():
        print(f"{g:<30} {v:6.2f}%")

    # =========================
    # 💾 保存 CSV
    # =========================
    out_table = layer_mean_sorted.reset_index()
    out_table.columns = ['Genus', 'Mean_Relative_Abundance (%)']
    out_table.to_csv(f'genus_mean_{layer}.csv', index=False)

    # =========================
    # 排序
    # =========================
    stack_order = layer_mean_sorted.index.tolist()
    legend_order = stack_order[::-1]

    # =========================
    # 10. 作图
    # =========================
    fig, ax = plt.subplots(figsize=(18,6))

    x_positions = np.arange(len(pivot_table))
    bottom = np.zeros(len(pivot_table))

    for genus in stack_order:

        if genus in pivot_table.columns:

            values = pivot_table[genus].values

            ax.bar(
                x_positions,
                values,
                bottom=bottom,
                width=1.0,
                color=genus_colors.get(genus, '#cccccc'),
                edgecolor='white',
                linewidth=0.4
            )

            bottom += values

    ax.set_xticks(x_positions)
    ax.set_xticklabels(df_layer['Sample_ID'], rotation=70, ha='right')

    ax.set_ylabel('Relative abundance (%)', fontweight='bold')
    ax.set_ylim(0, 100)
    ax.set_title(layer)

    ax.grid(True, axis='y', linestyle='--', alpha=0.3)

    # =========================
    # legend
    # =========================
    handles = [
        plt.Rectangle((0,0),1,1,color=genus_colors.get(g, '#cccccc'))
        for g in legend_order
    ]

    ax.legend(
        handles,
        legend_order,
        title="Genus",
        bbox_to_anchor=(1.02, 0.5),
        loc='center left',
        frameon=False
    )

    # =========================
    # 保存
    # =========================
    base = f'fungal_genus_layer_sorted_{layer}'

    fig.savefig(base + '.pdf', bbox_inches='tight', facecolor='white')
    fig.savefig(base + '.png', dpi=300, bbox_inches='tight', facecolor='white')

    plt.show()

    print(f"✅ saved: {base}")
    print(f"📁 表格已保存: genus_mean_{layer}.csv")

Phylogenetic tree of the three novel phyla
The ranges of sequence similarity and coverage were calculated within and among the three phyla.
Statistical summary of sequence similarities
import pandas as pd
import numpy as np
from itertools import combinations
from collections import OrderedDict

def read_fasta(filename):
    """读取FASTA文件"""
    sequences = OrderedDict()
    current_id = None
    current_seq = []
    
    with open(filename, 'r') as f:
        for line in f:
            line = line.strip()
            if line.startswith('>'):
                if current_id is not None:
                    sequences[current_id] = ''.join(current_seq)
                current_id = line[1:].split()[0]
                current_seq = []
            else:
                current_seq.append(line)
        
        if current_id is not None:
            sequences[current_id] = ''.join(current_seq)
    
    return sequences

def calculate_difference(seq1, seq2):
    """计算两条序列的差异度"""
    if len(seq1) != len(seq2):
        print(f"警告: 序列长度不同 - {len(seq1)} vs {len(seq2)}")
        return None
    
    differences = 0
    total_length = len(seq1)
    
    for i in range(total_length):
        if seq1[i] != seq2[i]:
            differences += 1
    
    diff_percentage = (differences / total_length) * 100
    
    return diff_percentage, differences, total_length

def calculate_all_pairwise_differences(sequences):
    seq_ids = list(sequences.keys())
    n_seqs = len(seq_ids)
    
    diff_matrix = np.zeros((n_seqs, n_seqs))
    diff_count_matrix = np.zeros((n_seqs, n_seqs), dtype=int)
    
    print(f"开始计算 {n_seqs} 条序列的两两差异度...")
    
    for i in range(n_seqs):
        for j in range(i, n_seqs):
            if i == j:
                diff_matrix[i][j] = 0.0
                diff_count_matrix[i][j] = 0
            else:
                result = calculate_difference(
                    sequences[seq_ids[i]], 
                    sequences[seq_ids[j]]
                )
                
                if result is None:
                    continue
                
                diff_percentage, diff_count, seq_len = result
                
                diff_matrix[i][j] = diff_percentage
                diff_matrix[j][i] = diff_percentage
                diff_count_matrix[i][j] = diff_count
                diff_count_matrix[j][i] = diff_count
    
    diff_df = pd.DataFrame(diff_matrix, index=seq_ids, columns=seq_ids)
    diff_count_df = pd.DataFrame(diff_count_matrix, index=seq_ids, columns=seq_ids)
    
    seq_len = len(sequences[seq_ids[0]])
    print(f"序列长度: {seq_len}")
    
    return diff_df, diff_count_df, seq_len

def save_results(diff_df, diff_count_df, seq_len):
    diff_df.to_csv('sequence_difference_matrix.csv')
    diff_count_df.to_csv('sequence_difference_count.csv')
    
    upper_tri = diff_df.where(np.triu(np.ones(diff_df.shape), k=1).astype(bool))
    diff_values = upper_tri.stack().values
    
    summary_stats = {
        '总序列数': len(diff_df),
        '序列长度': seq_len,
        '总比较对数': len(diff_values),
        '平均差异度(%)': np.mean(diff_values),
        '最小差异度(%)': np.min(diff_values),
        '最大差异度(%)': np.max(diff_values),
        '差异度标准差(%)': np.std(diff_values)
    }
    
    summary_df = pd.DataFrame.from_dict(summary_stats, orient='index', columns=['值'])
    summary_df.to_csv('difference_summary.csv')
    
    diff_pairs = []
    seq_ids = diff_df.index.tolist()
    
    for i in range(len(seq_ids)):
        for j in range(i+1, len(seq_ids)):
            diff_pairs.append({
                '序列1': seq_ids[i],
                '序列2': seq_ids[j],
                '差异度(%)': diff_df.iloc[i, j],
                '差异碱基数': diff_count_df.iloc[i, j]
            })
    
    pairs_df = pd.DataFrame(diff_pairs)
    pairs_sorted = pairs_df.sort_values('差异度(%)')
    
    pairs_sorted.head(10).to_csv('most_similar_pairs.csv', index=False)
    pairs_sorted.tail(10).sort_values('差异度(%)', ascending=False).to_csv('most_different_pairs.csv', index=False)
    pairs_df.to_csv('all_pairwise_differences.csv', index=False)
    
    return summary_df, pairs_df

def main():
    # ✅ 这里已经帮你改好了路径
    fasta_file = '/data1/huangll/work3/filtered/phylogenetic/83_3_3_align.fas'
    
    print(f"正在读取: {fasta_file}")
    sequences = read_fasta(fasta_file)
    
    print(f"成功读取 {len(sequences)} 条序列")
    
    diff_df, diff_count_df, seq_len = calculate_all_pairwise_differences(sequences)
    
    summary_df, pairs_df = save_results(diff_df, diff_count_df, seq_len)
    
    print("\n计算完成！")
    print(summary_df)
    
    print("\n最相似的5对:")
    print(pairs_df.sort_values('差异度(%)').head(5))
    
    print("\n最不相似的5对:")
    print(pairs_df.sort_values('差异度(%)', ascending=False).head(5))

if __name__ == "__main__":
main()

Coverage statistics were calculated.
import pandas as pd
import numpy as np
from collections import OrderedDict
import sys
import os

def read_fasta(filename):
    """读取FASTA文件"""
    sequences = OrderedDict()
    current_id = None
    current_seq = []
    
    with open(filename, 'r') as f:
        for line in f:
            line = line.strip()
            if line.startswith('>'):
                if current_id is not None:
                    sequences[current_id] = ''.join(current_seq)
                current_id = line[1:].split()[0]
                current_seq = []
            else:
                current_seq.append(line)
        
        if current_id is not None:
            sequences[current_id] = ''.join(current_seq)
    
    return sequences


def calculate_coverage(seq1, seq2):
    """计算两条序列的覆盖度"""
    if len(seq1) != len(seq2):
        print(f"警告: 序列长度不同 - {len(seq1)} vs {len(seq2)}")
        return None, None, None
    
    total_length = len(seq1)
    coverage_count = 0
    
    for i in range(total_length):
        char1 = seq1[i]
        char2 = seq2[i]
        
        if (char1 != '-' and char2 != '-') or (char1 == '-' and char2 == '-'):
            coverage_count += 1
    
    coverage_percentage = (coverage_count / total_length) * 100
    
    return coverage_percentage, coverage_count, total_length


def calculate_all_pairwise_coverage(sequences):
    """计算所有序列对之间的覆盖度"""
    seq_ids = list(sequences.keys())
    n_seqs = len(seq_ids)
    
    if n_seqs == 0:
        print("错误: 没有读取到序列")
        return None, None, 0
    
    seq_len = len(sequences[seq_ids[0]])
    print(f"序列长度: {seq_len}")
    
    coverage_matrix = np.zeros((n_seqs, n_seqs))
    coverage_count_matrix = np.zeros((n_seqs, n_seqs), dtype=int)
    
    print(f"开始计算 {n_seqs} 条序列的两两覆盖度...")
    total_pairs = n_seqs * (n_seqs - 1) // 2
    processed = 0
    
    for i in range(n_seqs):
        coverage_matrix[i][i] = 100.0
        coverage_count_matrix[i][i] = seq_len
        
        for j in range(i + 1, n_seqs):
            coverage_percentage, coverage_count, _ = calculate_coverage(
                sequences[seq_ids[i]], 
                sequences[seq_ids[j]]
            )
            
            coverage_matrix[i][j] = coverage_percentage
            coverage_matrix[j][i] = coverage_percentage
            coverage_count_matrix[i][j] = coverage_count
            coverage_count_matrix[j][i] = coverage_count
            
            processed += 1
            if processed % 100 == 0:
                print(f"进度: {processed}/{total_pairs} 对")
    
    print(f"计算完成！共比较了 {total_pairs} 对序列")
    
    coverage_df = pd.DataFrame(
        coverage_matrix, 
        index=seq_ids, 
        columns=seq_ids
    )
    
    coverage_count_df = pd.DataFrame(
        coverage_count_matrix,
        index=seq_ids,
        columns=seq_ids
    )
    
    return coverage_df, coverage_count_df, seq_len


def save_coverage_results(coverage_df, coverage_count_df, seq_len, prefix):
    """保存覆盖度结果到文件"""
    if coverage_df is None:
        print("错误: 没有数据可保存")
        return None, None
    
    coverage_df.to_csv(f'{prefix}_coverage_matrix.csv')
    coverage_count_df.to_csv(f'{prefix}_coverage_count.csv')
    
    n_seqs = len(coverage_df)
    
    coverage_values = []
    for i in range(n_seqs):
        for j in range(i + 1, n_seqs):
            coverage_values.append(coverage_df.iloc[i, j])
    
    coverage_values = np.array(coverage_values)
    
    summary_stats = {
        '总序列数': n_seqs,
        '序列长度': seq_len,
        '总比较对数': len(coverage_values),
        '平均覆盖度(%)': f"{np.mean(coverage_values):.2f}",
        '最小覆盖度(%)': f"{np.min(coverage_values):.2f}",
        '最大覆盖度(%)': f"{np.max(coverage_values):.2f}",
        '覆盖度标准差(%)': f"{np.std(coverage_values):.2f}"
    }
    
    summary_df = pd.DataFrame.from_dict(summary_stats, orient='index', columns=['值'])
    summary_df.to_csv(f'{prefix}_coverage_summary.csv')
    
    coverage_pairs = []
    seq_ids = coverage_df.index.tolist()
    
    for i in range(len(seq_ids)):
        for j in range(i + 1, len(seq_ids)):
            cov = coverage_df.iloc[i, j]
            coverage_pairs.append({
                '序列1': seq_ids[i],
                '序列2': seq_ids[j],
                '覆盖度(%)': cov,
                '覆盖位点数': coverage_count_df.iloc[i, j]
            })
    
    pairs_df = pd.DataFrame(coverage_pairs)
    pairs_sorted = pairs_df.sort_values('覆盖度(%)', ascending=False)
    
    pairs_sorted.head(10).to_csv(f'{prefix}_highest_coverage_pairs.csv', index=False)
    pairs_sorted.tail(10).sort_values('覆盖度(%)').to_csv(f'{prefix}_lowest_coverage_pairs.csv', index=False)
    pairs_df.to_csv(f'{prefix}_all_pairwise_coverage.csv', index=False)
    
    return summary_df, pairs_df


def print_example_calculation(sequences):
    if not sequences or len(sequences) < 2:
        return
    
    seq_ids = list(sequences.keys())
    seq1 = sequences[seq_ids[0]]
    seq2 = sequences[seq_ids[1]]
    
    print("\n" + "="*60)
    print("覆盖度计算示例（前20个位点）:")
    
    for i in range(min(20, len(seq1))):
        char1 = seq1[i]
        char2 = seq2[i]
        condition = "✓" if (char1 != '-' and char2 != '-') or (char1 == '-' and char2 == '-') else "✗"
        print(f"位点 {i+1:3d}: {char1} vs {char2} - {condition}")
    
    coverage_percentage, coverage_count, total_length = calculate_coverage(seq1, seq2)
    print(f"\n覆盖度: {coverage_count}/{total_length} = {coverage_percentage:.2f}%")


def main():
    if len(sys.argv) < 2:
        print("用法: python caculate.py your_alignment.fas")
        return
    
    fasta_file = sys.argv[1]
    prefix = os.path.basename(fasta_file).replace(".fas", "")
    
    print(f"正在读取文件: {fasta_file}")
    
    sequences = read_fasta(fasta_file)
    
    if not sequences:
        print("错误: 无法读取序列文件")
        return
    
    print(f"成功读取 {len(sequences)} 条序列")
    
    coverage_df, coverage_count_df, seq_len = calculate_all_pairwise_coverage(sequences)
    
    summary_df, pairs_df = save_coverage_results(
        coverage_df, coverage_count_df, seq_len, prefix
    )
    
    print("\n统计摘要:")
    print(summary_df)
    
    print_example_calculation(sequences)
    
    print("\n完成！输出文件前缀:", prefix)


if __name__ == "__main__":
    main()
三个新门的气泡热图
library(data.table)
library(dplyr)
library(ggplot2)
library(tidyr)

# =======================
# 1️⃣ 读取数据
# =======================
fungi <- fread("fungi_normalized.csv", data.table = FALSE)
env <- fread("metadata_decimal_with_layer.csv", data.table = FALSE)

if(!"Sample_ID" %in% colnames(env)) {
  colnames(env)[1] <- "Sample_ID"
}

# =======================
# 2️⃣ Phylum汇总
# =======================
num_cols <- sapply(fungi, is.numeric)
fungi_num <- fungi[, num_cols, drop = FALSE]

fungi_for_sum <- cbind(fungi[, "Phylum", drop = FALSE], fungi_num)

phylum_table <- fungi_for_sum %>%
  group_by(Phylum) %>%
  summarise(across(where(is.numeric), sum, na.rm = TRUE), .groups = "drop")

# =======================
# 3️⃣ 提取三个新门
# =======================
keywords <- c("Xihemycota", "Shizhencota", "Taichumycota")

selected_phyla <- sapply(keywords, function(k){
  grep(k, phylum_table$Phylum, value = TRUE, ignore.case = TRUE)[1]
})

cat("找到的门：\n")
print(selected_phyla)

phylum_mat <- phylum_table %>%
  filter(Phylum %in% selected_phyla)

rownames(phylum_mat) <- phylum_mat$Phylum
phylum_mat$Phylum <- NULL

# =======================
# 4️⃣ 转长格式
# =======================
phylum_mat$Phylum <- rownames(phylum_mat)

phylum_long <- phylum_mat %>%
  pivot_longer(-Phylum,
               names_to = "Sample_ID",
               values_to = "Abundance")

# 保留原始名称
phylum_long$Phylum_clean <- phylum_long$Phylum

# =======================
# 5️⃣ 添加Layer信息并排序
# =======================
phylum_long <- phylum_long %>%
  left_join(env %>% select(Sample_ID, Layer), by = "Sample_ID") %>%
  filter(!is.na(Layer))

selected_layers <- c("Surface", "Mesopelagic", "Bathypelagic", "Sediment")

phylum_long <- phylum_long %>%
  filter(Layer %in% selected_layers)

# 排序：Surface在上，Sediment在下
phylum_long <- phylum_long %>%
  arrange(
    factor(Layer, levels = selected_layers),
    Sample_ID
  ) %>%
  mutate(Sample_ID = factor(Sample_ID, levels = unique(Sample_ID)))

phylum_long$Layer <- factor(phylum_long$Layer, levels = rev(selected_layers))

# 设置横坐标顺序
phylum_order <- unique(phylum_long$Phylum_clean)
phylum_long$Phylum_clean <- factor(phylum_long$Phylum_clean, levels = phylum_order)

# =======================
# 🔥 6️⃣ 数据转换
# =======================
phylum_long$Abundance_log10 <- log10(phylum_long$Abundance + 1)

global_min <- min(phylum_long$Abundance_log10, na.rm = TRUE)
global_max <- max(phylum_long$Abundance_log10, na.rm = TRUE)

# =======================
# 🎨 颜色方案
# =======================
journal_colors <- c(
  "#FFFFFF", "#FFE5E5", "#FFB3B3", "#FF8080", "#FF4D4D", "#CC0000", "#8B0000"
)

# =======================
# 🔥 7️⃣ 紧凑型气泡图
# =======================
p <- ggplot(phylum_long, aes(x = Phylum_clean, y = Sample_ID)) +
  
  geom_point(
    aes(size = Abundance, fill = Abundance_log10),
    shape = 21,
    color = "gray30",
    stroke = 0.3,
    alpha = 0.9
  ) +
  
  scale_fill_gradientn(
    name = expression("log"[10]("Abundance + 1")),
    colors = journal_colors,
    limits = c(global_min, global_max),
    breaks = round(seq(global_min, global_max, length.out = 4), 1),
    guide = guide_colorbar(
      barwidth = 0.5,
      barheight = 8,
      title.position = "top",
      title.hjust = 0.5,
      title.size = 9
    )
  ) +
  
  scale_size_continuous(
    name = "Abundance",
    range = c(1.5, 8),
    breaks = pretty(phylum_long$Abundance, n = 3),
    guide = guide_legend(
      title.position = "top",
      title.hjust = 0.5,
      ncol = 1,
      title.size = 9
    )
  ) +
  
  facet_grid(Layer ~ ., scales = "free_y", space = "free") +
  
  theme_bw() +
  theme(
    # 坐标轴 - 紧凑
    axis.text.x = element_text(size = 11, face = "bold", color = "black"),
    axis.text.y = element_text(size = 6, color = "black"),
    axis.title.x = element_blank(),
    axis.title.y = element_blank(),
    
    # 减少网格线
    panel.grid.major = element_blank(),
    panel.grid.minor = element_blank(),
    
    # 边框
    panel.border = element_rect(fill = NA, color = "black", linewidth = 0.4),
    
    # 层标签 - 紧凑
    strip.text = element_text(size = 10, face = "bold"),
    strip.background = element_rect(fill = "gray95", color = "black", linewidth = 0.4),
    strip.placement = "outside",
    
    # 图例 - 紧凑
    legend.position = "right",
    legend.title = element_text(size = 8, face = "bold"),
    legend.text = element_text(size = 7),
    legend.key.size = unit(0.4, "cm"),
    legend.spacing.y = unit(0.1, "cm"),
    legend.box.margin = margin(l = 5),
    
    # 减少边距
    plot.margin = margin(5, 8, 5, 5),
    panel.spacing = unit(0.2, "lines")
  )

# =======================
# 紧凑尺寸：宽度适合3个门，高度紧凑
# =======================
n_samples_total <- length(unique(phylum_long$Sample_ID))
plot_width <- 4.5  # 3个门，4.5英寸足够
plot_height <- max(5, n_samples_total * 0.08)  # 更紧凑的高度

if(plot_height > 10) plot_height <- 10

# 保存
ggsave("bubble_phyla_compact.pdf", 
       p, width = plot_width, height = plot_height, 
       device = cairo_pdf, dpi = 600)

ggsave("bubble_phyla_compact.png", 
       p, width = plot_width, height = plot_height, 
       dpi = 600, bg = "white")

cat("✅ 紧凑型气泡图已保存\n")
cat("📊 样本数量:", n_samples_total, "\n")
cat("📐 图片尺寸: 宽", plot_width, "英寸 (约", round(plot_width * 25.4), "mm)\n")
cat("📐 图片尺寸: 高", plot_height, "英寸 (约", round(plot_height * 25.4), "mm)\n")
cat("📝 层顺序: Surface → Sediment (从上到下)\n")

Alpha diversity analysis
Alpha diversity was calculated for each individual sample.
#!/usr/bin/env Rscript
# -*- coding: utf-8 -*-

# ===========================================
# Alpha多样性计算脚本（支持浮点数OTU表）
# 输入：归一化/浮点数OTU表 csv，每行=OTU，列=样本
# 输出：
#   1. alpha_diversity_104_samples.csv ：每个样本的alpha多样性指标
# ===========================================

library(data.table)
library(vegan)

# ======================
# 1️⃣ 读取OTU表
# ======================
otu_file <- "/data1/huangll/work3/diversity_analysis/otu_table.csv"
otu <- fread(otu_file, check.names = FALSE)

# 去掉可能存在的第一列空列
if(colnames(otu)[1] == "") otu[, 1 := NULL]

# ======================
# 2️⃣ 数据预处理
# ======================
otu_df <- as.data.frame(otu)
rownames(otu_df) <- otu_df[,1]   # OTU ID作为行名
otu_df <- otu_df[,-1]            # 去掉原来的ID列

# 转换为数值矩阵（保持浮点数）
otu_mat <- as.matrix(otu_df)
mode(otu_mat) <- "numeric"

cat("OTU矩阵维度:", dim(otu_mat), "\n")
cat("样本数量:", ncol(otu_mat), "\n")
cat("OTU数量:", nrow(otu_mat), "\n")

# ======================
# 3️⃣ 计算Alpha多样性指标
# ======================
alpha_results <- data.frame(
  Sample = colnames(otu_mat),
  stringsAsFactors = FALSE
)

# 观测OTU数 (Observed)
alpha_results$Observed <- apply(otu_mat, 2, function(x) sum(x > 0))

# Shannon指数
alpha_results$Shannon <- diversity(t(otu_mat), index = "shannon")

# Simpson指数
alpha_results$Simpson <- diversity(t(otu_mat), index = "simpson")

# 逆Simpson指数
alpha_results$InvSimpson <- diversity(t(otu_mat), index = "invsimpson")

# 测序深度
alpha_results$Sequencing_Depth <- colSums(otu_mat)

# Pielou均匀度
alpha_results$Pielou <- alpha_results$Shannon / log(alpha_results$Observed)

# ======================
# 4️⃣ 输出Alpha多样性结果
# ======================
output_file <- "/data1/huangll/work3/diversity_analysis/alpha_diversity_114_samples.csv"
write.csv(alpha_results, output_file, row.names = FALSE)

cat("\n✅ Alpha多样性结果已保存至:", output_file, "\n")

# ======================
# 5️⃣ 打印统计摘要
# ======================
cat("\n=== Alpha多样性统计摘要 ===\n")
indices <- c("Observed", "Shannon", "Simpson", "InvSimpson", "Sequencing_Depth", "Pielou")
for(idx in indices){
  cat(sprintf("%-15s: 均值=%.2f, 标准差=%.2f, 范围=[%.2f-%.2f]\n",
              idx,
              mean(alpha_results[[idx]], na.rm = TRUE),
              sd(alpha_results[[idx]], na.rm = TRUE),
              min(alpha_results[[idx]], na.rm = TRUE),
              max(alpha_results[[idx]], na.rm = TRUE)))
}

# ======================
# 6️⃣ 预览前10个样本
# ======================
cat("\n=== 前10个样本的Alpha多样性结果 ===\n")
print(head(alpha_results, 10))

cat("\n🎉 Alpha多样性分析完成！\n")
Box plots and statistical tests revealed no significant differences in alpha diversity among the surface, middle, deep, and sediment layers.

############################################################
## Alpha diversity boxplots + ANOVA (Layer)
############################################################

library(data.table)
library(dplyr)
library(ggplot2)
library(car)

# =========================
# 1️⃣ 读取数据
# =========================
alpha <- fread("alpha_diversity_with_layer.csv")

alpha$Sample <- trimws(alpha$Sample)
alpha$Layer  <- trimws(alpha$Layer)

alpha$Layer <- factor(alpha$Layer,
                      levels = c("Surface",
                                 "Mesopelagic",
                                 "Bathypelagic",
                                 "Sediment"))

cat("Samples:", nrow(alpha), "\n")

# =========================
# 2️⃣ 要画的指数
# =========================
indices <- c("Observed", "Shannon", "Simpson", "Pielou")

# =========================
# 3️⃣ 统一主题（期刊风格）
# =========================
theme_pub <- theme_classic(base_size = 14) +
  theme(
    axis.text.x = element_text(angle = 30, hjust = 1),
    axis.title = element_text(face = "bold"),
    legend.position = "none"
  )

# =========================
# 4️⃣ 颜色
# =========================
cols <- c(
  "Surface" = "#1f78b4",
  "Mesopelagic" = "#33a02c",
  "Bathypelagic" = "#6a3d9a",
  "Sediment" = "#e31a1c"
)

# =========================
# 5️⃣ 画图函数（自动保存 PNG + PDF）
# =========================
plot_box <- function(df, y) {

  p <- ggplot(df, aes(x = Layer, y = .data[[y]], fill = Layer)) +
    geom_boxplot(width = 0.6, outlier.shape = NA, alpha = 0.85) +
    geom_jitter(width = 0.15, size = 1.8, alpha = 0.6) +
    scale_fill_manual(values = cols) +
    labs(x = "Layer", y = y) +
    theme_pub

  # 保存 PDF
  ggsave(
    filename = paste0("Alpha_", y, ".pdf"),
    plot = p,
    width = 4.5,
    height = 4,
    device = cairo_pdf
  )

  # 保存 PNG
  ggsave(
    filename = paste0("Alpha_", y, ".png"),
    plot = p,
    width = 4.5,
    height = 4,
    dpi = 300
  )

  return(p)
}

# =========================
# 6️⃣ 批量画图
# =========================
plots <- lapply(indices, function(i) plot_box(alpha, i))
names(plots) <- indices

cat("Boxplots saved.\n")

# =========================
# 7️⃣ ANOVA + 输出表格
# =========================
anova_results <- lapply(indices, function(i) {

  f <- as.formula(paste(i, "~ Layer"))
  fit <- lm(f, data = alpha)

  a <- Anova(fit, type = 2)

  data.frame(
    Index = i,
    Effect = rownames(a),
    Df = a$Df,
    F_value = round(a$`F value`, 3),
    P_value = a$`Pr(>F)`
  )
})

anova_df <- bind_rows(anova_results)

# =========================
# 8️⃣ P值格式化
# =========================
anova_df <- anova_df %>%
  mutate(
    P_fmt = ifelse(P_value < 0.001, "<0.001",
                   sprintf("%.3f", P_value)),
    Sig = case_when(
      P_value < 0.001 ~ "***",
      P_value < 0.01 ~ "**",
      P_value < 0.05 ~ "*",
      TRUE ~ "ns"
    )
  )

# =========================
# 9️⃣ 保存 ANOVA 表
# =========================
fwrite(anova_df, "Alpha_diversity_ANOVA_Layer.csv")

# =========================
# 🔟 输出 summary
# =========================
cat("\n===== ANOVA RESULTS =====\n")
print(anova_df)

cat("\nDONE: PDF + PNG + ANOVA table generated\n")
Beta diversity analysis
Beta diversity analysis, including Adonis (PERMANOVA), ANOSIM, and pairwise PERMANOVA, was performed to assess whether microbial community composition differed significantly among the surface, middle, deep, and sediment layers.
library(vegan)
library(data.table)
library(ggplot2)

# =========================================================
# 1. OTU 表
# =========================================================
otu_raw <- fread("otu_table.csv")
otu_raw <- as.data.frame(otu_raw)

rownames(otu_raw) <- otu_raw[,1]
otu_raw <- otu_raw[,-1]

otu_raw <- as.matrix(otu_raw)
mode(otu_raw) <- "numeric"

otu <- t(otu_raw)

# =========================================================
# 2. metadata
# =========================================================
meta <- fread("metadata_decimal_with_layer.csv")
meta <- as.data.frame(meta)

# =========================================================
# 3. 样本对齐
# =========================================================
common <- intersect(rownames(otu), meta$Sample_ID)

otu <- otu[common, , drop = FALSE]
meta <- meta[match(common, meta$Sample_ID), , drop = FALSE]

rownames(meta) <- meta$Sample_ID
meta$Layer <- as.factor(meta$Layer)

cat("匹配样本数:", length(common), "\n")

# =========================================================
# 4. Bray-Curtis
# =========================================================
bray <- vegdist(otu, method = "bray")

# =========================================================
# 5. PERMANOVA（整体）
# =========================================================
adonis_layer <- adonis2(bray ~ Layer, data = meta, permutations = 999)
write.table(adonis_layer, "ADONIS_Layer.txt", sep = "\t", quote = FALSE)

R2 <- adonis_layer$R2[1]

# =========================================================
# 6. Pairwise PERMANOVA（稳定版🔥）
# =========================================================
pairwise_permanova <- function(otu, group, method = "bray") {
  
  groups <- unique(group)
  res <- data.frame()
  
  for (i in 1:(length(groups)-1)) {
    for (j in (i+1):length(groups)) {
      
      g1 <- groups[i]
      g2 <- groups[j]
      
      idx <- group %in% c(g1, g2)
      
      dist_sub <- vegdist(otu[idx, ], method = method)
      group_sub <- group[idx]
      
      ad <- adonis2(dist_sub ~ group_sub)
      
      res <- rbind(res, data.frame(
        Group1 = g1,
        Group2 = g2,
        R2 = ad$R2[1],
        F = ad$F[1],
        p = ad$`Pr(>F)`[1]
      ))
    }
  }
  return(res)
}

pairwise_res <- pairwise_permanova(otu, meta$Layer)

write.table(pairwise_res,
            "Pairwise_PERMANOVA_Layer.txt",
            sep = "\t", quote = FALSE, row.names = FALSE)

# =========================================================
# 7. ANOSIM
# =========================================================
anosim_layer <- anosim(bray, meta$Layer, permutations = 999)

write.table(data.frame(
  R = anosim_layer$statistic,
  p = anosim_layer$signif
), "ANOSIM_Layer.txt", sep = "\t", quote = FALSE)

# =========================================================
# 8. NMDS
# =========================================================
set.seed(123)
nmds <- metaMDS(otu, distance = "bray", k = 2, trymax = 100)

cat("NMDS Stress:", nmds$stress, "\n")

nmds_df <- as.data.frame(nmds$points)
nmds_df$Sample_ID <- rownames(nmds_df)
nmds_df$Layer <- meta$Layer

# =========================================================
# 9. NMDS 论文图
# =========================================================
p <- ggplot(nmds_df, aes(MDS1, MDS2, color = Layer)) +
  geom_point(size = 3, alpha = 0.9) +
  stat_ellipse(level = 0.95, linewidth = 1) +
  theme_classic(base_size = 14) +
  labs(
    title = "NMDS (Bray-Curtis)",
    subtitle = paste0("PERMANOVA R² = ", round(R2, 3),
                      " | Stress = ", round(nmds$stress, 3)),
    x = "NMDS1",
    y = "NMDS2"
  )

ggsave("NMDS_Layer.png", p, width = 7, height = 5, dpi = 300)
ggsave("NMDS_Layer.pdf", p, width = 7, height = 5)

# =========================================================
# 10. 输出 NMDS + stress
# =========================================================
write.table(nmds_df, "NMDS_coordinates.txt", sep = "\t", quote = FALSE)

write.table(data.frame(stress = nmds$stress),
            "NMDS_stress.txt",
            sep = "\t", quote = FALSE)


PCOA/NMDS
library(vegan)
library(ggplot2)
library(data.table)

# =======================
# 1️⃣ OTU读取与处理
# =======================
otu <- fread("otu_table.csv", data.table = FALSE)

rownames(otu) <- otu[,1]
otu <- otu[,-1]

# 强制转 numeric
otu[] <- lapply(otu, function(x) as.numeric(as.character(x)))
otu[is.na(otu)] <- 0

otu_matrix <- as.matrix(otu)

# sample × OTU
otu_t <- t(otu_matrix)

cat("OTU dim:", dim(otu_t), "\n")
cat("non-zero:", sum(otu_t > 0), "\n")

# =======================
# 2️⃣ metadata读取
# =======================
meta <- fread("metadata_decimal_with_layer.csv", data.table = FALSE)

meta$Sample_ID <- trimws(meta$Sample_ID)

# =======================
# 3️⃣ 样本对齐（关键）
# =======================
common <- intersect(rownames(otu_t), meta$Sample_ID)

otu_t <- otu_t[common, ]
meta <- meta[match(common, meta$Sample_ID), ]

rownames(meta) <- meta$Sample_ID

cat("matched samples:", length(common), "\n")

# =======================
# 4️⃣ Bray-Curtis距离
# =======================
bray <- vegdist(otu_t, method = "bray")

# =======================
# 5️⃣ PCoA分析
# =======================
pcoa <- cmdscale(bray, k = 2, eig = TRUE)

pcoa_df <- data.frame(
  Sample_ID = rownames(pcoa$points),
  PCo1 = pcoa$points[,1],
  PCo2 = pcoa$points[,2]
)

# 合并metadata
plot_df <- merge(pcoa_df, meta, by = "Sample_ID")

# 去NA
plot_df <- plot_df[!is.na(plot_df$Layer), ]

# 固定顺序
plot_df$Layer <- factor(plot_df$Layer,
                        levels = c("Surface",
                                   "Mesopelagic",
                                   "Bathypelagic",
                                   "Sediment"))

# =======================
# 6️⃣ 解释率
# =======================
eig <- pcoa$eig
var_exp <- round(100 * eig[1:2] / sum(eig[eig > 0]), 1)

# =======================
# 7️⃣ 配色
# =======================
cols <- c(
  "Surface" = "#1f78b4",
  "Mesopelagic" = "#33a02c",
  "Bathypelagic" = "#6a3d9a",
  "Sediment" = "#e31a1c"
)

# =======================
# 8️⃣ 画PCoA图
# =======================
p <- ggplot(plot_df, aes(PCo1, PCo2, color = Layer)) +
  geom_point(size = 3, alpha = 0.85) +
  stat_ellipse(level = 0.68, linewidth = 0.8) +
  scale_color_manual(values = cols, drop = FALSE) +
  labs(
    x = paste0("PCo1 (", var_exp[1], "%)"),
    y = paste0("PCo2 (", var_exp[2], "%)"),
    color = "Layer"
  ) +
  theme_classic(base_size = 14)

print(p)

# =======================
# 9️⃣ 保存图（PDF + PNG）
# =======================
ggsave("PCoA_by_Layer.pdf", p, width = 7, height = 5, device = cairo_pdf)

ggsave("PCoA_by_Layer.png", p, width = 7, height = 5, dpi = 300)

# =======================
# 🔟 PERMANOVA分析
# =======================
cat("\nPERMANOVA:\n")
adonis_res <- adonis2(bray ~ Layer, data = plot_df, permutations = 999)
print(adonis_res)

# =======================
# 1️⃣1️⃣ 转表格 + 保存CSV
# =======================
adonis_table <- as.data.frame(adonis_res)
adonis_table$Factor <- rownames(adonis_table)

adonis_table <- adonis_table[, c("Factor", "Df", "SumOfSqs", "R2", "F", "Pr(>F)")]

write.csv(adonis_table,
          "PERMANOVA_Layer_results.csv",
          row.names = FALSE)

cat("\nSaved: PERMANOVA_Layer_results.csv\n")

cat("\nAnalysis finished successfully 🚀\n")
Environmental factor analysis
scatter plots of alpha diversity indices against latitude, longitude, and environmental parameters were generated for surface samples
	指标
	模型

	R²
	线性模型（lm）

	p值
	非线性模型（GAM）



#!/usr/bin/env Rscript
# -*- coding: utf-8 -*-

library(dplyr)
library(ggplot2)
library(mgcv)

# =========================
# 1️⃣ 路径（已修改）
# =========================
alpha_file <- "/data1/huangll/work3/analysis/alpha_diversity_with_layer.csv"
meta_file  <- "/data1/huangll/work3/analysis/environmental_variables_per_sample_remove.csv"

outdir <- dirname(alpha_file)
setwd(outdir)

# =========================
# 2️⃣ 读数据
# =========================
alpha <- read.csv(alpha_file, check.names=FALSE, stringsAsFactors=FALSE)
meta  <- read.csv(meta_file, check.names=FALSE, stringsAsFactors=FALSE)

# =========================
# 3️⃣ 合并
# =========================
df <- merge(alpha, meta, by.x="Sample", by.y="Sample_ID")

cat("合并后样本数:", nrow(df), "\n")

# =========================
# 🔥 4️⃣ 只保留 Surface（兼容 Layer 列名）
# =========================
if("Layer" %in% colnames(df)){
  df <- df %>% filter(tolower(Layer) == "surface")
} else if("Layer.x" %in% colnames(df)){
  df <- df %>% filter(tolower(Layer.x) == "surface")
} else {
  stop("❌ 没有找到 Layer 列，请检查 merge 是否正确")
}

# =========================
# 5️⃣ 数据
# =========================
alpha_indices <- c("Observed","Shannon","Simpson","Pielou")
env_vars <- c("Chlorophyll","Nitrate","Phosphate","Salinity","SST")

# =========================
# 6️⃣ 经纬度
# =========================
for(idx in alpha_indices){
  for(coord in c("Lat","Lon")){
    
    df_tmp <- df %>% 
      select(all_of(c(idx,coord))) %>% 
      na.omit()
    
    if(nrow(df_tmp) < 5) next
    
    # 统计
    R2_all <- summary(lm(as.formula(paste(idx,"~",coord)), data=df_tmp))$r.squared
    gam_all <- gam(as.formula(paste(idx,"~s(",coord,")")), data=df_tmp)
    pval_all <- summary(gam_all)$s.table[1,"p-value"]
    
    base_name <- paste0(idx,"_vs_",coord,"_Surface")
    
    # ===== PNG =====
    png(file.path(outdir, paste0(base_name,".png")),
        width=2000, height=1500, res=300)
    
    p <- ggplot(df_tmp, aes(x=.data[[coord]], y=.data[[idx]])) +
      geom_point(size=3, alpha=0.8, color="#1f78b4") +
      geom_smooth(method="gam", formula=y~s(x),
                  color="black", se=TRUE, linewidth=1) +
      labs(title=paste(idx,"vs",coord,"(Surface)"),
           x=coord, y=idx) +
      theme_bw(base_size = 14) +
      theme(plot.title = element_text(hjust=0.5)) +
      annotate("text",
               x=max(df_tmp[[coord]], na.rm=TRUE),
               y=min(df_tmp[[idx]], na.rm=TRUE),
               hjust=1, vjust=0,
               size=5,
               label=paste0(
                 "R² = ", round(R2_all,3),
                 "\nGAM p = ", signif(pval_all,3)
               ))
    
    print(p)
    dev.off()
    
    # ===== PDF =====
    pdf(file.path(outdir, paste0(base_name,".pdf")),
        width=7, height=5)
    print(p)
    dev.off()
    
    cat("✅ 已保存:", base_name, "\n")
  }
}

# =========================
# 7️⃣ 环境因子
# =========================
for(idx in alpha_indices){
  for(var in env_vars){
    
    df_tmp <- df %>% 
      select(all_of(c(idx,var))) %>% 
      na.omit()
    
    if(nrow(df_tmp) < 5) next
    
    # 统计
    R2_all <- summary(lm(as.formula(paste(idx,"~",var)), data=df_tmp))$r.squared
    gam_all <- gam(as.formula(paste(idx,"~s(",var,")")), data=df_tmp)
    pval_all <- summary(gam_all)$s.table[1,"p-value"]
    
    base_name <- paste0(idx,"_vs_",var,"_Surface")
    
    # ===== PNG =====
    png(file.path(outdir, paste0(base_name,".png")),
        width=2000, height=1500, res=300)
    
    p <- ggplot(df_tmp, aes(x=.data[[var]], y=.data[[idx]])) +
      geom_point(size=3, alpha=0.8, color="#e31a1c") +
      geom_smooth(method="gam", formula=y~s(x),
                  color="black", se=TRUE, linewidth=1) +
      labs(title=paste(idx,"vs",var,"(Surface)"),
           x=var, y=idx) +
      theme_bw(base_size = 14) +
      theme(plot.title = element_text(hjust=0.5)) +
      annotate("text",
               x=max(df_tmp[[var]], na.rm=TRUE),
               y=min(df_tmp[[idx]], na.rm=TRUE),
               hjust=1, vjust=0,
               size=5,
               label=paste0(
                 "R² = ", round(R2_all,3),
                 "\nGAM p = ", signif(pval_all,3)
               ))
    
    print(p)
    dev.off()
    
    # ===== PDF =====
    pdf(file.path(outdir, paste0(base_name,".pdf")),
        width=7, height=5)
    print(p)
    dev.off()
    
    cat("✅ 已保存:", base_name, "\n")
  }
}
Beta diversity and environmental factors: redundancy analysis (RDA) was performed to assess the joint contributions of environmental variables to microbial community variation.
##############################################################
## Beta diversity and environmental drivers
## Fast RDA + Partial RDA + Variation partitioning
##############################################################

library(vegan)
library(tidyverse)
library(ggplot2)
library(ggrepel)

cat("Start RDA analysis...\n")


##############################################################
## 1. Read metadata
##############################################################

meta <- read.csv(
  "environmental_variables_per_sample.csv",
  stringsAsFactors = FALSE,
  check.names = FALSE
)


## only surface samples

meta <- meta %>%
  filter(Layer == "Surface")


rownames(meta) <- meta$Sample_ID



##############################################################
## 2. Read OTU table
##############################################################

otu <- read.csv(
  "otu_table.csv",
  row.names = 1,
  check.names = FALSE
)


## OTU x sample -> sample x OTU

otu <- t(otu)



##############################################################
## 3. Match samples
##############################################################

common <- intersect(
  rownames(otu),
  rownames(meta)
)


otu <- otu[common,]
meta <- meta[common,]


cat(
"Matched samples:",
nrow(meta),
"\n"
)



##############################################################
## 4. Remove missing environmental data
##############################################################

env.variables <- c(
  "SST",
  "Salinity",
  "Chlorophyll",
  "Nitrate",
  "Phosphate"
)


geo.variables <- c(
  "Lon",
  "Lat"
)



keep <- complete.cases(
  meta[,c(env.variables,geo.variables)]
)



otu <- otu[keep,]
meta <- meta[keep,]


cat(
"Final samples:",
nrow(meta),
"\n"
)



##############################################################
## 5. Filter rare OTUs
##############################################################

cat(
"Original OTUs:",
ncol(otu),
"\n"
)


## keep OTUs present in >1% samples

otu <- otu[
  ,
  colSums(otu>0)>=nrow(otu)*0.01
]


cat(
"Filtered OTUs:",
ncol(otu),
"\n"
)



##############################################################
## 6. Hellinger transformation
##############################################################

otu.hel <- decostand(
  otu,
  method="hellinger"
)



##############################################################
## PART 1
## Full RDA
##############################################################

cat("Running Full RDA...\n")


full.rda <- rda(
  otu.hel ~
    Lon +
    Lat +
    SST +
    Salinity +
    Chlorophyll +
    Nitrate +
    Phosphate,
  data=meta
)



summary(full.rda)



##############################################################
## Significance test
##############################################################

cat("Permutation test...\n")


anova.full <- anova(
  full.rda,
  permutations=999
)



anova.term <- anova(
  full.rda,
  by="term",
  permutations=999
)



##############################################################
## Explained variance
##############################################################

full.var <- RsquareAdj(full.rda)

print(full.var)



##############################################################
## VIF
##############################################################

print(
  vif.cca(full.rda)
)



##############################################################
## RDA plot
##############################################################

sites <- as.data.frame(
  scores(
    full.rda,
    display="sites",
    scaling=2
  )
)


vectors <- as.data.frame(
  scores(
    full.rda,
    display="bp",
    scaling=2
  )
)


vectors$Variable <- rownames(vectors)


scale.arrow <- 2


vectors$RDA1 <- vectors$RDA1*scale.arrow
vectors$RDA2 <- vectors$RDA2*scale.arrow



p <- ggplot()+

geom_point(
  data=sites,
  aes(RDA1,RDA2),
  size=3
)+

geom_segment(
  data=vectors,
  aes(
    x=0,
    y=0,
    xend=RDA1,
    yend=RDA2
  ),
  arrow=arrow(length=unit(0.25,"cm"))
)+

geom_text_repel(
  data=vectors,
  aes(
    RDA1,
    RDA2,
    label=Variable
  )
)+

theme_bw()



ggsave(
  "RDA_full_surface.pdf",
  p,
  width=8,
  height=6
)



##############################################################
## PART 2
## Variation partitioning
##############################################################

cat("Running variation partition...\n")



environment <- meta[,env.variables]

geography <- meta[,geo.variables]



varpart.result <- varpart(
  otu.hel,
  environment,
  geography
)



pdf(
"Variation_partitioning.pdf",
width=7,
height=6
)


plot(
varpart.result,
Xnames=c(
"Environment",
"Geography"
)
)


dev.off()



##############################################################
## PART 3
## Partial RDA
##############################################################

cat("Running partial RDA...\n")



## Pure environment

rda.environment <- rda(
  otu.hel ~
    SST+
    Salinity+
    Chlorophyll+
    Nitrate+
    Phosphate+
    Condition(
      Lon+
      Lat
    ),
  data=meta
)



anova.environment <- anova(
  rda.environment,
  permutations=999
)



## Pure geography

rda.geography <- rda(
  otu.hel ~
    Lon+
    Lat+
    Condition(
      SST+
      Salinity+
      Chlorophyll+
      Nitrate+
      Phosphate
    ),
  data=meta
)



anova.geography <- anova(
  rda.geography,
  permutations=999
)



##############################################################
## PART 4
## Individual variables
##############################################################

cat("Running individual variables...\n")



variables <- c(
"Lon",
"Lat",
"SST",
"Salinity",
"Chlorophyll",
"Nitrate",
"Phosphate"
)



marginal.results <- data.frame()



for(v in variables){

cat(
"Testing:",
v,
"\n"
)


model <- rda(
  as.formula(
    paste(
      "otu.hel ~",
      v
    )
  ),
  data=meta
)


r2 <- RsquareAdj(model)$r.squared


test <- anova(
model,
permutations=999
)



marginal.results <- rbind(
marginal.results,
data.frame(
Variable=v,
R2=r2,
F=test$F[1],
P=test$`Pr(>F)`[1]
)
)


}



marginal.results <- marginal.results %>%
arrange(desc(R2))


print(marginal.results)



##############################################################
## Save results
##############################################################

write.csv(
as.data.frame(anova.full),
"RDA_overall.csv"
)


write.csv(
as.data.frame(anova.term),
"RDA_terms.csv"
)



write.csv(
as.data.frame(
varpart.result$part$indfract
),
"Variation_partitioning_results.csv"
)



write.csv(
as.data.frame(anova.environment),
"Pure_environment_RDA.csv"
)



write.csv(
as.data.frame(anova.geography),
"Pure_geography_RDA.csv"
)



write.csv(
marginal.results,
"Marginal_effects_RDA.csv",
row.names=FALSE
)



cat(
"\nAll RDA analyses finished!\n"
)

Functional prediction 
Functional prediction was performed using FUNGuild.
library(dplyr)
library(readr)

# 读取数据
otu <- read.csv("/data1/huangll/work3/diversity_analysis/otu_table.csv",
                row.names = 1,
                check.names = FALSE)

tax <- read.csv("/data1/huangll/work3/diversity_analysis/taxonomy_table.csv",
                row.names = 1,
                check.names = FALSE)

# 合并 taxonomy
taxonomy <- apply(tax, 1, function(x) paste(na.omit(x), collapse = ";"))

# 加入 OTU 表
otu$taxonomy <- taxonomy

# 调整格式
otu_funguild <- otu %>%
  select(taxonomy, everything()) %>%
  tibble::rownames_to_column("OTUID")

# 输出
write.table(otu_funguild,
            "/data1/huangll/work3/diversity_analysis/otu_table_FUNGuild.txt",
            sep="\t",
            quote=FALSE,
            row.names=FALSE)

python /data1/huangll/FUNGuild/Guilds_v1.1.py \
  -otu /data1/huangll/work3/diversity_analysis/otu_table_FUNGuild.txt \
  -db fungi

##统计分析一下
import pandas as pd

file_path = "/data1/huangll/work3/diversity_analysis/otu_table_FUNGuild.guilds.csv"

# 读入数据
df = pd.read_csv(file_path)
total = len(df)
print("总OTU数量:", total)
print("="*60)

# 要统计的列
columns = [
    "Trophic Mode",
    "Guild",
    "Growth Morphology",
    "Confidence Ranking"
]

# 遍历每一列生成统计表
for col in columns:
    counts = df[col].fillna("Unclassified").value_counts()
    percentages = counts / total * 100
    summary_df = pd.DataFrame({
        col: counts.index,
        "OTU_count": counts.values,
        "Percentage": percentages.values
    })
    
    # 保存为 CSV 文件
    csv_file = f"{col.replace(' ', '_')}_summary.csv"
    summary_df.to_csv(csv_file, index=False, encoding="utf-8-sig")
    
print(f"{col} 统计表已保存为: {csv_file}")

=>
  -（未分类/不确定）：42.6%
  Probable（可能）：26.2%
  Possible（可能）：22.1%
  Highly Probable（高度可能）：9.17%
  Unclassified（完全未分类）：0.01%
Functional guilds were visualized across different layers.
library(data.table)
library(dplyr)
library(tidyr)
library(ggplot2)
library(scales)
library(RColorBrewer)

# ===============================
# 1️⃣ 目录
# ===============================
setwd("/data1/huangll/work3/analysis")

# ===============================
# 2️⃣ 读数据
# ===============================
otu  <- fread("otu_table_FUNGuild.guilds.csv")
meta <- fread("metadata_decimal_with_layer.csv")

# 清理列名
colnames(otu)  <- trimws(colnames(otu))
colnames(meta) <- trimws(colnames(meta))

# ===============================
# 3️⃣ OTU → long format（只保留 Guild）
# ===============================
otu_long <- otu %>%
  pivot_longer(
    cols = -c(OTUID, taxonomy, `Trophic Mode`, Guild,
              `Growth Morphology`, `Confidence Ranking`),
    names_to = "Sample_ID",
    values_to = "Abundance"
  ) %>%
  filter(Abundance > 0)

# ===============================
# 4️⃣ join metadata
# ===============================
otu_long <- otu_long %>%
  left_join(meta, by = "Sample_ID")

# ===============================
# 5️⃣ split Guild
# ===============================
guild_long <- otu_long %>%
  separate_rows(Guild, sep = "-")

# ===============================
# 6️⃣ Layer × Guild（核心统计）
# ===============================
guild_layer <- guild_long %>%
  group_by(Layer, Guild) %>%
  summarise(Abundance = sum(Abundance), .groups = "drop") %>%
  group_by(Layer) %>%
  mutate(RelAbundance = Abundance / sum(Abundance)) %>%
  ungroup()

# ===============================
# ✅ 6️⃣⭐ 导出完整统计表（long format）
# ===============================
write.csv(guild_layer,
          "Guild_relative_abundance_long.csv",
          row.names = FALSE)

# ===============================
# ✅ 6️⃣⭐ 转换为宽表（Layer × Guild）
# ===============================
guild_wide <- guild_layer %>%
  select(Layer, Guild, RelAbundance) %>%
  pivot_wider(
    names_from = Guild,
    values_from = RelAbundance,
    values_fill = 0
  )

write.csv(guild_wide,
          "Guild_relative_abundance_wide.csv",
          row.names = FALSE)

# ===============================
# 7️⃣ Top15 Guild
# ===============================
top15 <- guild_layer %>%
  group_by(Guild) %>%
  summarise(Total = sum(RelAbundance), .groups = "drop") %>%
  arrange(desc(Total)) %>%
  slice(1:15) %>%
  pull(Guild)

guild_layer <- guild_layer %>%
  mutate(Guild_plot = ifelse(Guild %in% top15, Guild, "Others")) %>%
  group_by(Layer, Guild_plot) %>%
  summarise(RelAbundance = sum(RelAbundance), .groups = "drop")

# ===============================
# 8️⃣ Layer order
# ===============================
guild_layer$Layer <- factor(
  guild_layer$Layer,
  levels = c("Surface", "Mesopelagic", "Bathypelagic", "Sediment")
)

# ===============================
# 9️⃣ Guild order
# ===============================
guild_order <- guild_layer %>%
  group_by(Guild_plot) %>%
  summarise(Total = sum(RelAbundance), .groups = "drop") %>%
  arrange(Total) %>%
  pull(Guild_plot)

guild_layer$Guild_plot <- factor(guild_layer$Guild_plot,
                                 levels = guild_order)

# ===============================
# 🔟 colors
# ===============================
n <- length(guild_order)

cols <- c(
  brewer.pal(12, "Set3"),
  brewer.pal(8, "Pastel1")
)[1:(n-1)]

guild_colors <- c(cols, "grey80")
names(guild_colors) <- guild_order

# ===============================
# 1️⃣1️⃣ plot
# ===============================
p <- ggplot(guild_layer,
            aes(x = Layer, y = RelAbundance, fill = Guild_plot)) +
  geom_bar(stat = "identity", width = 0.7) +
  scale_y_continuous(labels = percent_format(accuracy = 1)) +
  scale_fill_manual(values = guild_colors) +
  theme_classic(base_size = 12) +
  theme(
    axis.text.x = element_text(angle = 30, hjust = 1),
    legend.title = element_text(size = 10),
    legend.text = element_text(size = 9)
  ) +
  labs(
    x = "Water layer",
    y = "Relative abundance",
    fill = "Guild"
  )

print(p)

# ===============================
# 1️⃣2️⃣ save
# ===============================
ggsave("Guild_by_Layer.pdf", p, width = 140, height = 110, units = "mm")
ggsave("Guild_by_Layer.png", p, width = 140, height = 110, units = "mm", dpi = 600)

Statistical analysis
# =========================================
# 🌊 Fungal functional guild analysis
# α-diversity + PERMANOVA + PERMDISP
# =========================================

library(tidyverse)
library(data.table)
library(vegan)

# pairwise PERMANOVA
# install.packages("remotes")
# remotes::install_github("pmartinezarbizu/pairwiseAdonis/pairwiseAdonis")

library(pairwiseAdonis)

# ===============================
# 1️⃣ 工作目录
# ===============================
setwd("/data1/huangll/work3/analysis")

# ===============================
# 2️⃣ 读取数据
# ===============================
otu  <- fread("otu_table_FUNGuild.guilds.csv")
meta <- fread("metadata_decimal_with_layer.csv")

# 清理列名
colnames(otu)  <- trimws(colnames(otu))
colnames(meta) <- trimws(colnames(meta))

# ===============================
# 3️⃣ OTU → long format
# ===============================
otu_long <- otu %>%
  pivot_longer(
    cols = -c(
      OTUID,
      taxonomy,
      `Trophic Mode`,
      Guild,
      `Growth Morphology`,
      `Confidence Ranking`
    ),
    names_to = "Sample_ID",
    values_to = "Abundance"
  ) %>%
  
  filter(Abundance > 0) %>%
  
  # 缺失 guild
  mutate(
    Guild = ifelse(
      is.na(Guild) | Guild == "",
      "Unclassified",
      Guild
    )
  ) %>%
  
  # 多 guild 拆分
  separate_rows(Guild, sep = "-|;") %>%
  
  # 去掉 |
  mutate(
    Guild = gsub("\\|", "", Guild)
  ) %>%
  
  # 去空格
  mutate(
    Guild = trimws(Guild)
  ) %>%
  
  # 再次检查空值
  mutate(
    Guild = ifelse(
      Guild == "",
      "Unclassified",
      Guild
    )
  ) %>%
  
  # 合并 metadata
  left_join(meta, by = "Sample_ID")

# ===============================
# 4️⃣ Guild × Sample × Layer
# ===============================
guild_sample <- otu_long %>%
  group_by(Sample_ID, Layer, Guild) %>%
  summarise(
    Abundance = sum(Abundance),
    .groups = "drop"
  )

# 导出 long table
fwrite(
  guild_sample,
  "Guild_sample_long_table.csv"
)

# =========================================================
# 🧪 PART 1: α diversity
# =========================================================

alpha_layer <- guild_sample %>%
  group_by(Sample_ID, Layer) %>%
  summarise(
    richness = n_distinct(Guild),
    
    total = sum(Abundance),
    
    shannon = -sum(
      (Abundance / total) *
        log(Abundance / total)
    ),
    
    simpson = 1 - sum(
      (Abundance / total)^2
    ),
    
    pielou = ifelse(
      richness > 1,
      shannon / log(richness),
      NA
    ),
    
    .groups = "drop"
  )

# 保存 α diversity
fwrite(
  alpha_layer,
  "Alpha_diversity_by_Layer.csv"
)

# =========================================================
# 🧪 Kruskal-Wallis
# =========================================================

alpha_metrics <- c(
  "richness",
  "shannon",
  "simpson",
  "pielou"
)

alpha_test <- lapply(alpha_metrics, function(x){
  
  f <- as.formula(
    paste(x, "~ Layer")
  )
  
  test <- kruskal.test(
    f,
    data = alpha_layer
  )
  
  data.frame(
    Metric = x,
    Chi_square = as.numeric(test$statistic),
    df = as.numeric(test$parameter),
    p_value = test$p.value
  )
  
}) %>%
  bind_rows()

# FDR
alpha_test$FDR <- p.adjust(
  alpha_test$p_value,
  method = "fdr"
)

# 保存
fwrite(
  alpha_test,
  "Layer_alpha_Kruskal_test.csv"
)

# =========================================================
# 🧪 PART 2: Guild composition matrix
# =========================================================

guild_matrix <- guild_sample %>%
  pivot_wider(
    names_from = Guild,
    values_from = Abundance,
    values_fill = 0
  )

meta_layer <- guild_matrix %>%
  select(Sample_ID, Layer)

mat <- guild_matrix %>%
  select(-Sample_ID, -Layer)

# 转数值
mat <- as.data.frame(
  lapply(mat, as.numeric)
)

# =========================================================
# 🧪 Bray-Curtis distance
# =========================================================

dist_bc <- vegdist(
  mat,
  method = "bray"
)

# =========================================================
# 🧪 PART 3: PERMANOVA
# =========================================================

permanova_res <- adonis2(
  dist_bc ~ Layer,
  data = meta_layer,
  permutations = 999
)

# 保存
write.csv(
  as.data.frame(permanova_res),
  "Layer_PERMANOVA.csv"
)

# =========================================================
# 🧪 PART 4: PERMDISP
# =========================================================

disp <- betadisper(
  dist_bc,
  meta_layer$Layer
)

permdisp_res <- permutest(
  disp,
  permutations = 999
)

capture.output(
  permdisp_res,
  file = "Layer_PERMDISP.txt"
)

# =========================================================
# 🧪 PART 5: Pairwise PERMANOVA
# =========================================================

pairwise_res <- pairwise.adonis2(
  mat,
  factors = meta_layer$Layer,
  sim.method = "bray",
  p.adjust.m = "fdr"
)

write.csv(
  pairwise_res,
  "Pairwise_PERMANOVA.csv"
)

# =========================================================
# 🧪 PART 6: Guild differential test
# =========================================================

guild_diff <- guild_sample %>%
  group_by(Guild) %>%
  summarise(
    
    p_value = tryCatch(
      kruskal.test(
        Abundance ~ Layer
      )$p.value,
      error = function(e) NA
    ),
    
    .groups = "drop"
  ) %>%
  
  mutate(
    FDR = p.adjust(
      p_value,
      method = "fdr"
    )
  ) %>%
  
  arrange(FDR)

write.csv(
  guild_diff,
  "Guild_differential_test.csv",
  row.names = FALSE
)

# =========================================================
# 5️⃣ 输出结果
# =========================================================

cat("\n=============================\n")
cat("α diversity (Kruskal-Wallis)\n")
cat("=============================\n")

print(alpha_test)

cat("\n=============================\n")
cat("PERMANOVA\n")
cat("=============================\n")

print(permanova_res)

cat("\n=============================\n")
cat("PERMDISP\n")
cat("=============================\n")

print(permdisp_res)

cat("\n=============================\n")
cat("Top significant guilds\n")
cat("=============================\n")

print(head(guild_diff, 20))




# ==========================================
# ANOSIM analysis of fungal functional guilds
# ==========================================

library(tidyverse)
library(data.table)
library(vegan)

#=============================
# 1. Working directory
#=============================

setwd("/data1/huangll/work3/analysis")

#=============================
# 2. Read data
#=============================

otu <- fread("otu_table_FUNGuild.guilds.csv")
meta <- fread("metadata_decimal_with_layer.csv")

colnames(otu) <- trimws(colnames(otu))
colnames(meta) <- trimws(colnames(meta))

#=============================
# 3. OTU -> long format
#=============================

otu_long <- otu %>%
  pivot_longer(
    cols = -c(
      OTUID,
      taxonomy,
      `Trophic Mode`,
      Guild,
      `Growth Morphology`,
      `Confidence Ranking`
    ),
    names_to = "Sample_ID",
    values_to = "Abundance"
  ) %>%
  filter(Abundance > 0) %>%
  mutate(
    Guild = ifelse(
      is.na(Guild) | Guild == "",
      "Unclassified",
      Guild
    )
  ) %>%
  separate_rows(Guild, sep = "-|;") %>%
  mutate(
    Guild = gsub("\\|", "", Guild),
    Guild = trimws(Guild),
    Guild = ifelse(Guild == "", "Unclassified", Guild)
  ) %>%
  left_join(meta, by = "Sample_ID")

#=============================
# 4. Guild abundance matrix
#=============================

guild_sample <- otu_long %>%
  group_by(Sample_ID, Layer, Guild) %>%
  summarise(
    Abundance = sum(Abundance),
    .groups = "drop"
  )

guild_matrix <- guild_sample %>%
  pivot_wider(
    names_from = Guild,
    values_from = Abundance,
    values_fill = 0
  )

meta_layer <- guild_matrix %>%
  select(Sample_ID, Layer)

mat <- guild_matrix %>%
  select(-Sample_ID, -Layer)

mat <- as.data.frame(
  lapply(mat, as.numeric)
)

#=============================
# 5. Bray-Curtis distance
#=============================

dist_bc <- vegdist(
  mat,
  method = "bray"
)

#=============================
# 6. ANOSIM
#=============================

anosim_res <- anosim(
  dist_bc,
  grouping = meta_layer$Layer,
  permutations = 999
)

print(anosim_res)

#=============================
# 7. Export results
#=============================

anosim_table <- data.frame(
  Factor = "Layer",
  R_value = round(as.numeric(anosim_res$statistic), 4),
  P_value = anosim_res$signif
)

write.csv(
  anosim_table,
  "Layer_ANOSIM.csv",
  row.names = FALSE
)

capture.output(
  anosim_res,
  file = "Layer_ANOSIM.txt"
)

#=============================
# 8. Display results
#=============================

cat("\n=============================\n")
cat("ANOSIM Analysis\n")
cat("=============================\n")

print(anosim_table)

cat("\nResults saved:\n")
cat("  Layer_ANOSIM.csv\n")
cat("  Layer_ANOSIM.txt\n")
